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Dear Conference Participant: 

It is with pleasure that we present to you the Proceedings of the 2001 Joint Meeting 
of the International Conference on Industry, Engineering and Management 
Systems (!EMS) and the International Conference on Computers and Industrial 
Engineering (ICC&IE). The papers presented this year were of consistently high 
quality in their respective fields . 

The papers presented herein represent the best of what our joint conference had to 
offer. Each paper was reviewed by our Executive Committee and edited by the 
Proceedings Editor. We present this Proceedings to you in the spirit of continuous 
improvement. Your comments and suggestions regarding the continued 
improvement of the Proceedings are always welcomed. 

I would like to extend a special word of thanks to Elki Issa, our Administrative 
Coordinator. Elki, as always, has worked behind the scenes to make our 
Conference a success . 

We look forward to seeing you at !EMS 2002 ! 

With Warm Regards, 

~4-/------· 
Randall Harris 
2001 Proceedings Editor 
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Human Clinical Studies and Technology Development: How the Institutional Review 
Board (IRB) Regulates Activities 

James T. Slattery, M.A., Chief Operating Officer, Caducian, Inc., Austin Texas 
Marjorie L. Icenogle, Ph.D., Associate Professor, College of Business, University of South Alabama 

Steven M. Zimmerman, Ph.D., Research & Development Engineer, Caducian, Inc., Austin, Texas 

INTRODUCTION 
Institutional Review Boards· (IRBs) were created to prevent human subjects from experiencing unnecessary risks 
related to research and to protect patients' rights to make informed decisions regarding their panicipation in studies. 
These objectives are admirable but may increase the cost and time requirements of developing medical technology 
that involves human subjects. This paper examines the history of the !RB, the structure ofan !RB, identifies when 
approval by an !RB is required, reviews the IRB process, and identifies the administrative requirements of the lRB. 
Finally the paper examines the effects of the !RB on technological development. 

A BRIEF HISTORY OF THE IRB 
IRBs grew out of the Nuremberg Code, which identified standards to determine whether human experiments 
conducted by the Nazis were criminal acts or legitimate research. Evidence detailing the numerous cases of criminal 
experiments performed on humans by the medical community and others within Nazi Germany shocked the world 
and the clinical research community. Over time public opinion provided the impetus for the development of 
protection for human subjects involved in clinical research. In 1964 the 18th World Medical Assembly in Helsinki 
defined a set of rules to review clinical research involving human subjects. These rules were revised in 1975 by the 
29th World Medical Assembly in Tokyo, and revised again in l 989 by the 41st World Medical Assembly in Hong 

I 
Kong. 

In the U.S., the National Institute of Health (NIH) issued their first policies human subjects in 1966. In May 1974 
the Depanment of Health, Education and Welfare (DHEW) promulgated regulations establishing the lRB as the 
primary mechanism for protecting human subjects involved in clinical experiments. Then in July 1974, the National 
Research Act established the National Commission for the Protection of Human Subjects of Biomedical and 
Behavioral Research. In l 98 l, both the Department of Health and Human Services (DHHS) and the FDA published 
revisions, of their human subjects regulations, which remain in force today with the exception of a few minor 

changes. 

THE INSTITUTIONAL REVIEW BOARD (IRB) 
An !RB is an independent administrative body appointed by medical institutions to protect the rights and welfare of 
human subjects involved in research activities within their affiliated institutions. An !RB must have least five 
members from a variety of backgrounds, qualified to review research activities including the scientific aspects of the 

research, as well as social, ethical , and population specific considerations.' For example, if the research involves 
disabled subjects, the lRB must include at least one individual who is familiar with the unique issues related to the 
disability. 

IRBs have the authority to approve, require modifications in research, or disapprove research protocols that fall 
within their jurisdiction as specified by both federal regulations and local institutional policy. The decisions of the 
!RB are subject to final revi ew by the officials of the medical institution where the research will be conducted. 
However, no one, regardless of their position or their organizational affiliation, can unilaterally approve protocols or 

perform research involving human subjects without lRB approval.4 The guiding principle for all IRBs is to 
maintain a balance between the potential risks to the subject verses the potential benefits of the research. 

WHEN IRB APPROVAL IS REQUIRED 
The requirements to seek approval by an !RB are based on whether an lRB has jurisdiction, the activity involves 
research, which includes human subjects in the treatment or control groups. Federal !RB regulations apply "to all · 
research involving human subjects conducted, supported, or otherwise subject to regulation by any federal 

depanment or agency" that has adopted the human subjects regulations.' Research is defined by the regulations as 



"a systematic investigation, including research development, testing, and evaluation designed to develop or 

contribute to generalizable knowledge.''6 Human subjects are defined by regulations as "living individual(s) about 
whom an investigator (whether professional or student) conducting research obtains data through intervention or 7 

interaction with the individual or acquires information about the individual from identifiable private information." 

In summary, the !RB must ensure that the subject has made an informed consent; is free from coercion; is able to 
comprehend the risks and benefits involved in the research; and can withdraw from the study at any time. In 
addition, the IRB must demonstraie that: the risk of harm has been minimized; there is a favorable risk/benefit ratio 
for the subject; the investigators are qualified to perform the research; and that the research design is appropriate for 
the study. 

THE IRB APPROVAL PROCESS 
The !RB approval process is initiated when the Principal Investigator (PI) and other Co-investigators develop a basic 
design for the proposed study. After a basic design is finalized the PI completes a number ofIRB and institutional 
forms describing to the members of the !RB how the study will be performed and how the results of the study will 
be used. 

Many research institutions publish their !RB forms and requirements on the Internet. The authors reviewed a 
number ofJRBs including: the University of Maryland Baltimore County, Minnesota State University Mankato, 
Emory School of Medicine, and Baylor College of Medicine. The format of the forms is unique to each institution; 
however, all the forms require similar information: 

· 1. Identification of principal investigator (Pl). 
2. Identification of the effect the experiment has on the patient. 
3. Identification of the risks to the patient. 
4. Identification of the benefits of the study. 
5. Identification of the costs of the study. 
6. Identification of the subjects. 
7_. Identification of research procedures and the hypothesis. 

The members of the !RB must insure that the PI is qualified to perform the research and that the PI is not over
extended with other research. In addition, the members of the !RB are concerned with any changes in_ standard 
medical care that might occur during the study to protect the subject from inappropriate interventions and to insure 
that risks are minimized. Figure 1 is a form required by the Baylor College of Medicine !RB to describe the study 
protocol. 

Figure 1. Form Describing Human Study Protocol 

BAYLOR COLLEGE OF MEDICINE AND AFFILIATES HUMAN PROTOCOL SUMMARY (HPS) (99.6-
04) Please limit to 3 pages. 

Please delete instructions upon completion of summary. 
1. Protocol Title: 
2. Background Information (As briefly as possible to sufficiently inform the reviewers): 
3. Purpose of the Protocol (A concise statement of why this study should be done and what are the objectives): 
4. Description of Study (A summary of the methods of procedure): 
The overall design of the study, including methods and probability of assignment, randomization, controls and 
placebos. · 

Procedures to be performed. includingfr~quency and follow-up. 
Clarification of procedures/test articles that are investigational or included solely for research purposes and those 
that are standard clinical care. 

Medic~tion _or other intervelltion (including placebos) to be administered and the method, dose, and frequency of 
admmzstrauon. · 
Number, frequency and duration of visits. 
Specimens to be collected, including frequency and size/amount: 

2 



Specify both blood drawn and total amount ofa/1 drawings in teaspoons (5 cc =5 ml= /tsp). 
No more than 4 cc (4ml, less than I teaspoon) per 2.2 lbs of body weight may be drawn from children. 
If specimens taken will be used for any purpose other than as required for rhe study protocol, disclose the intended 

use. 
Specific requirements of the research subject, including post-treatment fol/ow-up, diary cards. questionnaires, etc. 
S. Subject Population (Define the number of subjects used. Describe the requirements, inclusion / exclusion 
criteria for a subject population and explain the rationale for using in this population special groups such as 
prisoners, children, the mentally disturbed or groups whose ability to give consent may be in question.) The BCM 
IRB is encouraging the inclusion of women of childbearing potential unless there is scientific justification for such 
exclusion. Such women should be provided enough information to "understand the requirements of the study and 
decide whether it is appropriate for them to panicipate (e.g., do the benefits outweigh the risks)". 
6. Data Analysis 
Please provide a brief description of your plan for data analysis. This plan should include the types of comparisons 
being considered ( eg. comparison of means, comparison of proponions, regressions, analysis of variance). The 
primary comparison or analysis should be specified, and what data will be collected to accomplish this comparison. 
Provide a justification for the number of subjects to be studied. This justification should include the following: 
a) The type oftest used to calculate the sample size (eg. confidence limits, I-test, chi-square). This test should be 
appropriate to the primary comparison specified in the plan for data analysis. 
b) The expected difference between or among treatments which was considered clinically imponant, and which was 
used to determine the sample size. 
c) The appropriate measure of variation used in calculating the sample size (eg. standard deviation, baseline 
proponion) 
d) The power of the test. 
e) The alpha level of the test. 
If you are conducting a pilot test, please indicate why you choose the sample size proposed. This justification does 
not necessarily require a formal sample size calculation, but should provide a rational reason for choosing the 
sample size proposed. 
For multi-center studies, your analytic plan and sample size justification should reflect the sponsor's sample size 
justification, a copy of which should be submined as an appendix to this form 
7. Potential Risks/Discomforts (Describe and assess any potential risks/discomfons; physical, psychological, 
social, legal or other and assess the likelihood and seriousness of such risks.): 
8. Benefits (Assess the potential benefits to be gained by the individual subject, as well as the benefits which may 
accrue to society in general as a result of the planned work): 
9. Risk-benefit Ratio (Descriptively compare the potential risks to the potential benefits to be gained from the 
study.): 
10. Consent Procedures: 
II. Confidentially Procedures: 
12. Costs (Clearly describe all costs involved in the study - which the subject will be expected to pay, delineating 
which the sponsor will be responsible for.): 
13. Payments (describe all payments to subjects; specify dollar amount or other form of reimbursement. If there are 
to be no payments, so state): 

EFFECTS OF THE IRB ON THE DEVELOPMENT OF MEDICAL TECHNOLOGY 
Although the overall benefits of IRBs far outweigh their cost, it is imponant to understand how technology 
development is significantly effected when human subjects are involved. The following bullets are a brief summary 
of these effects: 

❖ Time -In many instances the study design takes months with the total time to completion dependant 
upon the study's complexity, the decisions of the IRB, and the number of people involved. 

❖ Skill sets and experience required - The principal investigator (Pl) requires advanced degrees and 
years of experience. Pis are usually highly trained in a narrowly focused discipline, which often 
increases the number of people required to perform a study, thereby increasing the need to include 
researchers who have the requisite skill sets. 

❖ Cost - The cost of studies involving human subjects are high due to the number of researchers and the 
cost of"dead-time" waiting for IRB action. 



❖ Use ofinfonnation - There are stringent control restrictions on the collection, storage, ownership, 
transmittal, use (sale), and disposal of human infonnation. 

❖ Unacceptable changes in study design-An IRB may require changes in the design of the study that 
effect the utility of the study risking money and time. . 

❖ Liability- The potential threat o(an unfounded lawsuit that will deter a study. 
❖ Politics - Time, money, and political capita_! could be saved and frustration avoided if the political 

landscape is known prior to a study. 

CONCLUSION 
As demonstrated in this paper, technology development involving human subjects is a complicated, time
consuming, and costly process due to the many legal and ethical requirements for !RB approval. There is a trade-o ft 
between the protection of the study subjects and the rapid development of new technology that could produce new 
and beneficial clinical treatments. The !RB process forces researchers to balance patient protection with the 
development of new treatments. 
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ABSTRACT 
Our srudy forecasts usage at a medical facility with traditional techniques and neural networks. We then compare 
our forecasts to the forecasts used by the medical facility. A weighted stockout penalty will be used for the 
comparison 

INTRODUCTION 
In order to control costs, many organizations are reducing their inventory levels - even down to zero. However, due 
to the critical narure of their products, some companies, such as defense and medical firms, do not have the luxury of 
eliminating inventory. For these firms, accurate forecasting is necessary to control costs by minimizing inventory 
levels while simultaneously guarding against shortages and the potential problems they can cause. Our srudy 
forecasts usage at a medical facility for several different types of items where the difficulty in predicting usage 
varies. Two different neural networks are implemented along with a traditional forecasting technique. We compare 
the accuracy of our forecasts to those made and used by the medical facility personnel. 

Any difference between the forecast value and the acrual demand will lead to increased expenses. Over-forecasts 
lead to excess inventory which increases carrying costs; whereas, for a medical facility under-forecasts yield 
shortage costs and, more importantly, the risk of endangering the health of patients. Therefore, in order to 
emphasize the increased cost for under-forecasting, we use a weighted penalty that assigns a cost to forecasts that 
are too low that is ten times larger than the cost for forecasts that are too high. We use this cost to compare 
methods. 

The medical facility in our srudy provides ongoing services for its clients; most clients utilize the services of the 
facility two or three times each week. Some inventory items we examine are used only once (or, perhaps more than 
once) for each treatment. Other items are kept on hand and used when necessary; they are not necessarily used 
during each treatment. For this study we examine items in both categories. We have divided the items into two 
groups: high volume for those items that are used in each treatment and low volume for those that are used 
sporadically. 

DAT A COLLECTION AND METHODOLOGY 

Data Collection 
We compiled usage data for the period covering November of 1993 through February of 2000. This translates to 92 
periods of data given the time periods used by the medical facility . We used the data from November of 1993 
through January of 1999 (78 periods) to determine the parameters for our models, and we used the last fourteen 
periods (from February 1999 through February 2000) as our test set of data. 

We also collected the orders placed by the medical facility personnel. Of course, due to restrictions in ordering (lot 
sizes and quantity discount considerations, for example), the orders placed may not match the forecast demand 
exactly. To account for the ordering restrictions, we rounded our forecasts to the nearest lot size - as determined by 



the historical orders. Therefore, our comparisons are not on the forecasts themselves, per se. Rather, they are on the 
orders that would have been placed if we had been using our forecasts. 

Forecasting Methods 
To calculate our forecasts , we chose two feed-forward neural network methods because feed-forward neural 
networks are the most commonly used type of neural networks. Unlike traditional statistical methods, which require 
the analyst to specify the functional form of the relationship between the dependent and independent variables . 
(including interactions), neural networks are "model free" in that the analyst need only specify the appropnate mput 
data - and not the functional relationships. Neural networks have the ability to find the relationships ( including 
interactions) and functional forms (including nonlinearities) in the training phase. 

Basically, a typical feed-forward neural network computes outputs as the weighted sum of a nonlinear 
transformation of the weighted sum of its inputs. That is, every input is passed to every node ( or processing unit) in 
a "hidden" layer. Each node in the "hidden" layer computes a weighted sum of the inputs and performs a simple 
nonlinear transformation on the resulting value. At the output layer, the output node(s) calculate(s) a weighted sum 
of the data from the hidden layer. The backpropagation algorithm is a method used to "train" feed-forward neural 
networks; it is a gradient descent method which seeks to determine a set of weights which will minimize a penalty 
function. We used squared error as the penalty function. 

A radial basis function neural network differs from the typical feed-forward neural network in that it fits a "local," 
rather than "global" function to the data. 1n essence, the first step in a radial basis function network is to "cluster" 
the input vectors. The number of clusters is a variable which must be determined during the training phase. Once 
the number of clusters and their "location" has been determined, the output is calculated as the weighted sum of a 
nonlinear transformation (the radial basis function) of the distance of each input vector from each cluster. Unlike 
traditional feed-forward neural networks trained using backpropagation (which can have error surfaces with many 
local minima), the radial basis function neural network is a linear system whose weights can be determined by 
invening a matrix - once the number of clusters, their location, and the radial basis function itself have been 
determined. For this study, we use the traditional Gaussian as the radial basis function and we allowed the number 
of centers and their location to vary during training. (Bressloffand Weir 1991 ; Kosko 1992; Tang, de Almeida, and 
Fishwick 1991; Tang and Fishwick 1993; and White 1988) 

Since it is a "local" function, radial basis function networks typically do not extrapolate very well if the data have 
any trend. Therefore, we used first differences to obtain the data to train the radial basis function networks. We 
then produced our forecasts by adding the differences back. We also used first difference for our neural networks 
trained using backpropagation. The desired output was the actual first difference, and the inputs were lagged first 
differences where the number of lags was determined by examining correlations. 

A common problem in using neural networks is ovenraining. The training consists of incremental adjustments to 
the weights, and it is possible for the neural network weights to reflect the training data too closely. That is, the 
neural network has learned the "no ise" in the training data in addition to the "signal." To avoid this problem, we 
divided the training data into two sets: a training set and a cross validation set. We chose the network based upon 
the performance on the cross validation data. 

We used NeuroSolutions by NeuroDimensions as our neural network simulator. 

We also developed forecasts using trend-adjusted exponential smoothing. This is a simple method that has proven 
quite effective in practice. We optimized the coefficients using mean square error for the training data and used 
those coefficients to determine the forecasts. . 

The medical facility currently uses a forecasting method based on the naive approach where usage for the previous 
penod 1s used as a forecast for the next period. The medical personnel may then adjust the forecast based on 
pers9nal judgment. 

Forecast Error 
When a stockout occurs for imponant items, there are two options: 
I) have the items shipped next day air if possible or 
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2) borrow the items from another facility in the organization if available. 
Both of these scenarios cany a cost which can vary and will add up over time. In addition, overages may lead to the 
loss of perishable items. So, errors in both directions lead to costs. To compare the accuracy of the forecasting 
methods in the medical facility sening - where stockouts can be very costly, we used the following cost function : 

Cost= S I • abs(error) if error'.: 0 
$IO • error, if error> 0 
where error= actual - forecast 

We then considered the ratio of costs, with the costs resulting from the current methodology as the denominator. So, 
a ratio less than I implies that the costs are lower with the method considered (than the current method), and a ratio 
larger than I implies that the costs are higher. 

We tested the following hypotheses for all items, high volume items, and low volume items: 

H o: µ cost new method~ µ cost cum:nt mclhod 

HJ: µ cost new method < µ cost current method 

RESULTS 
Table I shows the results for all series for all three methods. RBF is used to denote the radial basis function 

· network; BKP the multiplayer feed-forward neural network trained using backpropagation, and Exp Sm to signify 
the trend-adjusted exponential smoothing. Hx denotes the high volume items, and Lx denotes the low volume items. 

ExpSm 
RBF ratio BKP ratio ratio 

HI 0.3154 0.3140 0.3446 
H2 0.4665 0.5127 0.1357 
HJ 1.3507 0 .4806 0.1963 
H4 0.5664 0.3808 0.0690 
LI 0.9037 1.1173 0.2310 
L2 0.2465 0.2465 0.3093 
L3 0.3400 0.2223 0.1006 
L4 0.2382 0.3437 0.3016 

p-value 0.0071 0.0005 0.0000 
mean 0.5534 0.4522 0.2110 

Table 1: Results for aU methods for all items 

For each method considered, the cost reduction possible using the new method is highly statistically significant. The 
radial basis function method results in costs that are approximately 45% lower; the backpropagation 55% lower; 
and, the trend-adjusted exponential smoothing results in forecasts that could reduce costs by almost 80%. So, not 
only are the difference statistically significant; they appear to be practically significant, too. 

Table 2 considers the high volume items only. These are the items which are used for virtually every treatment. 

Exp Sm 
RBF ratio BKP ratio ratio 

HI 0.3154 0.3140 0.3446 
H2 0.4665 0.5127 0.1357 

H3 1.3507 0.4806 0.1963 
H4 0.5664 0.3808 0.0690 

p-value 0.1271 0.0005 0.0004 
mean 0.6748 0.4220 0.1864 
Table 2: Results for high volume items 

For the high volume items, both the multiplayer feed-forward neural network trained using backpropagation and the 
trend-adjusted exponential smoothing offer forecasts that appear to be significantly improved in terms of accuracy. 



The mean ratio for the BKP methods implies that costs would be approximately 42% of what they are under the 
current method (almost a 60% reduction). For the exponential smoothing, costs drop by 80%. 

Finally, Table 3 considers the low volume items only. These are the items which are used more sporadically. 

Exp Sm 
RBF ratio BKP ratio ratio 

LI 0.9037 I.I I 73 0.2310 

L2 0.2465 0.2465 0.3093 

L3 0.3400 0.2223 0.1006 

L4 0.2382 0.3437 0.3016 

p-value 0.0184 0.0468 0.0003 

mean 0.4321 0.4824 0.2356 
Table 3: Results for low volume items only 

For the low volume items, every method again outperforms the current method. Cost savings realized by utilizing 
one of the methods examined vary from about 50% (for the BKP network) to over 75% (for the trend-adjusted 
exponential smoothing). It is interesting to note that the RBF networks appeared to outperform the BKP networks 
for the lower volume items. 

CONCLUSION AND FUTURE RESEARCH DIRECTIONS 
It seems clear that the medical facility could reduce inventory costs by employing one of the methods considered 
herein to produce their forecasts for various supply items. However, it must be noted that we do not have the 
"forecasts" as determined by the medical facility personnel; we have only the orders placed as a result of their 
forecast. It is possible that there is a difference between the forecast and the order. Perhaps .the personnel knew of 
upcoming price changes and/or quantity discounts and/or considered the shelf life of stock on-hand. 

To make the comparisons herein as equitable as possible, we did round our forecast values to match the lot sizes 
indicated by the historical orders. (Some items came it lots of 12; others, lots of 50 or JOO.) 

Future research should attempt to understand the underlying factors that cause one method to outperform another. 
For example, are there unique features in series L4 that could be identified a priori so that an RBF network could be 
used. to develop the forecasts for this item. 

In addition, future research could take into account shelf life (carry overages over to the next period), lot sizes, and 
quantity discounts to determine an even better inventory policy. 
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ABSTRACT 

Providing the right staff mix challenges most nursing managers. Majority of nursing units have some form of self
scheduling_ The author attempts to determine scheduling procedures, tools, and guidelines used in the self
scheduling approach for nursing using interviews with nursing managers at major hospitals in the Pittsburgh area. 

INTRODUCTION 

In many service organizations the efficient utilization of personnel is very important. It is especially true in the case 
of hospitals since the largest cost factor in the hospital budget is the salary of nursing staff. typically about one third 
of the hospital budget '· 2• Hospital s operate 24 hours a day seven days a week. Nurses are required, in general, to 
work sh ifts other than business hours. Nurses are also relatively expensive to replace . Administrators try to cover 
the workload of the hospital and follow all of the customary practices of scheduling. while minimizing the dislike of 
the nurses for their schedules. 

Nurses schedu ling problem represents a difficult class of multi-objective optimization problems consisting of a 
number of interfering objectives between the hospital and indi,·idual nurses. The configuration of nurse schedules is 
generated so as to fulfill collective agreement requirements and the hospital staffing demand coverage while 
minimizing the salary cost and maximizing nurse preferences as well as care quality. The salary costs include the 
regular salary of the permanent nursing personnel as well as the overtime costs and floating staff costs. Nurse 
preferences can be formulated in terms of personal requests such as days off, evening versus night shifts. etc ... Care 
quality can be expressed through the degree of balance between experienced and less experienced nurses. 

FACTORS AFFECTI~G NURSES' JOB SATISFACTION 

Public and employee concerns and efforts of organized labor have led to legislation like the Fair Labor Standards 
Act of 1938 and its amendments, and negotiated agreements on work hours. compensation, and work rules, 
including scheduling practices. 

Scheduling shift work is among the most frequently named reasons for nursing discontent 3. Hospital nursing 
shortages are created by the unsatisfactory working conditions result ing in job hopping posing a serious threat to the 
healthcare of the nation', especially since nurses provide 95% of the care a patient receives while being hospitalized 
5. 

Godfrey 6 conducted a comprehensive survey of nursing satisfaction. The questionnaire designed under his direction 
was answered by 17,000 nurses from USA and Canada. Letters accompanied over 800 responses. The following 
factors were highly related to job satisfaction: a feeling of accomplishment at the end of the day, adequate staffing, 
acceptable working hours and schedules, and authority to do the work as it should be done. Many nurses complained 
about inadequate staffing. The day shift was clearly preferred. Opportunity for professional growth was the most 
important consideration when looking for a new job. Second after professional growth, what nurses wanted most 
was a choice in their scheduling and adequate staffing. Choice of hours or shift is essential for a good job. The 
biggest complaint about scheduling seemed to be directed at having to work too many weekends and holidays. 
The second survey conducted by the American Academy of Nursing 5 looked at the problem from a different 
perspective, namely focusing on the reasons why nurses stay in their jobs and the reasons for their job satisfaction. 
Forty-one hospitals with 85% nursing positions filled on an annual basis were surveyed. According to this survey 
staff nurses consider the following factors to be the most important in promoting and retention of staff: nurse to 
patient ratio which assures quality patient care, flexible staffing to support patient care needs, flexible scheduling, 
strong and supportive nursing administration, clinical advancement opportunities, primary nursing, participative 
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management, open communication, in all directions, in-service and continuing education opportunities on all shifts, 
good nurse-physician relationships, longevity benefits for staff, and tu111on reimbursement. 

Interviews made it clear that the nurses in the magnet hospitals have the opportunity to participate with their head 
nurses in planning their work schedules and that consideration is given warranging their hours of work to 
accommodate family needs, educational programs, and other personal ac11v111es and preferences. Weekends off . 
seemed to be very important to most nurses. · . . . 
Studies of job satisfaction have also been done in several other countries. The results suggest that similar aspects of 
job satisfaction emerge. In most of the other studies reviewed, interactio.ns, cooperntion .' team playmg, and social 
factors seem to suggest that an important component of Job sausfacllon 1s the relat10nsh1p a nurse develops wnh co
workers. Pay, benefits, and advancement opportunities quickly f~I.low on the list of satisfiers. ' 

MATHEMATICAL APPROACHES TO NURSE SCHEDULING 

Models for nurse scheduling problems date back to 1961. Sitompul and Randhawa classified nurse scheduling 
models based on the type of scheduling and the solution approach. 8 There are two basic types of scheduling: 
cyclical and non-cyclical. In cyclical scheduling, each nurse works panem is repeated in a cycle of ' n · weeks into 
the future, whereas, in non-cyclical a new schedule is generated for each scheduling period. Cyclical scheduling is 
discusses by many researchers .9· '°· 11 Cyclical models are quite simplified mathematical models likely to be solved 
exactly .. 
Warner proposed early non-cyclic single objective models that are realistic but solved by means of restrictive 
heuristic methods, due to the large size of the set of potential individual schedules. 12 These models focus on 
maximization of nurse preferences and include procedures to incorporate personal requests. 
More recent works deal with non-cyclic multiple objective models solved by linear goal programming heuristic 
techniques . Arthur and Ravindran presented a multiple objective nurse scheduling model that uses the goal 
programming model that allows for consideration of multiple conflicting objectives inherent in scheduling of 
nursing staff. 13 The major advantage of this models lies in the flexibility of choosing priorities. 
Most heuristic models have focused on solving the cyclical scheduling problem, while the optimizing models have 
attempted to solve non-cyclical problems. Most optimization approaches consider only a small subset of constraints. 
Mathematical approaches that do include a large number of objectives and constraints to represent real life / real 
time operations require large computational resources, which further limits their application. 

FIELD STUDY RESULTS 

The author conducted a field study of nurse scheduling practices in major hospitals in the Pittsburgh area . Several 
nursing administrators were interviewed with in an attempt 10 establish current nurse scheduling practices. Out of 
twelve hospitals two have the capability of a computerized scheduling system. Both hospitals have the Automated 
l'Jurse Staffing System ANSOS by Atwork, however the system is not used to produce nurses schedules. In both 
cases ·nursing managers still insist on preparing schedules themselves. 
Schedules are done for each unit of the hospital separately. 
It is becoming more and more popular that the nurses are involved in the schedule creation process. The majority of 
nursing units has some form of self-scheduling. In case of one of the Pittsburgh hospitals, out of 21 units only three 
have a nursing manager performing scheduling function while the other 18 apply self -scheduling procedure 
involving all nurses and/or a special committee. The time to accomplish a schedule varies in this case from 4 to 50 
nurse hours per schedule for scheduling committee members only. 
Eight and twelve hour shifts are the most popular. 

Scheduling tools include: a blank schedule, vacation list, holiday sign-up sheet, weekend rotation list, mandatory 
education list. school schedule list, and scheduling rules . 
Blank schedule, holiday sign-up sheet, mandatory education list and school schedule list forms vary little from unit 
to unit. 

Nursing scheduling rules, however, vary considerably from unit to unit. In some cases the rules are written as a one 
page document , in other cases the number of pages with the scheduling rules exceeds 20 typed pages accounting for 
a great detail m the procedures. Typically, the scheduling rules include the following issues: 
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l. Self scheduling guidelines; 
2. Work time distribution and assignment; 
3. Scheduling panerns; 
4. Steady daylight; 
5. Shift rotations; 
6. Requests and schedule switches; 
7. Holiday time; 
8. Vacations: 
9. Vacations planning. 

Self scheduling guidelines specify when a blank s_chedule will be posted, who can alter the schedule, in what order 
the nurses are to put down their schedule, who can make changes, how to indicate special requests, when the 
weekend and holiday schedules will be posted. 
Work distribution and assignment provides a description of work times in the unit and the length of the schedule. 
Scheduling panerns list provides rules for weekends-off, rules for rotating shifts, rules for the number of days 
worked consecutively, and conflict resolution rules. 
Steady daylight form describes the availability of steady daylight positions and the priority in gening those assigned. 
Shift rotations list specifies rules for rotating shifts and procedures of granting steady off-shifts. 
Requests and schedule switches explains the procedures for applying and gening approval of special requests, 
Generally weekend requests are not accepted unless the staff member is able to arrange another staff member to 
work the weekend which has been requested. Requests are limited in number, usually up to three requests per 
scheduling period. 
Holiday time is scheduled once per year. A list considered to be holidays is posted and a staff member is permined 
to request three out of six holidays off per year. Unit seniority and hospital seniority as well as previous year 
assignments are considered when granting time off. Usually that pan is done at the beginning of the year and newly 
hired staff members are accommodated as much as possible. Christmas and New Year 's final schedule is posted at 
least two months before the holidays. · 
Vacation form includes definitions of what constitutes a vacation and what time of the year is excluded from 
vacation time. It specifies the maximum number of staff members on vacation in any one week. Usually in October 
all receive weekend work schedule for the following year and the staff can submit vacations requests which are 
usually granted based on seniority. 

The responsibility of the scheduling comminee include approving the schedule, reviewing requests of the staff 
members, determining the staff requirements and posing of the approved schedule on average four weeks before the 
schedule stans. In most of the units a scheduling committee creates a schedule with the input from nursing personnel 
while satisfying nursing staffing requirements. 

CONCLUSIONS 

Proper scheduling procedures, cenainty of schedules, close cooperation of nurse managers with staff members leads 
to increased job satisfaction, easier recruitment of staff and improved staff morale and thus results in bener patient 
care. One way to accomplish that is to have clear scheduling procedures with the nurses' involvement in the 
processes of schedule creation through self-scheduling. 
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ABSTRACT 
Advances in Computed Tomography (CT) and Image Processing (IP) have led to breakthroughs in the design of 
medical products. By combining these technologies with solid modeling and Rapid Prototyping (RP). it is feasible 
to custom design and produce medical implants and special instruments in a timely manner. At the University of 
Central Florida (UCF), current research projects focus on medical applications of RP. Through modem IP 
techniques. CT-data is convened into a solid 3-0 model. The model can then be used as a base for design 
customization of various types of medical implants and/or devices. Through RP, the medical designs can be tested 
for form, fit and function. This technology will in the near future change the medical implant industry by speeding 
up the production of custom-made implants. Other benefits to the patient and the medical communi ty include 
shoner surgery time and rehabilitation period. This ultimately leads to safer procedures and lower cost. 

INTRODUCTION 
Over the past decade there have been many advancements in biomedical engineering. panicularly in the field on 
implant design. CT has long been used as a diagnostic tool but the resolution was too low for engineering purposes 
(Webb et al. 1998). During the European PHIDIAS project, Siemens. Germany developed a new helical CT-scanner 
with higher resolution (Wouters. K. 1998). It then became possible to use the scan for engineering applications. As 
pan of the same project Material ise, Belgium, developed the software to translate the CT-images into a 3-D CAD 
model. IP is an imponant step in the procedure, panicularly when metallic components from implants and other 
medical components cause "noise" in the images. These newly developed techniques were first used to produce 
medical models that were used by the physicians for diagnostic and pre-surgical planning (Mahoney, D. P. 
1995)(McGurk et al. 1997). Later, these exact replicas of the patient 's anatomy were used to practice the surgery 
and even evaluate different surgical techniques. It has been very difficult to custom design implants due to the lack 
of3 -D measurements of the patient's anatomy. Currently. a rough design based on X-ray images is created in 
advance and during the acrual surgery the design is finalized through several iterations . This technique has been the 
only one available and is both time-consuming and dangerous for the patient due to the prolonged surgery time. In 
this paper we describe. as a proof of concept. how the above-described techniques are used in conjunction with 
modem 3-D sol id CAD-modeling. for perfect-fi tting implants that can be designed for each patient in a timely and 
economic fashion. The implant can then be produced using investment casting (lost wax). The panicular technique 
depends on the material and geometry of the implant. 

I\IETHODS 
The procedure stans with the acquisition of the CT-data, which is a common pre-su rgical procedure for many types 
of surgeri es. CT scanning is expensive. but provides radiologists and physicians with additional , imponant 
information. The level of radiat ion exposu re is of high concern but the new helical CT-scanners can produce scans 
in a shon period of time with higher resolution. The in-plane resolution of a CT-image is 5 I 2x5 I 2 pixels and the 
lowest scan distance is I mm. which gives a sufficient 3-D resolution for most purposes. Each CT-scanner uses its 
own format to store the image-infom1ation and there is no standard format at this ti"nle. Due to the differences in 
fomiats, different media types are used to store and transfer the data. This causes a problem from an engineering 
point of view. Most CT-scanners use an optical disk dnve for digital output and others are still using tape media. If 
CT-scans are received from several locations with different scanners. several optical or tape drives must be 
available. There are se,·eral software packages on the market to conven the CT-images into a usable graphical 3-D 
format. At UCF. we have chosen to use the Mimics package from Materialise. The images have to be imponed to 
the software and translated into a format that the program can work with. When first imponed. the images appear as 
nom1al CT images and the user can scroll up and down through them. The main window shows the inferior view of 
the patient. which is the standard view for CT-images. As pan of the software function, an anterior view and a 
lateral view are recreated for easier orientation and analysis. 
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The software provides several tools to edit and manipulate the images to achieve the desired result. Through "region 
growing" the anatomical structure of interest can be isolated from the rest of the image set and a 3-D model can be 
created and displayed. If only an anatomical model is desired, the 3-D model can be exponed in stl-format and be 
built on any RP machine. If the model is going to be used to design an implant, it has to be convened into a usable 
format for a CAD package. In Mimics, polylines can be produced as contours with a Z-distance of I mm, which can 
be·used to create nurbs or B-splines of desired order. Al so, surfaces can be produced using the original poly!ines. 
"This is dependent on the software that is going to be used for the implant design. The curves or surfaces can be 
exponed from Mimics in iges format and can be imponed into most 3-D solid modeling packages. Each package 
will require a different procedure to recreate a usable model but thi s model can now be used as a base for the custom 
design of the implant. 
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Figure 2. 3-D CAD model of a skull derived from CT data 

CASE STUDY 
For the purpose of demonstrating the design and manufacturing of a custom designed medical implant, CT-data of a 
skull with a fracture was used. The fracture is located in the left parietal bone of the skull and has an irregular shape. 
The current procedure would scan with some rough measurements of the X-ray pictures and an implant is designed 
based on that information. During surgery the implant is altered through several iterations to closely fit the cavity. 
Thi s prolongs the duration of the surgery and increases anesthesia time. The proposed method will enable the 
designer to use a CAD model of the actual patient's skull as a base for the design of the implant. As mentioned 
earlier, the format of the data exponed from Mimics will depend on the software used for the design of the implant. 
In this panicular case, due to the nature of the fracture , Magics was chosen and the medical data was exponed using 
stl format. 

Figure 3. 3-D model of skull with fracture. 
To minimize the amount of data to be processed, the ponion of the skull containing the fracture was segmented 
away from the rest of the skull, Ieav.ing only the small section of interest. 
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Figure 4. St! file of a section of skull with fracture 

Magics has the capability to conduct various operations on CAD-models in st! format, a rare feature for most 3-D 
imaging packages. The task is to design an implant that will fit perfectly in the cavity without having to gci through 
several modifications during the actual surgery. In a case like this, the symmetry of the skull can be used to create 
the implant and to achieving a natural curvature that will blend in with the bone. A section of the right parietal bone 
was created to be used as the mirror image for the fractured section. St! files of both skull sections were loaded into 
the Magics software and a mirror model of the right section was created and aligned with the left section. Cenain 
care must be exercised when sectioning the skull or difficulties will be encountered when aligning the two models. 
After a perfect alignment is achieved, the built in Boolean operators can be used to produce the model for the 
implant by subtracting one model from the other. If the previous steps are conducted accordingly, a 3-D model of 
the implant will be the result. 

Figure 5. St! model of the skull with fracture and the final implant. 

The next ste_p is to build physical models of the skull section and the implant using rapid prototyping (Jacobs, P. F. 
1996). In this case an SLA 250 was used. The stereolithography models are used to test and ensure the fit between 
the implant and the skull. There are many ways of producing the final implant and the chosen method is highly 
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dependent on the material and the geometry of the implant. In this case it was decided to cast the implant in 
Titanium using investment casting. Currently, there is no commercial RP technology that can produce the final 
implant directly; however, several experimental methods are being investigated. Rapid Tooling (RT) is the only 
suitable solution to produce a customized implant of complex geometry. 

Conventional production methods are both costly and time consuming. In a case where investment casting is the 
only applicable production method 10 produce the final implant. there are several RT techniques to choose from 
(Smock. D. , R. Colvin, et al. 1999). The fastest and most accurate method would be 10 use Direct Shell Production 
Casting (DSPC), which is a method that builds a ceramic shell using printing technology ready to use for investment 
casting (Kai. C. C. and L. K. Fai 1997). The high accuracy of this method is partly due 10 the few steps involved in 
the process and less shrinkage 10 consider during the design phase. Using more traditional methods, a wax like 
panem can be built using TrueForrn and Selective Laser Sintering (SLS) (Berry et al., 1997) or a wax panem using 
Fused Deposition Modeling (FDM), which would result in a less accurate implant due to the rough surface finish of 
these models. Using Stereolithography, QuickCas1 would be the preferred method producing a quasi-hollow shell 
with interior honeycomb structure that replaces the regular wax panem used in investment casting. QuickCast is a 
very fast build style that produces highl y accurate panem due 10 the low material content and minimal resulting 
shrinkage. For this case study. QuickCast is not a suitable candidate due 10 the thin plate-like structure that would 
create an almost solid panem. which would cause problems in the casting process and produce a poor quality 
implant. 

Since stereolithography is the technique utilized, a bener sol ution is to use a prototype of the implant 10 produce a 
silicon mold that can be used to produce a wax panem for regular investment casting. This technique is usually used 
10 simulate injection molding of plastic components and is usually referred 10 as Soft Tooling or RTV Molding. The 
prototype of the implant is placed in a box and centered using pins and the box is filled with silicon. The block of 
solid silicon is removed from the box and cut in two halves exposing the prototype that is removed leaving a cavity 
suitable for casting a wax panem of the implant. The wax pattern obtained from the silicon mold can be used for 
regular investment casting of a Titanium implant. The challenge using this technique is to backtrack and calculate 
all shrinkages taking place through all steps. The prototype used to produce the silicon mold must be compensated 
for the combined shrinkage and will be larger than the fina l implant. The SLA model of the skull fracture can be 
used to verify the fit of the final implant before the actual surgery takes place. 

Figure 6. SLA model of fractured skull and customized implant 

CO~CLUS IOi\ AND DISCUSSIO~ 
The advantages of using the technologies described in this paper 10 produce customized implants are outlined and 
the advantages of usi ng customized implants are pointed out. The medical implant industry has seen many changes 
over the past years and many anticipate a future where most implants will be custom designed and custom made due 
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to the large variations in patient's anatomy and the nature of the surgery._ To custom design and manufacture an 
implant can be very expensive and time consuming. The new technologies and the procedure presented m this 
paper, while still experimental, allow the implant designer t_o create a perfect fitting implant based on patient 
specific CT-data in a timely and economical fashion. Addmonally, surgery lime can be reduce_d resulting in safer 
and less costly procedure. There are still many problems to solve and obstacles to c1rc_umvent in regard to the 
conversion of CT-data into usable CAD-models. ln thi~ case study, several 3D modeling packages have been tested 
with similar results. It is our wish that the leading JD-modeling software developers recognize the future 
importance of these technologies-and develops more suitable ways of importing data provided by the medical 

imaging software packages. 
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This paper is contributed in memory of the late Dr. Steven Bohmer, who tragically lost his life in a plane crash last 
y_ear. Dr. Bohmer was an orthopedic surgeon with Jewett Orthopedic Clinic, Orlando, Florida, USA. He participateri 

. in several of UCF's research projects even though he had an extremely busy practice and was not officially affiliate/ 
with UCF. His motivation was his passion for advancing medical research, improving pati ent care and his desire to 
be a mentor to students. UCF and the medical community have experienced a great loss. We hope that his 
reputation for being a great physician, mentor, college, and most importantly, a great person, will live on forever 
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ABSTRACT 
Scheduling is very critical subject for health care institutions because of their complexity and imponance. Operating 
rooms are expensive resources and quality of health care is very imponant so operating rooms must be used 
effectively. Without efficient scheduling of patients, rooms, equipment, nurses and anesthesiologists operating 
rooms would be in chaos. Main objective of the operating room scheduling studies is to improve the room 
utilisation. Now automated scheduling can make it easier to get people and resources to the right places at the right 
times across large health care enterprises. 

In this research a scheduling system is developed which can produce efficient schedules that best serve the needs of 
the hospital, minimizing ovenime and idle time. The system integrated a mathematical model with an expen system 
technology in order to make it suitable for non-technical users. 

INTRODUCTION 
Health care institutions have an array of expensive resources. The appropriate scheduling of these resources has 
always been a key to effectiveness and cost saving. Scheduling is very critical subject for health care institutions 
because of their complexity and imponance. 

Resource scheduling is done more technically with high-level usage of computers. And automated scheduling can 
make it easier to get people and resources to the right places at the right times across large health care enterprises. 

Operating Room Scheduling 
Operating rooms are expensive resources and quality of health care is very imponant so operating rooms must be 
used effectively. And the main elements of operating room (OR) scheduling are patients. staff, places, dates. times. 
Without efficient scheduling of patients, rooms, equipment. nurses and anesthesiologists the OR would be in chaos 
and therefore the utilization ofORs would be low. Because of the complexity of operating rooms, having a 
scheduling system that treated all services and affiliations equally is imponant. 

Lots of hospitals schedule their operating rooms with paper systems. The person who is responsible for scheduling 
of the ORs must store lots of information that affect the schedule in his/her mind. For example how much time 
needed for each surgeon and his/her team to operate each type surgery. Also the scheduler must have ability for 
effective schedules. So it is easy to say that, the scheduling system depends on scheduler ' s skills and strength of 
his/her memory. Also when the scheduler is absent it is very hard to schedule as effective as he/she does. Shonly 
paper system depends on people. Any small errors in the schedule can lead to big inefficiencies. 

Scheduling of ORs must involve complex technical and interpersonal interactions for an efficient schedule. The 
literature on OR scheduling illustrates five general areas of concern: OR utili zation, cost containment, planning and 
organization, scheduling specific resources. and surgical operations into operating rooms (Przasnyski, 1986). 
A computerized OR scheduling system should allow maximum use of operating room time available and an 
improved working environment for a surgeon and his patient while simultaneously improving cost effectiveness and 
utilization by controlling of the identifiable fac tors. When the theoretical state of the scheduling system supponed 
with an expen system, non-expen person can use system without any experience and knowledge requirement about 
theoretical state of the system. 

Using Expert Svstems for Operating Room Scheduling 
Expen systems(ES) are advisory computer programs and they anempt to imitate the reason ing process and 
knowledge of human ex pens in solving specific types of problems. An expen system simulates the judgment and 
behavior of an ex pen specialized in a panicular field. Operating Room (OR) Scheduling needs expen knowledge 
and experience, so that ES can be used instead of an human ex pen in OR scheduling. Mathematical algorithms can 
be used with an ES. By using an ES it is possible to obtain bener solutions ; even an optimum one. 
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. · 1 d I d algorithms with an ES, they are made more user friendly for a non-
It possible to make mathemat1ca mo es an • ~ OR B f OR' b · 

h nd it would be possible to obtain more efficient schedulmg system or s. e_cause o_ s emg 
expert uman _a . [hospitals scheduling the ORs effectively m shorter times ts important. A 
one of the maJor cost contamment area o , . . . . Th . 

· d h d r t ~ r ORs is advantageous for hospitals. ES can provide this computenzatlon 1s 
computer12e sc edu mgb syos ekm oh ·n 1995 (Ozkarahan 1995). This study was guided by the development of 
kmd of study was one y z ara an 1 . , 
Ozkarahan's previous work. 

OZKARAHAN'S MODEL 
Ozkarahan (Ozkarahan, 1995) developed a model for OR scheduling by modifying the standart formulation of 
parallel processor makespan problem. In Ozkarahan's goal progr_amming (GP) model formulauon (Ozkarahan. 

1995) operations are loaded with regard to the capacity limitations of the ORs. ffwe assume each OR 1s avadab le 8 
hours a day, then the makespan should be 8 hours (480 .minutes). ffoperat10n ume man OR exceeds 480 mmutes. 
this means personnel is working overtime. And 1f operation time m an OR 1s less than 480 mmutes, this means 
available time is not used effectively (under utilization). Ozkarahan introduces overtime and under u11hza11on 

variables to the integer formulation of the problem. 
The formulation of the integer GP model is: 

Minimize P1 Lu; 
jem 

Subject to: 

~ p X ·· + U ~ - 0 + = 480 L...J j I.J J J 
ni=I 

Ixij =1 
j ::J 

Xij~O and integer 

In the above formulation , the priorities of the goals are: 

Priority I: Minimize u;" which represents under utilization of each OR. 
Priority 2: Minimize o/ which represents overtime for each OR. 

Al\ EXPERT SYSTEM FOR OPERA TING ROOM SCHEDULING 

(1) 

(2: 

(3) 

(4) 

The goal of this study was to develop a computerized scheduling system for operating rooms (OR). It is based on 
integration of mathematical programming theory and expert system (ES) technology. ES technology makes using 
goal programming (GP) for OR scheduling easier with more user-friendly interface. 

There has been pressure on the health care industries in the world competition to improve their performances with 
regard to such measures as improved patient satisfaction, shorter overtime and under utilization rates, etc . These 
pressures provide a number of conflicting criteria. Thus scheduling is critical to efficient performance of the 
hospitals. In the health care industry automated scheduling can make it easier to get people and resources to the 
right places at the right time across large health care enterprises. 

The developed system described in this study is called Operating Room Scheduling Expert System (ORSES). And 
ORS ES replaces the expertise of the operations research analyst for the model ; builds the GP models, and manages 
database with the user-friendly interface. This sys tem combines mathematical programming, knowledge base and 
database technologies etc.; ORSES makes all of these suitable for novice user with its user interface. The system, 
named ORSES, was developed by interfacing VP Expert (Paperback Software, 1989), dBase IV (Ashton-Tate 
Corp:, 1988) and Lindo (Lindo Systems, 1997). ORSES is designed to assist the scheduler in operating room 
scheduling and decision making process in the hospital. · 
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The knowledgebase was written in VP Expert. The input of the system is the operations, which need to be 
scheduled, and the system output is an OR schedule containing operation assignments to the ORs. 

Operations research approaches for solving scheduling problems where the environment is dynamic have 
traditionally utilized either mathematical programming or heuristic methodologies (Lukman et al. , 1990). 

The review of the history of quantitative, computer-based scheduling techniques provides a striking example of how 
the theories of Industrial Engineering, Operations Research, and Computer Science have been translated into 
systems that are operating successfully in lots of hospitals and clinics. 

Goal Programming Model for Operating room Scheduling 
The GP model used was developed based on Ozkarahan 's model. There are three main goals that must be satisfied 
for an efficient OR scheduling. These goals are: 

Goal I: OR utilization; the objective of this goal constraint is to minimize under utilization and overtime for each 
OR. For each OR, the deviations between available time and scheduled operation time should be minimized to attain 

. this goal. 

for I :5j :5 m (5) 

The positive and negative deviations indicate overtime and under utilization respectively. The objective function of 
this goal can be written as: 

m 

Minimize Iu>o~ (6) 
J= I 

Goal 2: Block Scheduling Restrictions; the purpose of this goal is to give the priority of usage to the owner of the 
block. To satisfy block constraints negative deviations between the duration of scheduled operations and the length 
of blocks should be minimized. 

The objective function of this goal is: 

Minimize 
g 

It~ 
s =l 

Goal 3: Unique Assignment Restriction: 

fxusl 
) = I 

The notations are: 

An operation must be assigned to only one OR. 

for I $ i :5 n 

X;, = decision variable i=I. .... n j=!, .. ,m 
X;, = I if operation is assigned to OR j 

Xu= 0 otherwise 
P; = duration of operation I 
T; = amount of time OR j is available per day 
k, = set of indices I specifying operations of surgical specialty s; s= 1, .... g 
T, = amount of time reserved for surgical specialty s per_ day 
ui -negative deviation from the total available time of OR j 
o/ = positive deviation from the total available time ofORj 
1,· = negative deviation from the time allocated to surgical specialty s 
1; = positive deviation from the time allocated to surgical specialty s. 
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. . • d tive deviations show the importance of overtime, under utilization and nega_tive 
Weights ofposmve an nega . h b. . function respectively. These weights are determined by usmg Expen 
deviation from tChehMockl umel9m9;)::f;~;:v:ased on Analytic Hierarchy Process (AHP) (Saaty, 1980). 
Choice (Expert 01ce nc., 

The objective function with its weights is as follows: 
g 

Minimize I 0.361 uf +0.574oi + L0,065ts 
j;l s;l 

(I 0) 

Development of The Operating Room Scheduling Expert Svstem_ (ORSES) . 
In this section a comprehensive computer based method for schedulmg the Ors will be presented. Major fearures ( 

ORSES are as follows: 
• Non-technical users can use ORSES easily. 
• ORSES based on mathematical programming so it gives bener solutions than human scheduler can 

obtain and the solution is either optimum or close to the optimum solution. . 
• It is easy to modify the operational principles of the ORSES. Any change can be easdy done on 1he GI 

model, database, rule structure or user interface etc,. 
Additional components can be added easily to the initial system. 

With the integration of mathematical programming and ES technology, mathematical programming models become 
applicable to a wider user. And ORSES integrates these two technologies. ORS ES were developed wnh the a(d of 
VP-Expert (Paperback Software. , 1989) development tool. Expert System user states the problem to the ES via i(s 
user interface. The user interface serves as communication between non-technical user and ORSES. And ORSES's 
user interface was developed by using VP-Expert tool's capabilities. 

The properties ofORSES's user interface are: 
• VP-Expert's user interface fun ctions were used. 
• Input data is transportable to other modules of the system. 
• ORSES adds, deletes and modifies the data in database, easily without using Dbase IV' s user interface. 
• The user interface is user friendly with its pull-down menus, which ease the data entry and reduce (ht 

chance of human data enrry error. 
• The user interface will guide the non-technical user through the scheduling process. 

The user interface enables the schedulers to enter the operations need to be scheduled. Informa tion, which is 
available within the user interface, is transferred to other system components. This component helps the program to 
be visually effective and easy to use and understand . 

. VP-_Expert permits the total integration of information contained in database, worksheet, and text files. This 
integration obtained with the rules and other control structures. Also VP-Expert is able to call external programs, so 
it can perform the functions and operations of other software. Because of these two fe atures VP-Expert was chosen 
as the devel~pment tool of ORSES. Information files and external programs have an important function in ORS ES. 
Easy file and data transfers are performed between the components and ES within ORSES. 

The database is the factual part of the knowledge base. It is concerned with all the data involved in the system. 
ORSES has a database file that contains the information about the surgical operations. This in format ion is necessary 
for formulation of goal programming model. The database file has DBF extension and prepared using DBASE IV 
software. 

Working Mechanism of the Application Environment 
The conceptual framework of operating room scheduling expert system (ORSES) is developed on the basis of the 
goal.programming (GP). The functional structure of the conceprual framework is described as fo llows: 

In order to understand how ORS ES works, the general function of an OR scheduling system is examined using GP 
as an operation research technique. As shown in Figure I , the input to the system is operations needed to be 
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scheduled and operations database. The output of the system nonnally is a set of operations assigned to ORs. The 
functional view of the system describes the dynamic characteristics . The general function of the ORSES can be 
decomposed into sub-functions as shown in the Figure I. 

I. Data Entry and Model Formulation: 

According to the scheduling objectives, the system uses knowledge about operations and operation specifications. 
The input to this sub-function is operation specifications taken from the data base file and operations need to be 
scheduled entered by the user, Then these inputs are processed and this sub-function fonns pans of the model 
formulation into files. At the end of the data entry, a batch file consists of these files which contains the specific 
pans of the model formulation forms the final GP model. The output which is theGP model will then be solved by 
LINDO. 

2. Solu tion of the GP Model: 

Considering operations which will be assigned to the ORs, a solution methodology by GP is performed by LINDO. 
The input is GP model formulated according to operations and operation specifications. The output is the solution of 
the model which will be transformed into OR schedules. This solution is copied into a file. 

3. Transformation of the Solution into OR Schedules: 

This sub-function evaluates the solutions transforming results into OR schedules. The input of this sub-function is 
taken form the file of convened solution. The conversion is required because the output of the previous sub-function 
is not suitable as an input for this one. Convener files do this conversion. ORSES rransfonns convened solutions 
into OR schedules which can easily be understood by non-technical users. The final output of ORSES is the 
assignments of operations into ORs. These assignments are both shown on the screen and also copied into a file. 

The above description is an ideal scheduling process, which can be applied throughout modem health care 
industries although in practice schedulers do not follow these steps. This process is panicularly suited for the design 
ofORSES functions. 

1. 

Operations 
Database 

2. 

23 



CONCLUSION 
In this study a computerized scheduling system for operating room scheduling (ORSES) was developed hi 
integration of expert system technology and mathematical programming. ORSES can be based on various othe 
scheduling approaches to be studied by the future research. Also, more user friendly systems can be developed hi 
using new technologies.ORSES combines mathematical programming; knowledge base and data base technologi~ 
together so that it makes all of these suitable for non-technical µsers. 
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ABSTRACT 
Biomedical vital signs data are indexed by time and classified as sets of time series that contain diverse mixtures of 
trend, autoregressive, periodic systematic common cause (internal biological) and random special cause (external 
environmental) components. The moving window spectral model separates and presents these on individual chans 
for superior diagnosis. 

INTRODUCTION 
Traditional monitors measure and display the patient vital signs of pulse and oxygen saturation. These monitors help 
medical practitioners identify when a vital sign falls outside a specified one-size-fits-all range. Manual chaning is 
labor intensive, receiving low priority relative to immediate patient needs. One approach is as follows. A pul se 
oximeter finger probe is clipped to the patient's finger. The pulse oximeter gives a read out of pulse and oxygen 
saturation every 5 seconds. A busy nurse reads the pulse and oxygen saturation values once every hour and records 
the values on the patient's chan, which is located at the foot of the patient's bed . If there is time, at the request of the 
patient's physician, the nurse plots the values on a chan. Otherwise, the physician simply looks at the numbers. 
Based on the physician's medical knowledge of what is normal given the patient's age and sex. the numbers are 
interpreted. This becomes an imponant input into the physician's diagnosis of the patient's medical condition. This 
makes accurate and timely diagnosis difficult. This paper discusses a solution to this problem, by proposing a 
computerized ultra intelligent biomedical monitor. In the proposed system. vital signs are measured by a pulse 
oximeter, read by a computer via a serial pon, recorded and charted every five seconds on a color r.1onitor. A 
mathematical model separates vital signs into common cause variations (internal biological effect) and special cause 
variations (external environmental effect) chans. The panicular mathematical model is the moving window spectral 
(MWS) time series model (Ridley, I 994a, 2000b). The common cause and special cause chans are marked and 
labeled with upper and lower control limits. The control limits are customized based on I ) absolute medical 
standards dependent on patient age group and sex (Malasanos, Barkauskas. Moss & Stoltenberg-Allen, I 98 I, 
Kozier & Erb, 1983), and 2) standard deviations from the mean established for each individual patient. The result is 
accurate advanced warning of abnormal conditions. in real time. by color graphics. sound, print / fax / email / caller 
ID phone alen, etc., to local or remote locations. 

Periodic biomedical data 
A mathematical model must be constructed to fit the internal biological component of the vital signs data, and 
separate it from random external environmental effects. This becomes the source of use ful information. All existing 
time domain methods for estimating the parameters of a time series model will generate biased parameter estimates. 
That is, a biased model. A biased model will generate estimates of the internal biological component that are biased. 
This in tum leads to incorrect medical diagnosis. This condition is exacerbated when the data contain multiple 
periodic components, for which there are no su itable time domain methods (Alwan & Roberts,1988, Alwan & 
Radson, I 995). The MWS method used in this research is a special frequency domain method, which is panicularly 
well suited to data containing multiple periodic components. It will reduce or eliminate the bias in the fitted internal 
biological values. This method of extraction produces useful information, making it possible to arrive at the correct 
medical diagnosis. 

Seriall\' correlated biomedical data 
·Biomedical vital signs data may be analyzed as a problem in statist ical process control. However, in order to do so, the 
data must be independent and identically distributed (110). Each data value must be unrelated to all other data values. 
However, vital signs data are not unrelated. They are serially correlated. Control chans for such data will produce inflated 
probabilities of both Type I errors (generate false alarms) and Type II errors (mask important problems) (Alwan, & 
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Roberts, 1995, Ridley, 2000a). The MWS method will correct this by efficient removal of the serially correlated 
component, even as it changes over time. The residual external environmental symptoms thus obtamed are truly IID and 
may be plotted and analyzed on a statistical process control chan. This will expose events that md1c~te problems 
associated with external environmental effects. These include random effects and mdependent one-of-a-kmd effects of 

medication. 

MWS TIME SERIES BIOMEDICAL ANAL YSJS 
The purpose of this research is to explore these two problems further, and to show the relevance and us_efulness of_ the 
MWS time series model. The MWS time series model is a frequency domain approach. It 1s an extension of the llme 
series concept to a generalized automatic system that decomposes the process variable into trend, constant frequency 
periodic components, and residuals. As in any time series methodology, non-stationary data are made stationary by 
applying appropriate transformations, where necessary, prior to model fitting. This includes the particularly difficult case 
ofheteroscedasticity in which the error variance changes systematically with the mean of the time series (Ridley. 1994b). 

Patient comparison to global human standards 
The chart of total vital signs is the traditional chart. This research introduces two new charts. The chart of special 
cause effects, external to the human body, and the chart of common cause effects, internal to the human body. Both 
charts may be analyzed in relation to the medical standard values for the particular patient class (infant through adul, 
male and female) being studied. Each chart is labeled with upper and lower limits prescribed by medical practice. 
This is particularly meaningful in the case of the systematic common cause chan. Since this chart monitors the 
internal biological effects internal to the human body, free of interference from random one of kind external effects. a 
breach of this chart indicates an abnormal conditional that may be associated with illness. 

Patient comparison to own individual standard 
In addition to the upper and lower limits prescribed by medical practice, it is recognized that the range of normal 
vital signs can vary among patients even within a particular class (age or sex). For example, a palient with a history 
of athletic activity can possess relatively strong heart muscles, require a lower hean rate and exhibit a lower pulse, 
without that being a symptom of illness. A patient with a history of sedentary life style may possess relatively weak 
heart muscles, require a higher heart rate and exhibit a higher pulse, without that necessarily being a symptom of an 
illness such as high blood pressure. In order to resolve this, both the common cause and the special cause charts are 
standardized. In each case the chart is standardized to the individual patient. once enough data has been collected 
for the patient. The patient vital signs are then compared with the upper and lower 3 standard deviation limits that 
are relevant to that panicular patient. · 

A SIMULA TED CASE 
The following scenario is a simulation designed to illustrate biomedical vital signs in terms of common cause and 
sp_ecial cause charts. It changes the way that charts are used, viewed and interpreted. The chart in Figure la is a plot 
of common cause pulse variations for an adult male, in beats per minute, measured once every 5 seconds during the 
last hour of the patients life. Prior to that time, the pulse measurements were within the normal range. However, 
they were only monitored once per hour. As a result, the failing health of the patient during the last hour went 
unnoticed. The global medical standard pulse for a normal healthy adult male ranges from 50 to 90 beats per 
minute. Most of the measurements on the 5 second chart fall below 50 beats per minute. The lowest values are 
approximately 20 beats per minute. They indicate that the patient is severely ill , and in critical need of medical 
attention. The color and sound/fax/print/email/caller JD phon_e alarm scheme is as follows. A single breach of the 
control limits results in a blue screen and the beach point is marked for future reference . If the condition clears up 
the screen returns to white. Two consecutive breaches will turn the screen yellow for caution; three breaches will 
tum it red to signal danger. In each case there is also a sound alarm. The nurse is alerted to investigate the patient's 
medical condition. Once again if the condition clears up by itself or due to medical intervention, the screen returns 
to white. If the screen remains red for too long a period of time (specified by the physician), the computer will 
continue the color graphics and sound alarms. However, it will also print, fax and email the chart, dial and send a 
telephone_alert, and a caller ID, etc., to specified local and/or remote locations. This permits the physician to read 
the charts from anywhere in the world. A computer at the nurse's stations can also view the screen of the bedside 
computer. In this case, Figure I a remains red for a protracted period, and all the alarm systems are activated. The 
pulse statistics are .also summarized below the chart. The mean pulse is 39.241 with a root mean square deviation of 
I I.627 and ranges from I 9.015 to 66.694 beats per minute. The pulse is below the normal range 83.33% of the time. 
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The corresponding standardized common cause pulse measurements are ploned in Figure I b. For the period shown 
in Figure I b, the pulse measurements are within three standard deviations of the mean pulse. This chart is white and 

is not the source of any alarms. 

The special cause pulse .variations about the mean of the total pulse measured are separated and ploned in Figure 2a. 
The upper and lower limits of this chart are adjusted to remove the mean pulse of 39.241. The limits for this chart 
are therefore 50.759 (obtained from 90-39.241) and 10.759 (obtained from 50-39.241). The mean special cause 
pulse is zero as expected, with a root mean square deviation of 1.978, and ranges from-19.495 to 29.184 beats per 
minute. The special cause measurements fall below the lower chart limit for a protracted period (97.92% of the 
time). It is therefore red, and generates all of the alarm functions. 

The corresponding standardized special cause pulse measurements are planed in Figure 2b. This chart has a mean of 
zero and upper and lower limits of +/-3 standard deviations. The special cause pulse ranges from -3.9 16 to 5.862 
standard deviations. The upper limit is breached twice (2.085% of the time). The lower limit is breached once 
(1.04% of the time). There are no consecutive breaches, so this chart alarm is blue, returning to white immediately 
after the last breach (in period 8 I) . 

CONCLUDING REMARKS 
The common cause and special cause charts separate and display systematic internal biological and external one-of-a
kind effects of medication, irregular patient activity or other stimulation. This computerized system: FOURCAST 
BioMediControl (fourcast,net) of charts, updated rapidly and frequently, provides life saving information for patient 
medical diagnosis, accompanied by correct classification with regard to the related causes of biomedical data variations. 
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FIGURE la. Pulse due to internal biological effects measured in beats/minute every 5 second1 
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FIGURE 1 b. Standardized pulse due to internal biological effects 
measured in beats/minute every 5 seconds. 
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FIGURE 2a. Pulse due to external environmental effects measured in beats/minute 
every 5 seconds (ori inal color: red). 
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FIGURE 2b. Standardized pulse due to external environmental effects 
measured in beats/minute every 5 seconds (original color: blue). 

~!':: !:.:.:r.::r: SPECIAL CAUSE VARIATIONS 
P\ILSEbpn,. PULSE 

12 . ...------------------------. 

.. 
C1.·••t••t. ch.An.ge i.n PVLSEbprn. 

ChJ. S~•d<"l , 5~)-53 . a,a > t.• l!'ail.•d t.e•t t,u, nonn.a1ity . 

"-a.n- 0 . 000 koot U.an Sq . D•v .-1. . 000 )t:ln . • -3 . ,1.ti M.a.x .•5 . 8"2 
Coftl:rol. ::t.:i.m:it•-C - 3 . 000 , 3 . OOO)•t.d . d.av . -« - J.4 . ,35 , 14 . ,35)un.it• 

Nusnb•r of br•ac,.,.,• : Upp•r-2 -2 . oac,, Lo-•, -1 -1. 0,1 <,, Tota.l.-3 -3 . 1 3~ 

FOURCAST BioHediCont:.;:ol 

29 



Artificial Neural Networks for Job Shop Simulation 

Daniel J. Fonseca and Daniel Navaresse 

Department of Industrial Engineering. The University of Alabama. Tuscaloosa 35487, USA 
Email: dfonseca@coe.eng.ua.edu 

Phone: (205) 348-3337 
Fax: (205) 348-7 I 62 

ABSTRACT 
This paper explores the use of Artificial Neural Networks (ANNs) as a valid alternative to the traditional job-shop 
simulation approach. Several neural network metamodels were developed to provide a versaule JOb-shoi 
scheduling analysis framework. Once properly trained, the selected prototype neural networks were capable of 
satisfactorily estimating the manufacturing lead times (ML T) for orders simultaneously processed in a four-machi ne 

job shop. 

INTRODUCTION 
Scheduling has been defined as "the art of assigning resources to tasks in order to insure the tertnination of the~ 
tasks in a reasonable amount of time" (7) (3). The general problem is to find a sequence in which the jobs (e.g, 
basic tasks) pass through the resources (e.g., machines), which constitutes a feasible and optimal schedule wi1h 
respect to some specific performance criterion (7). This represents the last stage of the planning activities before 
production takes place . 

Systems simulation has become a powerful decision-making instrument for job shop scheduling. It requires a few 
simpli fying assumptions, captures many of the true characteristics of the real model , and provides good insighu 
·about the interactions and relationships between qualitative and quantitative variables. However, a major 
shortcoming of simulation is the need for expert assistance any time a change is required in a model ( 14) ( 16). 

One contribution to the simplification of the scheduling decision-making process might consist of the development 
of a system that can perfortn a rapid evaluation of different alternatives, without the necessity of comput~ 
simulation expertise. If a dynamic model of a system could be constructed and presented to the analyst as a black 
box, one of the major drawbacks of systems simulation would be overcome: the need for a human expert to carry out 
the simulation. 

Artificial intelligence (Al) is the generic name given to the field of computer science dedicated to the development 
of programs that attempt to replicate human intelligence. Artificial neural networks (ANNs) is one the Al techniques 
that has gained an important role in solv.ing problems with extremely difficult or unknown analytical solutions (12). 
An ANN consists of an interconnected web of special units, called neurons, with associated connection weights tha\ 
after receiving a proper training, are capable of achieving a desired response to new inputs. Its ability of learning 
from examples makes ANN an extremely powerful programming tool when domain rules are not completely certain 
or when some amount of inaccuracy or conflicting data exists (13). 

\._., 

ARTIFICIAL NEURAL NETWORKS AS SIMULATION METAMODELS 
The main purpose of simulation metamodeling is to reduce the cost, time, and amount of effort required during a 
simulation analysis. A metamodel , or response surface, is an approximation of the input/output function implied by 
the underlying simulation model. It is usually a supplementary model that can be alternatively used to interpret a 
more detailed model. 

The almost simultaneously published works of Hornik et al. [ I 989) and Funahashi [ 1989) rigorously demonstrated 
that multilayer feedforward neural networks are capable of approximating any measurable function to any desired 
degree of accuracy. P,erreval [ 1992) used neural networks to model the simulation of manufacturing shops. He 
proposed a neural network to approach the selection of dispatching rules on a simplified flow shop. The network 
was trained with simulated data, and, afterwards, i.t was able to select the best dispatching rules for new cases. In 
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addition, Badiru & Sieger [ I 998] implemented an ANN-based simulation metamodel to predict furure cash flow 
values for cost estimation, using the initial investment and the interest rate as uniformly random variables. 

Finally, the recent srudies by Kilmer (1994] and Kilmer et al. (1997-1999] exposed the use of supervised neural 
networks as a metamodeling technique for discrete, stochastic simulation. The first work provides a foundation and 
methodological guidelines for developing ANN metamodels, while the other papers report the creation of ANN 
metamodels for simulating a hospital's emergency room, and a factory's inventory warehouse, respectively. 

DEVELOPMENT OF THE NEURAL NETWORK MODELS 

Problem Definition and Training Samples Generation 
A problem from Askin & Standridge [ 1993] was extracted, enhanced, and a degree of uncertainty added to the 
processing times for this srudy. The simulation software package Arena was used to create the set of examples 
necessary to train and test the prototype networks. Only feed forward, multi-layered, fully connected networks were 
considered in the study. The models were trained through the Back-Error-Propagation learning algorithm (BEP). 
BrainMaker, a commercial ANN software package, was chosen as the development shell for this project. 

The simulated job shop consisted of the use of four machines, A, B, C, and D to manufacture four types of parts or 
orders. Job arrivals were modeled according to an exponential distribution with a mean of 5.5 time units (TU). 
Table I shows the arriving job types proportions, as well as the parameters of the normally distributed processing 
times. 

Table I - Processing times per job and machine type (mean, standard deviation, in TU) 

Job 
Type 

I 
2 
3 
4 

Proportion 
in arrivals 

40% 
15% 
20% 
25% 

Machine A 

9, 1.3 
7, I 

9. 1.5 

Machine B Machine C Machine D 

7, I 8, 1.2 
8, 1.2 9, 1.3 7, I 
9, 1.3 7, I 9, 1.5 
4. I 8. I 

Simulation runs were executed for 480 TU. Output statistics for 900 different and randomly selected job shop 
siruations were collected from 20 independent replications. The first 800 problems were used for training and testing 
the ANNs during the design step, while the other I 00 scenarios were reserved for validation purposes. The 

· simulation analysis consisted of estimating the average flowtimes when orders follow different machine sequences. 
All other parameters, even stochastic, were kept unchanged throughout the simulation runs . 

ANN Development 
ANNs with one hidden layer were pursued in this srudy, although some tests on two-hidden-layer networks were 
also performed. Data representation was a critical issue that directly affected the resulting ANN architecrure. The 
number of input neurons required to represent any given job type sequence combination relied on the definition of 
these sequence codification schemes (SCS). Several codification rules were developed and tested in this srudy 
following conventional guidelines given in the available literature (5) ( 12). A brief description of each one is 
provided as follows. 

The first devised SCS represents any given machine by using a pair of numbers: + I and -1. Thus , machine A is 
represented by (-1 , -!), machine B by (-1, + !), machine C by (+ I.-!) , and machine D by ( + !, +!). Table 2 
illustrates how a job shop siruation is mapped into this SCS. The application of this procedure to all possible job 
types and machines required a total of 26 digits. 

The second scheme takes into account the type of job and the number of operations required by each job type. A 
11+ I '1 represents an "active"· machine for that operation, while a ". 1" indicates that the corresponding machine is 
"inactive" or "not used" for a given operation. For instance, if the first operatiqn for job type I is to be performed 
on machine A, it is then represented by ( 1, -1, -1 ). This means that machine A is the workcenter used for that 
operation, while machines B and C are not. If such an operation is instead performed on machine B, then, the 
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· CS · a total of 43 digits to represent any given sequenc, resulting sequence code would be (-1, +!, -1). Tots S requtres 
(Table 3). 

· · f 5 184 "ble machine sequences. Sequences wen 
A third approach consists of enumerating the whole set O • poSSI e #2. ABC-ABCD-BCD-ADB, and so 
alphabetically ordered, i.e., sequence #I: ABC-ABCD-BCD-ABD, sequenc . · umber between I and 5,184, ;1 
on After sorting the data the order number corresponding to each sequence, 1.e., a n ·ct .fi d ·b . b. 

· ' · · h h quence ts t enu 1e y a unique mary converted into its equivalent bmary number. In this way, eac mac me se . . . h 
quantity. Finally, all "O's" in the binary code are replaced by "-1 's". Here, thmeen digits are enoug to represent 

any possible combination of sequences (Table 4). 

Job type 

I 
2 
3 
4 

. Job type 

1 
2 
3 
4 

Sequences 

ABC-ABCD-BCD-ABD 
ABC-BADC-BDC-DAB 
CBA-ACBD-CDB-DBA 
CBA-ACBD-CDB:DBA 

ANN Training and Testing 

Table 2 - SCS I - Problem mapping 

Sequence 

A-C-B 
B-C-A-D 
B-C-D 
D-B-A 

Codification (SCS I) 

-1, -1; 1, -I; -1, I 
-1, I; l, -1; -1, -1 ; I, 1 
-!, I ; I, -1 ; I, 1 
I, 1; -I, 1; -1 , -1 

Table 3 - SCS 2 - Problem mapping 

Sequence 

A-C-B 
B-C-A-D 
B-C-D 
D-B-A 

Codification (SCS 2) 

1, - 1, -I ; -1, -!, 1 ; -1 , I, -1 
-!, l , -1 , -1 ; -!, -1, l , -1; I, -I, -1, -1; -1 , -1 , -! , I 
-1, 1, -I ; -1, -1, I ; -1 , -1 , I 
-1 , - I , I : -1, I, -1 ; 1, -1, -I 

Table 4 - SCS 3 - Problem mapping 

Order 

I 
263 

4416 
5184 

Order (binary) 

000000000000 I 
000 I 000000 I 11 
1 000 IO I 000000 
10I0001000000 

Codification (SCS 3) 

-I ,-1 ,-l ,-l ,-l ,-1 ,- I ,-1 ,-1 ,-1,-1 ,- l , I 
-1,-1 ,-1, l,-l,-l,-l,-l ,-1 ,-1 , I, I, I 
1,-1 ,-1 ,- 1, 1,-1 , l ,- l ,-1,-1 ,-1 ,-l,-I 
1,-1 , L-1.-1 ,-1, l,-l ,-l ,-l.-1,-1 ,-I 

The number of output neurons in all generated architectures was four, one for each order 's flowtime. The number of 
input neurons was directly determined by the employed SCS. A major consideration was to determine the optimum 
number of neurons in the hidden layer. The followed approach was to start with networks with a small number of 
hidden neurons, and to continue adding hidden neurons as needed. 

· 1n some instances, an ANN may test well before it has gotten all of the training facts correct. It must then be kept in 
mind that a network that performs well on new data is frequently much better than a network that is able to learn the 
I 00% of the training data. The capability provided by BrainMaker of "testing while training" was continuously 
utilized. In this way, after each run over the whole training set, a previously separated set of facts was executed, and 
the number of "good" and "bad" facts were computed and saved. Brain Maker was configured to save its current 
network every two runs. The learning rate ;vas set as linearly variable berween 0.1 and 1.0, for I 00% good, and 
I 00% bad training facts, respectively. The Sigmoid was the selected transfer function. Training tolerance was tuned 
during training. 
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All final experiments initiated with a training tolerance ofO. I 8. The tuning was set to be automatically reduced by a 
factor of 0.9 any time that the percentage of good facts reached at least 85%. The reduction limit was set at 0.02. 
mostly, to ensure that the training would not terminate prior to reaching the maximum number of runs. Testing 
tolerance was kept fixed in 0.2. A smoothing factor, or momentum, was defined. Momentum is a variable that adds 
a delta to the error correction, which is in the direction of the last run's overall error adjustment. The default 
BrainMaker' s value of 0.9 was used. 

After completion of the specified number of training runs, a chan depicting the number of good facts and the root 
mean squared error (RMS) as a function of the epoch was generated. Inspection of the mentioned chan made 
possible to select the network with the smallest testing RMS. 

Once the best network for each SCS was obtained. funher attempts to improve their performances were made. They 
included the addition of noise to the training data and the pruning of small connections. Some trials were also 
performed with two hidden layers. After completion of the experiments, the two networks with best testing 
performance were selected for validation (Table 5) 

ANN 

2 

Validation 

Table 5 - Final selected ANN models (ANN I and ANN 2) 

Layers 
Configuration 

26-30-4 
43-19-4 

scs # 

Inputs 
Format 

( 0, !) 
(-1.+I) 

Noise in 
Training 

0.5% 

Three independent validation procedures were performed. The first one consisted of a statistical comparison test. 
Second, a criterion for classifying the results obtained from ANNs. SIMAN, and ProModel was developed. Results 
from these four models were compared to Arena's , and classified as "identical", "acceptable", or "wrong" based on 
predefined "similarity" criteria. Finally, a face nlidation was carried out by plotting the nowtimes yielded by the 
ANNs against their Arena's counterpans. 

A Duncan's multiple range test at 5% significance level was selected for comparing all pairs of means in this study. 
The pair-wise comparisons were individually conducted for each one of the four job types. The one hundred outputs 
obtained from each one of the five models were grouped by order type (i .e. , I, 2, 3, and 4). and all possible pair-wise 
comparisons were performed for each one of the four groups. For each compared pair of outputs sets, a conclusion 
on whether the model's average nowtimes and Arena's were or were not significantly different was made. Table 6 
shows the job types that were found not to be significantly different during the pair-wise comparisons. It can be 
observed that the ANN I and Arena showed similarity in all their job types estimates, followed by ANN 2 and 
SIMAN, which agreed in three out of the four estimates. On the other hand. ProModel provided significantly 
different values than all the other models. 

Table 6 - Summary of statistical Duncan's test results 

Arena ANNI ANN2 SIMAN ProModel 

Arena X 1,2,3,4 1.3,4 1,2,4 
ANN I X 1,2.3.4 1,4 
ANN2 X I 
SIMAN X 

The outputs from the one hundred validation samples developed by the ANN-based modeis, altogether with the 
outputs from SIMAN and ProModel, were qualitatively grouped into three categories. Tolerance intervals for each 
Arena's mean flowtime were constructed. The interval bounds were set to I 0% below and I 0% above the mean 
values. The following criteria were applied to categorize a given SIMAN, ProModel, or ANNs output value: 
I. If the fact under analysis had all its four flowtime values falling within the corresponding Arena's interval, the 

fact was said to be idemica/ to Arena. 
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2. If the fact had three flowtime values within the interval and one falling outside, the fact was considered to be 
fairly similar to Arena. 

3. If the fact had two or less flowtime values outside the specified intervals, it was said to be different from Arena. 
Table 7 summarizes the number of facts falling in each category for the two developed ANNs, SIMAN, and 
ProModel models. · 

Table 7 - Model classification of results based on comparison vs. Arena's results 

Model Identical Acceptable Different 

ANN I 58 26 16 
ANN2 64 20 I 6 •. 
SIMAN 84 9 7 
ProModel 40 30 30 

The final step in validating the models was to construct charts showing the behavior of each ANN model with 
respect to Arena's outputs . Values 5% below and above the Arena's estimated mean flowtimes were plotted. ANN I, 
ANN2, SIMAN and Pro Model outputs were superimposed on these charts to observe the behavior of each model 
with respect to Arena's estimations. Figure I illustrates one of these plots: job type 3's flowtimes for the first 50 
validation facts. Consistently with the results obtained in the previous sections, SIMAN was the model that best 
Tesembled Arena's predictions. Then, ANN I and ANN 2 captured many of the underlying relationships between 
the specified inputs - machine sequences - and outputs - average flowtimes. In contrast, ProModel yielded, in 
general, values that overestimated the Arena's responses. 

F3. ANN 2 .... Anna Runs 1-50 

--- -----------------------

- Arena +5% 

\.., -ANN2 

Fact 

Figure I - Job type 3's flowtimes - ANN 2 vs Arena (runs. I to 50) 

CONCLUSIONS 
In this study, ANNs proved .to be a viable tool for stochastic simulation metamodeling. The expected simulation 
o_utput from the developed ANN models turned out to be as valid as the data generated from the conventional 
s1mulat1on packages, 1.e., Arena, SIMAN, and ProModel. Their results proved not to be substantially different from 
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the results provided by other valid models such as SIMAN and ProModel when compared against the adopted 
baseline, Arena. Despite the noise introduced by the stochastic nature of the interarrival and processing times, the 
ANN-based simulations were able to fairly capture the underlying relationship between jobs' machine sequences and 
their resulting average tlowtimes. 

From the practical applic.ation standpoint, the developed models offer significant advantages regarding time 
consumption and simplicity to evaluate new job shop situations. The software operation is considerably fast when 
compared against conventional simulation software packages. This feature can become more and more relevant as 
the model is expanded and enlarged. In addition , ANN models, properly embedded in manufacturing decision 
support systems (DSS), may greatly contribute to the simplification of sequencing and scheduling decision-making 
processes. A neural network metamodel would be a tremendously useful tool for scheduling optimization packages 
where simulation of partial solutions is critical, as it is the case of genetic-algorithm (GA) based programs. 
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ABSTRACT 
Many mathematical model's in engineering design are complex and computationally intensive. It is difficult to use 
these models for design optimization, because the model must be called a large number of times duriqg the course of 
the optimization. Previous researchers have used conventional regression techniques to create a quadratic Response 
Surface Model (RSM) for computationally expensive models . These quadratic RSMs are then optimized instead of 
the original model. Our approach is to use data obtained during previous runs of an expensive model to create a 
response surface model (RSM) to fit the original data. Genetic Programming is used to search for the best functional 
form to use, and Neural Networks are used to obtain the coefficients to the function selected by the Genetic 
Programming Algorithm. Two fundamental problems are overcome with our approach. First, information is saved 
about the shape of the design space from solving prior problems. Second, accuracy is improved by not being restricted 
to the use of a quadratic RSM. 

An experiment was carried out to compare the results of our methods with previous optimization methods. It was 
assumed that historical data from previous optimization effons were available. Computational efficiency was 
compared for three methods. The first method involved re-optimizing the original model directly. The second method 
involved solving a problem using a conventional quadratic regression model (QRM) to approximate the original 
complex model. Our method involved using Genetic Programming and Artificial Neural Networks. A 94% reduction 

-in computation time was achieved by our model versus that required to solve the original complex model. Our model 
resulted in a 76% reduction in computation time and better solutions as compared with the QRM. 

INTRODUCTION 
Models of many engineering design problems are very complex, requiring several minutes to several hours for a single 
model evaluation. Because traditional optimization algorithms typically require many hundreds (if not many 
thousands) of model evaluations, optimizing the original model using these techniques becomes somewhat 
impractical. In addition, if any change is made to the problem setup, such as changing the starting location or 
changing a constraint bound, the whole op_timization process must be repeated, requiring the same level of effort as the 
initial optimization, because the algori!hms have no "memory" of the shape of the design space. Furthermore, helpful 
visualization tools, su_ch as contour plots, are also impractical since they are generally too expensive to create using a 
complex model. 

In order to reduce the effort required.to optimize computationally expensive models, conventional statistical 
regression has been used to obtain response surface models of computationally intensive problems. Conventional 
regression finds the coefficients that cause the specified general function to fit a given set of data such that the sum of 
the squares of the errors is minimized (see Box and Draper, 1987). The RSM is qualified with a statistical validation 
process. If the resulting RSM does not meet the validation criteria, it is rejected. Unfortunately, the validation process 
can tell only whether"the RSM is qualified, but cannot suggest what general function should be specified. If there are 
more than two or three design (or decision) variables in the problem, it becomes very difficult for a human to visualize 
the shape of the function and suggest a proper general function for the RSM method. 

As a result, the quadratic regression model is used in nearly all reported efforts of using regression to obtain a RSM for 
the purpose of optimization (see, for example, Boning and Mozumder ( 1994)). Optimization is then performed on this 
quadratic RSM rather than on the original complex model. The original model is consulted at the proposed optimal 
point to verify that all constraints are satisfied. This simplified model can either be a local model, in which the 
quadratic estimate is forced to be very accurate over a small local region, or a global model in which the quadratic 
estimate is assumed to exist over the whole design space. Local model s do not give information about the overall 
shape of the design space, while the global models may be too coarse in the area of interest. Iterative procedures may 
of course be employed to refine a global model into an accurate local model , but they then lose sight of the global 
shape of the design space. 
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In the next section, a new method will be described that overcomes some of the previous difficulties associated with 
the use of quadratic RSMs for optimization purposes. Once the method has been described, we will present results 
from the application of the new method to a computationally expensive test problem. Finally. our conclusions will be 
presented. 

EVOLUTJOl'iARY REGRESSION RESPONSE SURFACE MODEL (E RS!\1 ) 
A new method has been developed to find an appropriate general function as well as to solve for the best coefficients 
for the RSM. This new method comes from two Artificial Intelligence techniques : Genetic Programming (GP) and 
Artificial Neural Networks (ANN 's). John Koza (1992) developed the principle of Genetic Programming by 
extending the use of the Genetic Algorithm (Holland, 1975). which mimics Darwin's theory of Natural Selection. to 
the automatic "evolution" of computer programs. Intuitively, Koza presented the principle of GP: 

"If two genes are somewhat well fined to solve a certain problem. then some of their pans probably ha"e 
some merit. By recombining randomly chosen pans of somewhat effectiYe genes. we may sometimes 
produce new genes that are even more fit in the problem than is either parent." (Koza, 1992, page 23) 

One ofKoza's first applications was called Automatic Function Definition (AFD). which perfonns a crude fonn of 
symbolic regression. The problem with AFD as a method for creating a RSM is that although it does a good job of 
identifying the general function, it does a poor job of optimizing the coefficients to that model to reduce the error. 

Artificial Neural Networks have also been used to perfonn regression. and have been shown to be able to represent any 
general function , albeit in a rather opaque way. ANN 's are made up of artificial neurons or nodes connected together 
to fonn a network. The neurons are in identical functional fonn. The functionality of the networks depends on the 
strengths or weights associated with the svnapses in the artificial neurons (Page et al.. 1993). The method of solving 
for the weights with a set of gi\'en data is called "learning" or "training" the Neural Network. Research has shown 
that artificial neural networks are effic ient for sol\'ing weights in a parse tree, especially where conYentional 
techniques encounter difficulty (Cybenko, 1989; Funahashi. 1989). The main disadvantage of neural networks is that 
they are not efficient for matching large data sets. This is because all of the neurons have the same functional fonn. 
The only way for ANN"s to match a larger set of training data is to increase the number of neurons or the number of 
layers of the network. The training process is extremely slow if there are too many neurons or layers in the ANN 
(Page, 1993 ). 

The solution we propose is to allow the neurons to perfonn different functions. The overall functionality of an ANN 
will no longer depend only on the number of nodes or layers. but also on the function that each neuron perfonns. Such 
a network resembles a parse tree . The immediate problem is how to select the different functions for each node . The 
solution is to use GP to find the function for each neuron. The new method works as follows: 

I. Stan by randomly generating a population of general functions. Each individual general function is a 
parse tree . 

2. Train each tree with the given set of data to find the best fining weights . A detailed deriYation of the 
modified training algorithm is given in Wang [ 1998] Appendix C. 

3. Compute how well each tree fits the data. Assign a probability of parenting the next generat ion such that 
the parse trees with the best fitness will have the highest probability of being selected. 

4. Check tennination criterion. If satisfied. output the best fitting model and quit; otherwise, continue. 
5. Perform the Genetic Programming process to produce a new generation. Return to Step 2 

The new method is named "Evolutionary Regression (ER)'", to di stinguish it from either conventional numerical 
regression or current Al methods . The response surface model obtained with ER is called an ERSM. or Evolutionary 
Response Surface Model. 

APPLICATIOl'I' OF OUR METHOD 
An experiment was carried out to check the effectiveness of the method. The experimental problem was to optimize 
the design of a uniped robot (see Figure I) for maximum jumping height. This problem was selected because it is 
relatively computationally intense, and the authors knew a solution. 
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Figure 1. Three Link Uniped Robot 

A uniped robot is a simplified version of a bipedal robot, which is again simplified from a legged walking or running 
robot. A dynamic model of a uniped robot was developed to compute the jumping height. The central part of the 
model is a system of non-linear differential equations, which have no theoretical solution. The model must be 
_evaluated numerically, and requires just over one minute to evaluate. Optimizing the mechanical design requires 
thousands of evaluations. Millions of evaluations are required to develop a controller for the robot (see Li, 1995). The 

. method presented here was developed as a way to reduce that enormous computational burden. 

Our method (approach C below) was compared with two other optimization methods. All three approaches assume 
that the model has been optimized at least once before, and that the functional values of the model at each point visited 
by the optimization have been stored in a historical database. The three approaches are as follows: 

Approach A is to re-optimize the original model directly. 
Approach B is to optimize a quadratic RSM obtained by using conventional regression on the historical data. 
·Approach C is to optimize an ERSM obtained using Evolutionary Regression on the historical data. 

Experiments were conducted using the procedure below. 

1) Optimizethe original model starting from a random initial point . The number of model evaluations, 
computation time, and the optimal solution are recorded. Let y(x) be the original model, x• be the optimal 
solution ofy(x). where xis the vector of design variables, x = [xi, x2, ... ,x,]". Each time the original model is 
evaluated. the values of x and y(x) are stored in the historical database. 

2) Fit an ERSM, ER(x), to the historical data set using Evolutionary Regression. 
\_, 

3) Create a quadratic response surface model, QR(x), to the historical data by means of conventional regression. 

4) Optimize the model using the three approaches (A, B, and C). 

5) Compare QR(x) with ER(x) by computing their error relative to the original model. The relative error is used 
to measure the performance of the RSM. It is defined as: 
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i=I 
rErr = ~-------

n 

L ly(x,)I 
i=I 

where: rErr is the relative error 
y(x;) is the original model's value at the ith point in the given data set, 

R; is the RSM 's value, such that R; = ER(x;), or R; = QR(x;). and 

n is the number of data points . 

6) Compare the efficiency of the three methods relative to the solution obtained in step I. 

Results are presented in Table I . The number of function calls using the original approach {A) was 1533. The number 
of function calls using approaches 8 and C were 346 and 83, respectively. The relative error of the methods 8 and C 
versus A is 2.80% and 1.60%, respectively. The improvement in efficiency of method B and C versus method A is 
77.43% and 94.59%, respectively. Finally, there is a 76.01 % improvement in efficiency (number of function call s) for 
the method C versus method 8 . 

Table I. Comparison of Three Optimization Approaches Excluding Effort to Create Historical Data 

1YPE OF fv10DEL Approach funcCalls rErrof RSM lrrEff/OM lrrEff/QR 
A 1533 NIA NIA NIA 

Uniped Robot B 346 2.80% 77.43% NIA 
C 83 1.60% 94.59% 76.01% 

FuncCall is the number of evaluations of the original model of the approach 
The improvement of efficiency by us ing certain RSM vs. approach A is lmEff,'OM. 

lmEffiOM = (funcCalls_ OM - funcCalls_R) I funcCalls_ OM. 
where: funcCall s_R is the number of evaluations of either approach 8 or C 

funcCalls _ OM is the number of evaluati ons needed in approach A 
lmE ffiQR = (funcCalls_QR - funcCalls_ER) / funcCalls_QR 

In general the improvement of efficiency of approach 8 versus approach A as a percentage is: 

funcCa/1s A - fi1ncCal/s B 10001 (l fimcCa/1s B) 10001 ImEff = ~---~-~---~~ x 10 = - ~---~- x 1 0 

funcCa/1s _ A fimcCalls _ A 
funcCalls_A is the number of evaluations of the original model needed in approach A 
funcCalls _ B is the number of evaluations of the original model needed by approach 8 

CONCLUSIONS 
The experiment simulates the application of the ERSM method to an engineering design problem. The following 
results are demonstrated : 

I. The use ofan ERSM is efficient if the model is complex and computationally burdensome. Optimization 
efficiency is improved s ignifi cantly by using an ER process as opposed to optimizing the original model 
directly. The percent improvement depends on the computational intensity of the original model. The 
improvement percentage is higher for more complex models (See Wang [ 1998]). 

2. Conventional quadratic regression has a fix ed functional form for any set of data. The quadratic RSM is 
inherently inaccurate if the original model is not quadratic. This is a methodological defect that conventional 
quadratic regression cannot overcome. 
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It was also found that the ERSM has the following advantages: . . .. 
J. It greatly improves the computational efficiency when optimizing a complex non-lme_ar 1mphc1t model (Sud 

as the unipedal robot model). Explicit models ma_y _also be_nefit 1fthey are computat10nally expensive. 
2. It condenses all the historic data into a simple exphc1t function. Furure op11m1zat1on problems usmg the sa11t 

model are solved much more efficiently by working with the ERSM. · 
3. The ERSM method can help design engineers to view the solution space by creating a contour plot of the 

ERSM, rather than the original model. . 
4. The developed method does not restrict what general function sh_ould be used for this response 

surface model. It can create a relatively good response surface model m unresmcted func11onal 
form with any set of data. This is an important fearure of anificial intelligence. 
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ABSTRACT 
Quantum Neural Networks is a nascent field of research in Al that utilizes the p_rinciples of quantum mechanics . 
which promises to solve currently mtractable problems m Al. This Paper mves11gates the usefulness of introducing 
quantum mechanical ideas in the realm of Neural Networks and the benefits that can be accrued by this symbiosis . 
An example Quantum Neural Net framework is discussed and the feasibility of physical realization of such a 
framework is also analyzed. Current trends and research in this fenile field are compiled and the possible 
applications where Quantum Neural Networks can be exploited are also studied. 

INTRODUCTIO!'i 
Anificial Neural Networks use design principles similar to design of the information-processing system of the 
human brain. The field of Quantum Computation has generated a lot of interest and anention recently due to the 
inherent parallelism that can be derived from a quantum computer. The recent researches in Cognitive Sciences 
suggest that there is a deep correlation of quantum mechanic principles and the working of Human Mind. Neural 
Network models have been successful in mimicking cenain functions of the brain especially in the areas of Pattern 
recognition, Associative connections and contextual relationships among ideas. extraction of novel stimuli from 
amidst known stimuli . However Neural networks alone are probably insufficient to understand consciousness. A 
combination of ideas from both Quan rum Mechanics and Neural Networks would be a better model of abstraction 
for understanding the Mind. Moreover. if the present trends of computational speed can be taken as an indicator for 
predicting future processing speeds. it would necessitate the introduction of alternative arch,tecrure which utilizes 
nanotechnology. This implies that Quanrum Computers have a tremendous prospect in the near furure as a 
replacement to the traditional computers. 

This Paper analyzes the usefulness of introducing Quantum Mechanical propenies to enhance the capabilities of the 
Anificial Neural Networks as Problem Soh·ing Engines . A brief introduction of A:-.: " sand Quan rum mechanical 
principles are discussed followed by a quanrum neural framework . Present research trends are compiled and 
observations are made on the possible applications. 

THE REAL~! OF Ai\:'i 
A neural network is a strucrure that functions due to connections between nodes or neurons. It does not use any 
formal symbolic notation as do ordinary computer programs. An ANN has no separate memory array for storing 
data. The processors that make up an ANN are not highl y complex cpu· s. Instead. an ANN is made up of many 
simple "processing" elements that do little more than take a weighted sum of all its inputs. An ANN does not 
execute a series of instructions, rather it responds in parallel to the inputs presented to it. An ANN simply learns 
from example, to reproduce an output. given an input. This connectionist. bottom up approach to represent 
knowledge and solve problems lies in direct opposition to the symbol-oriented, top-down methodology of 
representing problems in the Al domain . The ANN's have been successful in mimicking the human ability, 
especially in the areas of pattern recognition. clustering of knowledge bases. knowledge retrieval and automatic 
optimization. But it is difficult to represent goal-based reasoning. parsing or causal analysis through pure numerical 
Network Models. 

Problems of AN "s 
The main problem with the present day ANN's lies in their inability to remember and recall information that is 
provided to them as a pan of learning. For ANN's training examples are not stored, rather they are used for 
changing of the weights and immediately forgotten. Another limitation of ANN's are that they have to undergo a 
repetitive and a prolonged training schedule in order to learn. Also when a new information is presented, retention of 
the old information is sparse. 
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QUANTUM COMPUTING DOMAIN . . _ 
Quantum Computers are based on the superpositional logic of quantum mechanics and exploit the mherent 
parallelism of the component states.As opposed to a classical computer, a quantum computer 1s made up of quantum 
bits or qubits.Also,as opposed to the classical computer.a quantum bit can exist m more _than one state 
simultaneously i.e. a qubit can have ihe values of"zero" and "one at the same ume. 

When a qubit is able to have a value ofO and 1 , it can be used in two separate calculations simultaneously.Two 
qubits will be able to do four calculations at once ,three qubits to do eight calculations and four qubus sixteen 
calculations at the same time.A quantum computer will therefore be much faster than any convenuonal computer. 

Oubits and superposition __ 
The basic unit of storage in a quantum computer is the Qubit. Qubit is represented in Ket notation as [O> and I I>. 
A Qubit which contains both the zero and one values is said to be in the superposition of the [O> and [I> states. This 
superposition state persists until the Qubit is measured externally. This measurement operation forces the state to 
one of the two values. Because the measurement detennines without doubt the value of the Qubit, the possible states 
which exist before the measurement must be described in tenns of their probability of occurrence. 

Because of this superposition, a register containing M qubits can represent 2" M simultaneous values. Ifwe perfonn 
a calculation with this register, we obtain exponential parallelism, since we calculate all possible output values. But 
once we measure the output, the parallelism is destroyed and the output value collapses to a single state. The 
challenge here is to devise a quantum mechanism wherein we can observe all the states without collapsing the 
parallel structure. This is in consonance with the Heisenberg's uncenainty principle which states that it is impossible 
to measure precisely both the position and the momentum of a panicle simultaneously. The precision of one 
attri_bute (either position or momentum) is at the cost of accuracy of the other attribute. 

The Multi-Uni verse Principle 
The Quantum theory can funher be illustrated by the multiple-universe concept, analogous to Thomas Young's 
double slit experiment. The experiment is conducted on photons which are fired at a screen that has two parallel 
slits and behind which there is a detector. With only one slit open, the pattern of photons is as that expected of 
discrete particles.With both slits open,the pattern of impinging photons take a wave pattern.resulting in alternate 
dark and bright fringes.This can be explained by the fact that at certain phases,"constructive superposition"occurs 
and at other phases "destructive interference "occurs resulting in dark bands.The photon as a wave has passed 
through both the slits simultaneously.This concept of Quantum theory would look weird if it is applied on objects in 
the ·classical world, which is amply proved by Schrodinger's famous Cat in the box hypothesis. The Quantum 
mterpretauon has led to many successful algorithms, the most notable being Peter Sher's Factorizing algorithm that 
helps extract prime factors of very large integers in polynomial time. 
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SYMBIOSIS OF QUANTUM COMPUTING AND NEURAL NETWORKS 
It would be advantageous to the scientific community ifwe can combine the resources of both Quantum Theory and 
Artificial Neural Networks. Pioneering work in this field has already been demonstrated with the introduction of 
Quantum Associative Memory, Parallel learning, Entangled Neural Networks and Quantum learning through Self 

Organizing Maps. 

The reason why this association of two totally disparate fields seems attractive lies in the benefits that can be 
accrued by such an association. Quantum Networks are inherently parallel. It is now broadly agreed upon in the 
cognitive sciences that the emanation of Self Consciousness in Human Brain is a consequence of quantum neural 
properties, as argued by Kak. 

The superposition aspect of Quantum networks can be treated analogous to the functioning of Human Brain.The 
Human Brain contains memory that stores information in a superposition of many stored patterns. Quantum 
waveform collapse "is very similar to neuronal-pattern reconstruction" from memory. In order to make a 
decision.one of the patterns is selectively brought forward from the background on the application of an external 
stimulus. 

In a traditional Neural Network, the network is said to be trained, if on repeated exposure of training patterns. the 
network learns to achieve an appropriate output for each pattern. A Quantum Neural Network consists of an ANN 
where quantum processes are supported. Meneer and Narayanan have described a Weakly inspired Quantum Neural 
Network where each pattern is trained in a separate un iverse and then a quantum superposition of these 
individually trained networks are calculated which collapses to a single network that is generalized across all input 
patterns. 

The Quantum Neural Network Framework can be illustrated by the following hypothetical set up. Quantum 
Framework is explained in the traditional neural network domain. A set of 3 networks, each with 4 input units I 
output u~it and 4 weights is considered. This is illustrated in table I. 

NNI 
I Weight Values I Train ing lnplfl 

Ner I f l I ) i ! 
' 

1 l ) I l 

I I ,1 t" I (I I 01 I ; I I I I 

1 I ,! t) I (: I 
I o: I : 0 I I 0 

l I Jj I cl I (: I dj I 0 I Q I 0 I I I 

Table 1 

First the training is done in each individual network. just as in a Traditional Neural network. But the main difference 
between the tradit ional and the Quantum model lies in the Multiple Universe concept. Each input bit is a sub-particle 
of the overall input pattern. Here the links are called as Objects and the individual weights are the states. Thus, when 
a subparticle interacts wi th an object.it enters a superposit ion of states that is determined by the value of the 
subpanicel (011) and the value of the link(weight).A probabili stic weight measure is used to derive the wave 
function here.In this way.when a· 1 · interacts with link I .it enters superpositional states al and a2.This case is 
diagrammatically represented in Fig. l .Here,P refers to the acceptance of the particle by the state and N refers to its 
rejection. 

The input patterns are said to be generalized if all or most of the input bits collapse into a single network.This is the 
required output pattern.Thus a col.lapse occurs from input bits in different domains to each bit in one state of the 
same domain. 

As an example, if the input pattern is < IO IO>, then all the inputs are simultaneously trained across all the 
networks. Here network I and network 2 accept the input pattern I since their weight functions are positive. 
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. . • · f (N) Similarly all the other inputs are 
Network 3 rejects the input 1 smce ns weight funcuon returns nega ,ve • · rin which sta e the su erposition 
individually trained in their respective ~mverses. The nexBtep ts obse;a~t~n,du t; all the inp~t traini~ pattern 
of individual universes occur,resultmg m a collapse to a smgle networ t a accThep h Q tu Neural Netw k. 
which in our example is network2 wh.ich has < 1 0 I O> as the required output. us t e . uan m or I 

said to be trained. 

,., ........... , r-,,:,.,u,.IN••• .. ·•••I• 

~:---·· ·· 

1]·• 
Fig 2 quantum neural network 

INSIGHTS AND OBSERVATIONS 
Theoretically, the superposition property of a QNN should enable it to perform exponential calculations in one time 

· step. A Quantum Neural Network would gain its exponential speed advantage through the superposition of values 
entering and exiting a node. One imponant observation that can be made here is the feasibility of such an approach 
to construct Quantum Neural Nets. The main obstruction in devising a physically realizable Quantum Computer is 
the difficulty in maintaining Coherency in a Quantum Computer. A Quantum Computer would have to be shielded 
from the slightest disturbance from its environment for its successful operation. This would apparently not be a 
problem with Quantum Neural Nets, since QNN's would not require very long periods or very many 
superpositions ,at any panicular node.This would mean that,unlike a Quantum Computer, a Quantum Neural Net 
wo~ld be much more resistant to noise and decoherence.This also implies that it would be easier to construct a 
Quantum Neural Net than a Quantum Compuier. 

Another advantage that could be gained by employing Quantum Neural Networks is that since they are "inherently 
parallel",the Quantum .Neural Network Model may actually require less hidden neurons to learn functions. This 
would imply that Networks would be simpler to construct, and as a consequence,much more reliable and stable.since 
there will be lesser chances for decoherence. 

PRESENT RESEARCH AND APPLICATIONS 
Presently, a lot of exciting research is being done in the field of Quantum Neural Networks.It is reasonable to 
assume that once Quanll.!.m Computers become commercially feasible (it is now a question of "when" and not "if'), 
it would be able to solve many presently intractable problems efficiently, thus heralding a new revolution in Al. 

Already, the marriage of Quantum Computation and Neural Networks is beginning to bear fruit. Results have been 
published on 

Quantum Associative Memories which has storage capacities exponentially greater than their classical 
counterparts 

The implementation of Quantum Neural Networks using Quantum dots 
The construction of Quantum Bayesian N_etworks 

HNeT systems which utilize Quantum mechanical concepts of enfolding and quantum parallelism to 
smgle neuron cells that are capable of learning vast amounts of stimulus-response information in real time. 
Entangled Neural Networks which are capable of learning and manipulating huge amount of knowledge using 
Quantum Parallelism 
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Development of parallel self organizing maps that have a unique once-learning property similar to human 
learning and memorizing activities. 
Evolution of Quantum Neural Networks and their relevance in underftanding Conciousness. 

CONCLUSION AND FURTHER RESEARCH 
It would be interesting to implement a Simulated version of the Quantum Neural Network approach described here 

on a currently available traditional Neural Network software simulators. O11e such software available freel y on the 
public domain is Stuggan Neural Network Simulator (SNNS). Though this simulator uses a different methodology 
for constructing Quantum Neural Networks. it can be applied to the Quantum Neural 'et Construction as described 
by Menneer and Narayanan. · 

Combining the fields of Quantum mechanics and Neural networks opens up immense possibilities for research. We 
are just beginning to glimpse what can be achieved by such an eclectic association of two seemingly disparate fields . 
Funher areas of research include formulation of Quantum Neural Network algorithms and investigation of 
quantum associative memories and their effect on pattern matching and pattern retrieval and the application of 
quantum mechanical ideas on the various types of traditional neura l network models. 
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ABSTRACT 
It is today possible to query data on a server and retrieve information in real-time. This can be accomplished by 
using data streaming technology where data is sent between clients and servers in a predefined format. Common 
Gateway Interface (CG!) programs are residing on the server-side. However, unlike the trad1t10nal CG! programs on 
the Internet; these modules do not return data in the form of HTML pages. Instead, data ts returned m a convemem 
HTTP data stream format that can be parsed easier by the client-side application. 

INTRODUCTION 
Using United Parcel Service ' s UPSOnline Tools [I] , we have implemented components allowing a user to track and 
retrieve rate and service information from United Parcel Service (UPS). The aim was to develop a component that in 
a secure and efficient manner provided access to UPS database through a user-friendly interface, yet not limit ing the 
service offered by UPS. The component makes an Internet connection, builds the request message given certain 
information from the system or user, parses the response and stores the result in properties available for the system 
or user. The component allows the user to access data in real-time not having to deal with error checking and details 
on a lower level of the communication. 

These types of on line tools have several advantages, applicable within many areas. To be able to query a database in 
real-time without dealing with any details on the communication level, and to have access to the latest updated 
informati on residing on a remote site is useful for many applications. Areas such as research and e-commerce are 
some, which surely can benefit from this. There are research instinnes with research data spread all over the world, 
which cannot have their data updated very frequently due to the time it takes to track, download and organize the 
data. With close to instant access and a fully automated process for retrieval of data, there would be a significant 
improvement of the research environment without any high cost. E-commerce is another branch, which may take 
advantage of the benefits. With improved customer service and added functionality on their sites. the customers are 
more likely to stay longer on the site. E-commerce providers may also be able to reduce their cost since orders 
automatically can be checked immediately and error messages can be given at the time of the ordering. Furthermore, 
customers can check the status of their orders themselves any time instead of having to contact anyone at the 
company. 

THE COMMUNICATION TECHNOLOGY 
Data streaming technology differentiates from the technology used with Internet Tools designed for the Internet 
where the result is viewed through a browser as a formatted HTML web page. The AP! modules that reside on the 
server side are a set of Common Gateway Interfaces (CG!) programs. Unlike traditional CG! programs on the 
Internet, these modules do not return data in HTML format, but in a convenient HTTP data-streaming format that 
can be parsed easier by the client-side. These modules act as the server-side of this client/server application. When 
an application is using\the AP! modules, the application acts as a client to the server; however, it may also be 
simultaneously _act ing as a server to its end-user's web browser or to the system in which it is integrated. 

· No software is required to install on the hosting system to run the AP! modules. An application with an Internet 
connection can connect directly to the modules at the standard HTTP port 80, by either opening a TCP/IP socket or a 

URL connection. When data is sent from the application to the TCP/IP socket or URL connection, the request must 
be formatted as a HTTP request message according to standards the service provider have. An application receives 
the response message by reading the same TCP/IP socket or URL connection. The response needs to be parsed and 
can either be used for internal application P(OCessing or presented visually to the end-user as a web page, for 
example. - . 

To incorporate these tools requires a programming language such as C++, Java, Visual Basic or Active Server 
Pages, which supports this type of communication. Data streaming tools require more develo~ment and 
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programming than puning HTML coding on a web page. Issues that have to be dealt wi_th _include making an 
Internet connection, pulling information for the request message from your systems, bmldmg a request message 
parsing the response and integrating that response back into your system. 

Figure I gives an overview of the system with the different components, and how they interact with each other. The 
CG! programs, residing on the web server, communicate with the component through HTTP or HTTP-S. The end
user can receive the data by reading properties or calling functions. 

The Hvpertext T rans fer Protocol 

Web Server (CG[) 

Communication Layer 
HTTP, HTTP-S 

Client Component 

End-User Application 

Figure I 

The Hypertext Transfer Protocol (HTTP) is an application-level and stateless protocol. It specifies the means of 
transport as well as the process for maintaining the integrity of those multimedia files . This is accomplished by using 
the Multipurpose Internet Mail Extensions (MIME) specification that describes the transfer and format of 
multimedia files . To specify what type of files is transferred MIME-headers (audio, video. text, etc) are used by 
HTTP. The first version of HTTP, referred to as HTTP/0.9, was a relatively simple protocol for raw data transfer 
across the Internet. HTTP/I .0 improved the protocol by allowing messages to be in the format of MIME-like 
messages. HTTP/I. I takes into consideration the effects of hierarchical proxies. caching, the need for persistent 
connections and virrual hosts. 

Besides specifying the information about the file being transported, HTTP also defines the phases of a 
request/response interaction. HTTP provides two primary methods to request documents: GET and POST. The 
foundation of the first implemented HTTP protocol. HTTP/0.9, was the definition of GET. A GET request consists 
of the URL and the search parameters are differentiated by a question mark, i.e. 
http://www.domain.com/dir/file9 search parameters. Though the GET method is very useful, there are some 
limitations. For example, there is an upper limit of I 024 bytes of data that can be sent. With HTTP/1.0 the POST 
method was introduced, and it allows an unlimited amount of data to be sent. 

Multipurpose Internet Mail Extension 
The Mul tipurpose Internet Mail Extension (MIME) is one of the Internet protocol standards defined by the Internet 
Engineering Task Force (IETF). Once associated with electronic mail as the name suggests, MIME has now evolved 
to become an important element supporting multimedia applications on the Net. By extending formats beyond 
ASCII text to include multi-part messages. MIME allows e-mail messages to have attached files in a variety of 
formats. MIME data type definitions soon found use beyond e-mail. When the World Wide Web created a hypertext 
capability, the founders soon realized the ease of using the MIME framework to define a new hypertext data type to 
specify HTML scripts. Today there are MIME formats for audio, video, ZIPed and vendor specific data types. 

The two top-level composite types are Multipart and Message. We are using Multipart, which is data consisting of 
multiple entities of independent data types. Subtypes include generic "mixed" entities; "al ternative" formats of the 
same data; "parallel" ent ities that are intended to be viewed simultaneously (as with audio and video that go 
together); and "digest" for transmitting multiple mail messages in a single message. 
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A MIME header is added 10 the response message to describe the format of the content, see figure 2. 

The Request . 
Server p 

Client 
The Response I FileX I 

MIMF. Hearler 

FileX 

Figure 2 

THE COMMUNICATION FLOW 
The component has two interfaces: one to the server with which it is communicating and one to the end-user who 
provides the input and reads the output. The end-user interface is relatively easy to handle since it is just a matter of 
formatting and possibly performing some error checking of the input. In most cases the component does not even 
have to do any checking. By forwarding the given input data as it is, the server becomes responsible for the error 
checking and giving eventual error messages. The interaction between the client application and the server is more 
complex. First of all, a connection has to be set up which must be controlled during the executing. If the connection 
goes down or becomes too slow, the end-user must be informed in a controlled manner allowing appropriate actiorn 
to be taken. 

The Request 
The request message in figure 3 shows how a request may look. Depending on how the connection is made in the 
programming language, the way parameters are set may vary. It is in most cases done by selling propenies or as 
arguments in function calls. The request contains a cenain number of propenies that have to be specified. The POSl 
method comes first followed by the path to the CG! program on the server, /using/services/rave/qcost_dss.cgi. The 
next parameter tells which HTTP pn;,tocol is used. Then, the content-type and content-length are set. The content
rype describes what kind of file is sent. and the content-length is necessary information for the CG] program in orda 
to parse the message. Finally, the actual request message comes. It is constructed using name/value pairs where ead 
pair is separated by an ampersand(&} and the names and values are separated by an equal sign(=). 

POST /using/services/rave/qcost_ dss.cgi HTTP/ 1.0 
Content-Type: application/x-www-form-urlencoded 
Content-length: 23 7 

App Version= l .2&AcceptUPSLicenseAgreement=YES& 
ResponseType=application/x-ups-rss&ActionCode=3& 
ServiceLevelCode= I DA&RateChan=Regular+Daily+Pickup& 
ShipperPostalCode=30008&ConsigneePostalCode= 1 0 190& 
ConsigneeCountry=US& PackageActual Weight= IO& 
Residentiallnd= I &PackagingType=OO 

Figure 3 
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The Response 
As for the request message, the response can be divided into two parts: information about the message and the actual 
message. Figure 4 is an example of what a response message may look like . · 

HTTP/1.0 200 OK 
Server: Netscape-Enterprise/2.0 I 
Date: Mon, 08 Jun 1998 12 :13:33 GMT 
Content-type: multipart/mixed; boundary=UPSBOUNDARY 

--UPSBOUNDARY 
Content-type: applicationlx-ups-rss 
Content-length: 84 

UPSOnLine%l .2%0000%0000Success%3%1 DP%504 I 0%US%4000 
4%US% 134%% 11.50%0.00% 11.50% 150000 --UPSBOUNDAR Y--

Figure 4 

The first four lines contain the HTTP header. The first line is called the status line and contains the HTTP version. 
status code and reason phrase. The fourth line tells the content type, indicating the media type (i.e. text, html, image, 
etc.) of the message body. The content type of this HTTP message is multipart/mixed, which is a standard content 
type for HTTP responses that allows multiple data formats to be included in a single message . The multipart/mixed 
content type requires one parameter: the boundary . The boundary is the text string that separates the HTTP header 
and the actual message. In the actual response message comes the content-type for this specific message first, and 
the coment-length, which specifies the length of the data segment for the current boundary, follows it. Finally, the 
response comes where each parameter is separated with a percentage sign (%). The server provider has to specify in 
which order the response parameter comes and how they should be interpreted. 

Error Handling 
Error handling is complex and must be carefully and thoroughly handled. An Internet connection can go down or be 
very slow which must be handled at runtime. The response message contains a few leYels of error that may occur. 
On the lowest level - the HTTP level - following responses may be given. 

Response 
Description Examples 

Code 
!xx Seldom used code for information 
Information to be supplied to the browser. 

The client or server successfully 
200 OK. 20 I POST Success, 202 

2xx Success received the instructions and could 
perform the actions reauested. 

Request Accepted. 

3xx 
The client or server needs to do 

Redirection 
something else to finish the 30 I Resource has moved 
request. 

4xx Client There has been a problem on the 
40 I Unauthorized Request. 402 

Error client side (usually syntax). 
Payment Required for Request, 
404 Resource not Found. 

5xx Server The server could not deal with the 500 Internal Server Error, 50 I 
Error reauest correctlv. Method Not lmnlemented. 

If an error occurs on this level, no response message that possibly is returned can be trusted. The next level is on the 
application level where the server checks whether the input is in a valid form and formatted according to the 
scheme, and that all necessary data is provided. These two levels must be handled, so that the end-user can take 
required action upon any problems. A third level is logical errors where the input data is incorrect, i.e. a zip code 
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that does not exist. This is not a concern for the middle component, but for the end-user's_ application. An error on 
this level is forwarded to the end-user application and not dealt with in any way by the middle-component. 

IMPLEMENTATION 
What we have built is an ActiveX component in Visual Basic, which allows users 10· add real-tim_e shipping rates 
calculations and tracking from UPS to their websites and windows applications. The component ts transparent 
working behind the scene giving the developer full control over the process. 

The system in which the component is integrated creates a connection with _the component and passes shipping 
information to the component. Thereafter, the component creates a connection wtth the sh1ppmg company, sends ~ 
shipping information and receives the reply, which is relayed back to the system. The Visual Bas,c-h~e code belo, 
shows how the end-user can access the component. 

'Create Component object. 
Set objComponent = Server.CreateObject("Component.UPSTrack") 

'Initialize Component for a new transaction. 
obj Component.Initialize 

'Set Tracking Number from Request. 
objComponent.lnquiryNumber = Request("lnquiryNumber") 

'Set type of Tracking 
objC::omponent.InquiryNumber = Request("lnquiryType") 

'Initiate Tracking 
objComponent.Track 

Our aim was to produce small and fast component that would be easy to integrate into a system, such as a web site. 
This was accomplished by keeping the component as clean as possible from logic and functionality as possible, and 
instead let the UPS server and the end-user deal with that pan. This provides a component that is easier to update 
and maintain as required due to changes of the environment it is in. The server side cannot be expected to be static. 
The server components are constantly being worked on and upgraded, which requires changes of client-componeni 
as well. By reducing the functionality and only dealing with communication and parsing, changes on a higher level 
wi ll not demand modifications of the clierit component. 

The implementation was very straightforward. and it works very well. The Internet connection may of course be a 
bottleneck and cause delays ifthe<0onnection is slow. 

CONCLUSION 
In some cases to have the .response message returned in HTML code may be convenient since no work is required to 

display the result. However, it limits the possibility of what can be done with the data and the output format. If 
instead having the data accessible through propenies, the developer can use it in whichever way is desired. It 
requires more work,\E,ut does not restrict the use in any way. 

Data streaming technology allows access to data defined in a convenient format for a developer to handle. With a 
high level language, such as Java or Visual Basic, it is possible to create components, which establishes a 
connection, and requests and receives data in nearly real-time. No software needs to be installed on the client side 
which makes is a very attractable and easy-to-use technology. 

RESOURCES 
[ 1) United Parcel Service, http://www.ec.ups.com/ecommerce/techdocs/online_tools.html. 
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ABSTRACT 

We propose an enhanced hybrid genetic algorithm with neural network technique (ehGA-NN) to find the global optimum of 

reliability assignment/redundant allocation problems which should be simultaneously detennined two different types of decision 

variables. The efficacy and efficiency of ehGA-NN is demonstrated by comparing its results with those of other traditional works 

in numerical experiment The essential features of ehGA-NN, I) combining with neural network (NN) technique to devise initial 

values for the GA, 2) the concept of fuzzy logic controller when tuning strategy GA parameters dynamically. and 3) incorporation 

of the revised simplex search method. make it not only to improve quality of solutions but also to reduce computational cost. 

INSTRUCTIONS 
When designing a highly reliable system. an important issue can be how to get the balance between reliability and other resolll'Ces 

(cost, volume, weight, etc). That is why because the system reliability such as adding redundant components or increasing the 

components reliability causes to increase the resolll'Ces. The practicality in recent process synthesis and process optimization of 

highly reliable systems leads to the extended system reliability design considering to find the optimum levels of component 

reliability and the number of redundant components at each subsystem. This problem. called as an optimal reliability 

assignment/redundant allocation problem, is more difficult reliability apportionment or redundancy allocation problems because it 

should be simultaneously detennined two types of decision variables. 

Yokota e1. al proposed a GA to determine the optimum le\'el of component reliability and the number of redundant components at 

each subsystem for a series reliability system [9]. This method finds optimal or near-optimal solution while holding non-linearity, 

but a lot of combination offeasible solutions suffers GA to find optimal due to broad continuous search space. Recently, in order to 

overcome the weak point of GA. Lee et. al. considered a combined GA with a neural networks technique as one of approximation 

methods suitable for a continuous decision \'ariable values [ 14]. However. it takes so much computational time for simulating 

some problems than other methods. 

The behavior of genetic algorithms is characterized by a balance between exploitation and exploration in the search space [8]. The 

balance is strongly affected by strategy parameters such as population size, maximum generation, crossover probability, and 

mutation probability etc. If we can control such strategy parameters during the evolutionary process, it is expected not only to 

improve quality of solutions but also to reduce computational cost. Extending the fuzzy logic technique to dynamically control the 

strategy GA parameters was pioneered by Lee and Takagi [ 11 ], Xu and Vukovich [ 12). Zeng and Rabenasob [ 16]. Wang e1. al. 

suggested that the heuristic updating principle of the crossover and mutation probability is to consider changes in the avemge 

fitness of the population [ 15 ]. In this paper, we propose an enhanced hybrid genetic algorithm with neural network technique 

(ehGA-NN) which can be concentrated on not only improving quality of solutions but also to reducing computational cost The 

efficacy and efficiency of ehGA-NN is demonstrated by comparing its results with those of other traditional works in numerical 
experiment 

51 



PROBLEM DESCRIPTION 
Here, we represent the optimal reliability assignment/redundant allocation problem into the general fonn of the non-linear 

separable mixed integer programming problem as follows: 

nMIP : max f(m, x) = l, ~.,fi (m i, xi) 

m 1 Ls:: m 1 :5m iu 

x 1Ls::x1 sx1u 

: integer , 

: real, 

i = I, 2, ... , n 

j = 1,2, ... , I 

j = 1, 2, ... , I 

where JJmi,x) is the j-th non-linear objective function represented a system reliability, g, (mi.x) thej -th non-linear function on ti-. 

i-th constraint represented a system resource restraint, b; the i-th right-hand side constant 

nMIP/NN-hGA 

NP/NN Method 

The nonlinear mixed integer programming (nMIP) problem should be relaxed to the nonlinear programming (NP) problem by 

excluding integer restrictions, because the neural network technique is an approximate method suitable for a continuous decision 

variable values [I]. For solving the NP problem, we consauct the energy function based on the penalty method which transforms 

the constrained optimiz.ation problem into the unconstrained one as follows: 

E(m, x, K) = - f(m, x) + ~[:t lib; - g ;(m, x)]) + I [n j - m / l r + 
2 ,,.J J• l -

t [m ju - m j l r + t [x J - X j L ]_ r + t [x Ju - X j ]_ r] 
whereK>O is a penalty parameter, [b,-g; (m,x)L aarnin{O,b,-g;(m,x)}, (mil =min{0,11~ },and [."<JL=min{O,x1 }. 

Minimizing the energy function leads to the system of ordinary differential equations as follows: 

d111 -- = -µv' "'£(111, X,K) , 
dt 

dx 
- = -µv' £(111 X K) 
dt X ' ' 

where µ,,; 0 is called learning parameter. 

We can obtain the initial solutions (m0, x°J to the NP problem from the system ofordinruy differential equations using by the 
Runge-Kuna method. 

GeneticA!gorithms 

Representation and Initialization 

Assuming that v,denote ~ k-th chromosome in a population, the initial population is generated within the below range of such 
genes in initial sol_utions m I as follows: 

vk = [1n .t 1;X,1;10 , ... ,mki ;xkJ.o , ... ,mk,;xk,o ], 

k = 1,2, ... ,pop _size, j = 1,2, .. . ,t 

where rev is the allowable width. 

Evaluation Function 

As an evaluation function for such chromosome the following equation eval(v · x°' uses th ] d r. . d 'b' th . , k, J e sea e i ,or escn mg e 
exceeded resource rate m the i-th system constraints (i=l,2, ... ,n) [9]: 
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where 

0 !f(m 0 ,x); 
eval(v,;x )= f(m °, x)(l-(L d;) l nc; 

IE/c 

I , = {i l g , (m,x 0 ) > b, , 

{
O; 

d ; = o 
(g ;( m , x ) - b;}l b;; 

i = 1, 2, ... , 11 } 

g , (m,x ' ) ~ b, 

otherwise 

g ;(m,x 0 )Sb; 

otherwise 

11 , is the number of exceeded system constraint s 

Genetic Operators 
Arithmetical crossover [6,7,8] and uniform mutation [7,8] are applied. And the roulene wheel and elitist approach [6,7.8] is used in 

order to obtain the variety of chromosome because the arithmetic crossover tends to lose the variety of chromosomes in a 

population while keeping the feasibility of chromosomes. 

PROPOSED METHOD (ehGA-NN) 

AUfO-TUJ"l'ING OF PARAMETERS 

Adapting such parameters automatically cannot only improve the searching ability of GA in finding global optimum but also save 

much time for fine-runing of them. The main idea is to use a FLC to compute new strategy parameter values of GA with any 

combination of the performance measures (changes in the average fitness of the population, ~ ( v ) )) and current parameters 

as the inputs to the controller. Here, we apply the Wang et. al. [ l 5]'s concept for runing the crossover probability Pc and mutation 

probability p,.1 of GA. The FLC principles for adjusting strategy parameters at current generation gen are given as following: 

If eval(v,gen)-eval(v,gen -1) > 0 then increasepc andp" fornextgeneration. 

If eval(v, gen)- eval( v,gen - 1) < 0 then decreasepc andp" fornext generation. 

If eval(v , gen) - eva/(1•, gen -1) ::C O then rapidly increase pc andp" fornext generation. 

The procedure ofauto-runing to strategy parameters of GA based on the above principle is as follows: 

procedure: Auto-tuning to strategy parameter 

step I: Calculate the change in average of fitness at the current generation gen and the previous generation ge11- l by following 

equation. 

, pop s1:e 
- L, _ - eval( v, ,gen) 
eva/(v,gen) = ,_, . 

pop _s1::.e 

, pop_ s1: eTc/1d _ si:e /( ) 

L_.1,;,. i.,.pop_si:c €VG V 1,; ,gen 

chd size 

step 2:Determine control actions to eval( v, gen) and eva/( v, gen - 1) using fuzzy decision table [15]. 

step 3: After scaling the control actions by assigning the indexes i and j corresponding to the control actions in the look-up table 

[ 15], calculate the changes of crossover probability and mutation probabil ity with fuzzy member-ship values by following 

equation: 

t!.c(gen)=y ,:(i,j), !i111(ge11)= ,, c(i,j) 

where =(iJ) is the contents oflook-up table for crossover. and y1 and y, are adaptive coefficients. 

step 4: Update the changes of crossover and mutation probabi lity by following equations: 
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Pc(gen +I)= Pc(gen)+t,.c(gen), p,.,(gen +I)= p.,(gen)+t>.m(gen) 

where Pc (gen) and PM (gen) are crossover probability and mutation probability at generation gen, respectively. 

Revised Simplex Search Method 
Simplex search method is developed by Nelder and Mead as a local search method for the continuous d~ision variables [ 13]. 

Since hybridizing the local search in the GA causes to increase computational time, the proposed method has two-stage 

termination evaluation: 1) Until the standard deviation of the fitness values at the population in the CWTent generation is smaller 

than the positive small value.cA, we do not perform the simplex search method. 2) The method is assumed to have converged 

whenever the standard deviation of the evaluation values at the 1+ I simplex points of the offspring is smaller than 4 

T = I ( { eval ( m , 0 ; y , ) - eva/ ( m , 0 
; x, ) } 2 

) I $ E , 

J•O l + l 

where y0= x, is the continuous decision variables ofa offspring,y, is the s-th simplex points ofa offspring, t; =&:, (gen I mar_g") 

and&:, < cA is a prescribed positive small quantity. 

NUMERICAL EXAMPLE 
Numerical example is a reliability optimization problem, i.e. , an optimal reliability assignment/ redW1dant allocation problem fun 
references [5, 9]. This is a non-linear mixed integer programming problem for a series system with 4 subsystems and is formulara 

as follows: . 
nMIP max R(m,x)=fl{l-(l-x 1 )• ' } ,., 

.i m 
s. t. g 1 ( 111 , x) = fl C ( x 1 ){ m 1 + exp( _.L_)} $ c 0 

/• I 4 i 

g 2 (m,x)=f v 1 ·m 1 $: v0 ,., 

I $ m ; $ IO : integer 

0. 5 $ x ; $ I - IO _, : real , 

j = 1, 2, .. ,4 

j = 1,2, ... , 4 

where', is the product of weight and volume per element at subsystem), 111 the weight of each components at the subsystem J, a11 

C(x,) the cost of each component with reliability -Tj at subsystem i as follows: 

C(x j ) ~ a 1 -cn~;J', j = 1,2, ... ,t 

where a J, /J1 are constants representing the physical characteristic of each component at subsystem), and r is the operating time 
dunng the component must not fail [5]. The design data for this problem is in the Table J. 
Table I. Constant Coefficients 

Subsystem 1o'a1 f) \' I HJ 
I 1.0 1.5 6 co 400.0 
2 2.3 1.5 2 6 Vo 250.0 
3 0.3 1.5 3 8 wo 500.0 
4 2.3 1.5 2 7 Operation time r 1000h 
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m 1°> = ... = m/l = 1, x, 101 = •·· = x/0> = 0.5, µ = 1000, K = 500, 17 = 0.0001, I':= 0.0000035 Usin 
I . 

g NN rechnique with the above initial values and parameters, we can obtain the following initial solutions for the GA: 

m, 0 = 3.505941, m/ = 4.823987, m/ = 3.505154 , m,° = 4.823079 

x, 0 = 0.944341, xi°= 0.855253, x/ = 0.944386 , x.° = 0.855320 , R(m °, x 0 ) = 0.999701 

Toe parameters ofhGA are set as the pop _size= l4,pc=().4,p,.,=0. I, max_ge1FIOOO, y1=-0.002, y, =-0.0002. a,=1.0. a,=2.0. and a 

c =0.5. Toe best of the solutions is found ingeiFl22 with the objective function value R(m,x)=0.999806. m =(6 4 5 5].x 

=(0.812610 0.916615 0.937032 0.841160]. The objective value ofour method is acceptable. 

Table 2 shows the comparison results the fimess values of proposed method with those of previous works. For the same problem. 

Dhingia employed a method combined an interior-penalty function and a heuristic procedure (5] and Yokota Gen. and Li applied 

a GA method (IO]. We simulated the same problem by the traditional Hop field networks as one ofNN techniques [I]. As shown in 

the Table, all of the proposed methods find the acceptable solutions. The results indicate that the proposed method ( ehGA-NN) and 

NN-hGA find better solutions than those-of the other methods while the GA yield worse solutions than the Dhingra's method and 

the Hopfield mehtod. lltis means that our GA combined with the NN technique to devise initial values overcomes the weak point 

of GAs which have a lot of enumeration offeasible solutions on real search area. The computation time is obtained at the 

generation keeping the best fimess up same one during more than 30 generations. While the NN-hGA had about 2 times longer 

computation time than other traditional method, the proposed method reduced the computation time. 

Table 2. Comparison of Results and Computational Tune "ith Previous Works 

Method j m• x* R• andg Method j ,,,. ., .. R• andg 

I 6 0.816040 0.999607 I 3 0.965993 0.999468 

Dhingia' 2 6 0.803090 399.936000 2 6 0.760592 372.416811 
GA 

method 3 3 0.983640 185.000000 3 3 0.972646 158.000000 

4 5 0.803730 495.652000 4 5 0.804660 470.733576 

I 4 0.901361 0.999563 I 3 0.944341 0.999701 

NN 2 5 0.839251 242.8438 12 NN-hGA 2 5 0.855253 390.553924 

technique 3 4 0.912679 164.000000 method 3 6 0.944386 217.000000 

4 5 0.823424 397.096075 4 5 0.855320 480.099368 

I 6 0.812610 0.999806 

Proposed 2 4 0.9 16615 359.662400 Method NN GA NN-hGA ehGA-NN 

method 3 5 0.937032 193.000000 time [s] 1 8.3 10.8 16.4 14.6 

4 5 0.841160 488.355300 

CONCULSION 

This paper applies an enhanced hybrid generic algorithm with neural network technique (ehGA-NN) for solving the optimal 

reliability assignment/redundant allocation problems. At first phase in the ehGA-NN. we combined the NN technique with GA in 

order to devising the initial values of GA. And dynamic auto-tuning of strategy parameters of GA using the concept of fuzzy logic 

cor.troller and simplex search method employing the two-stage termination are hybridized with GA in the second Phase. 

Combining with revised simplex search more careful deals with continuous decision variables as well as auto-tuning by FLC helps 

for genetic operators tb search more efficient for integer decision. 

Numerical comparison experiment demonstrated the efficiency of the proposed method for solving the optimal reliability 

assignment/redundant allocation problem. Devising the initial values of GA and hybridizing the revised simplex search method 
made for GA improve the quality of solutions by controlling effectively the continuous decision variable. Also, we achieved a 
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satisfactol)' and acceptable result in proper computation time by the dynamic auto-runing of strategy parameters of GA and the 

two-stage termination in the simplex search method. 
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ABSTRACT 
Constraint Programming (CP) gained more and more anentions because of its expressive power and resolution 
efficiency to solve real industrial applications of complex combinatorial problems. In this paper. we present a design 
and implementation of a CP solver embedded as a part of our general problem solver. As the essential elements of 
CP, predefined variables and constraints are provided by the solver to formulate the problems explicitly. Moreover. 
various algorithms of constraint propagation, search, and heuristics are designed to enable the solver to resolve the 
problem. As a framework, owing to the object-oriented design. application spec ific constraints. heuristics. constraint 
propagation and search algorithms can be easily added into the solver. Here we will present some our pract ical 
design and implementation considerations. As a part of the general problem solver, we will also discuss its 
cooperation with other ones such as the mixed integer programming solver. Finall y we will give our further 
development considerations. 

INTRODUCTION 
Constraint Programming (CP) gained more and more attentions because of its expressive power and resolution 
efficiency to solve real industrial applications of complex combinatorial problems. Several systems have been 
developed 1'1. Traditionally, CP soh·ers are incorporated into the prolog system. !LOG Solver Ill especially gained its 
industrial success because of more profound industrial application requirements. 

Many realistic problems can be formulated as the constraint satisfaction problem (CSP). that is. a set of variables 
with finite domain and a set of constraints over some subset of the variables. Variables can represent some quantity, 
time, location or selection. To resolve the problem is to assign each variable a value such that all constraints over 
variables are satisfied. The realistic problems include planning and scheduling, vehicle routing, optimization of 
resources under constraints. circuit simulation. and natural language processing problems. 

The development of our CP framework is stimulated by its promising industrial applications in the supply chain 
management (SCM). We hope this will be the sound basis of our SCM applications such as advanced planning and 
scheduling. Object-oriented techniques are ideal for CP framework in the sense that it can encapsulate the 
computing complexity while keep its flexibility for the user to add the specific components into the framework . 

I. A lot of predefined classes of values, variables and constraints are included in the framework. They can be used 
directly for the problem formulation. While new variables and constraints are needed, new variables and 
constraints can be derived from the basis ones. Only a few methods of the classes should be overridden to express 
their specific features. 

2. The constraint propagation framework is implemented in the so lver. The basic methods in the classes of variables 
and constraints, which act as the building blocks. collaborate each other to complete the domain reduction process. 
Several propagation strategies such as forward checking, partial and full look-ahead, are the built-in ones to 
control the degree of propagation. 
3. Search framework is included to resolve the solution to the problem. Basic algorithms such as depth-first search 
(DFS), best-first search (BFS), limited di screpancy search (LDS). depth-bounded discrepancy search (DDS) as a 
classes are implemented. Specific search algorithms are possible to be implemented through the derivation from 
the basic search class and implementation of the forward and backward methods. 

4. Many variable and value ord~ring heuristics are predefined. The specific heuri stics are allowed to add into the 
solver by the derivation of basic heuristics class. 
5. A branch-and-bound algori thm is built in the solver to solve the optimization constraint satisfaction problems. 
The optimization objective is used as a constraint in the solver to speed up the resolution of the problem. 
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· CONSTRAINT PROGRAMMING FRAMEWORK . . 
· · f k h uld be self contained and extensible. Self 

As we described in section l, a constraint programming ramewor s o used direct! to solve the common 
container means that the predefined component of the framework can be .Y . b . 

· · · h · fie features or requirements can e easil1 problems. The extensibility means vanous special components Wit speci k . d . d . F 
implemented and incorporated into the framework. The UML class diagram of our framewor is epicte m ,g. I, 
in which every class is a basic building block of the whole framework. 

Fig. 1 A constraint programming framework 

PSVariable is the class of variables, and every variable has a domain PSDomain, a domain again includes a list of 
values PS Value. A constraint PSConstraint has.a list of variables over which the constraint acts upon. And a variable 
holds a list of constraints on which the variable is posted. A expression PSExpression is used to construct a 

constraint with a relational operators (<, <=, >, >=, !=, =) and to express the objective function for the 
optimization problem. A demon PSDemon is a class related a specific variable and holds a sub set of constrain~ 
which are posted on the variable. The specific domain change, such as removing a value, updating the lower bound 
etc., of the variable will trigger relative demon to start the constraint propagation, which are completed through 
excusing some basic methods of variables and constraints. 

PSSolver is a constraint store to entail the variables and constraints to represent the problem formulated by the user. 
Solution search is controlled by a searcher PSSearcher which includes a node list PSNodeQueue. A node PSNode is 
used for holding the current context of the problem. The context PSContext backups the domain of variables and 
their values if the variable is resolved. The node list contains all the unexplored domains of variables. The searcher 
controls the backtracking process based on the -evaluator PSEvaluator, which is used to evaluates current problem 
context. It gives a value either consistency or not. While the searcher got the inconsistency value from evaluator, the 
backtracking search will be processed with deciding the order of the node in the list is selected. 
Each basic class defines its basic attributes and virtual methods. Predefined classes of value, domain, variable, 
constraint and searcher implemented the basic component and algorithms through overriding the virtual method, 
Yet by the same way the user defined class of all above ones can be obtained. 

Variables 
A variable PSVariable can be abstracted as a class with a domain PS Domain. The domain holds a finite set of valu~ 
PS Value. The value can be a integer, a float. a Boolean, and even a user defined value. The value can have ordering 
or no ordering. Thus the domain can also be with and without ordering correspondingly. Obviously, the Boolean 
integer and float values have ordering. Thus we can define the relational operators ( >, >=, <, <=, =, !=) for our 
class PSValue. Arithmetic operators (+, -, •, /) are also defined to simplify the programming. Predefined integer 
value PSlntVal, Boolean value PSBoolVal, fl~at value PSFloatVal objects hold their values and implement these 
operators respecttvely. 

The domain PSDomain has the a11ributes of size, lower bound, upper bound, which represent the number of value, 
the minimum and maximum values respectively. These attributes should be dynamically updated whenever the 
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domain changes. The domain can be a collection of discrete values or an interval of consecutive values with lower 
bound and upper bound, or even the combinations of them. PSCollection, PSlnterval, PSDomains are derived from 
PSDomain for the above purpose. 

The variable class PSVariable holds a pointer of the domain object. Thus the domain can be anached to or detached 
from the variable in the process of constraint solving. The variable also has a list of constraints that is used for 
constraint propagation. The demons of the variables served the same purpose of constraint propagation. Predefined 
variable PSintVar, PSBoolVar and PSFloatVar define the integer, Boolean and float variables respectively. 

Constraints 
A constraint class PSConstraint used to represent the constraint. It holds a list of variables on which it acted upon. 
The variety of constraints such as unary, binary and n-ary constraints can be derived from this base class. The 
primitive constraints such as all-difference constraint, if then constraint and predefined meta constraints are also 
added in the framework . Also user specific constraint classes can be defined and added to the framework by 
inheritance. Fig. 2 shows the constraint hierarchy in our framework . 

Fig. 2 The constraint hierarchy in our framework 

Constraint Propagation 
Constraint Programming exploits the constraints to reduce the amount of computation need to solve the problem. 
The constraints are used to deduce the new values and to detect impossible values as rapidly as possible by reducing 
the domains. This deduction process is called constraint propagation. 
When a domain of a variable is reduced. it will cause the domains of other variables, which are involved in the same 
constraints as those this variable joins in. to be reduced according to the characteristics of constraints. This will be 
propagated to other related variables to cause the funher domain reduction. 
Let us consider the way to change the domain of a variable. Domain reduction can be any case of removing a value, 
or a range, updating lower bound or upper bound. These are characterized in our framework as the methods of the 
PSVariabl e class: 

SetRemove(PSValue &a Val) , 
SetRemoveRange(PSValue &!Val, PS Value &uVal), 
SetLowerBound(PSValue &a Val), 
SetUpperBound(PSValue &a Val) 

The above domain reduction operations will cause the domain of the variable to be changed to one of the following 
cases: 

PSDM NOCHANGE: 
PSDM - REMOVE: 

domain keeps unchanged 
a value has been removed from the domain 

PSDM = REMOVERANGE a range has been removed from the domain 
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PSDM_BOUND: 
PSDM_LB: 
PSDM UB: 
PSDM=EMPTY: 

domain has been bounded to a value 
the lower bound of the domain has been updated 
the upper bound of the domain has been updated 

domain becomes empty 

When the case of PSDM_EMPTY happens, an inconsistency has been detected. The constraint propagation process 

can be stopped. 

We can expect different case of the domain change will cause different propagation due to the inheren1 
characteristics of the constrainc For example, for the constraint x != y, to remove a value from the domam of x, will 
not affect the domain of y. But forthe constraint x = y, the same value should be removed from the domam_9f y. 
A demon class PSDemon is used to model this behavior. Every variable has one or more demons. Every demon 
holds a subset.of constraints that have the similar behavior corresponding to one certain case of the domam change 
of the variable. For the kinds of demons as below are implemented in the framework: 

PSYalueDemon: 
PSRemoveDemon: 
PSMinDemon: 
PSMaxDemon: 

the status of the variable is PSDM BOUND 
the status of the variable is PSDM-::_REMOYE or PSDM_REMOYERANGE 

the status of the variable is PSDM LB 
the status of the variable is PSDJ\{ UB 

It is the constraint 's responsibility to post specific demons to the variables it involves because the need for a specific 
demon depends on the behavior of the constraint. Correspondingly, this constraint propagation is characterized by 
the methods in the constraint class PSConstraint as below: 

ByYalue(PSYariable •var) 
ByRemove(PSYariable •var) 
ByMin(PSYariable •var) 
ByMax(PSYariable •var) 

When the domain of a variable changes, it will trigger a specific demon to propagate the domain reduction by 
calling the corresponding methods of the constraints. The specific method of the constraint makes the domain of iij 
variables to reduce. This process continues until no demon is triggered. 

Praciically, predefined forward-checking, partial and full look-ahead propagation strategies in the framework can be 
used to control the depth of the constraint propagation to trade-off between propagation and search. 

Solution Search 
Usually constraint pro.pagation is incomplete; there is still inconsistency in the domain of the variables after 
constraint propagation. To cope with incompleteness, CP relies on non-deterministic search. This works as follows, 
chose a variable, select a value from its domain. apply constraint propagation process, if it is inconsistent, backtrack, 
that is, select another value, or another variables. If it is consistent, forward, that is, chose a new variable and i~ 
value. A solution is found when all the variables are assigned a value. A forward and backward strategy decides the 
efficiency of the search. Several search methods such as depth-first search, limited-discrepancy search 111, 
depth-bounded discrepancy search 1' 1 and interleaved depth-fist search 1101 are used in CP world. 

Here we developed a unified search framework in which most of search methods can fit. Let us abstract all the 
search process. If we forward a search, what we should do is to backup the problem context. The problem context 
will depends on the problem structure and what kind of problem solvers used. In our case the context should be the 
variables and their current values or domains. We can attach the context to a node, and store the node in the node list. 
We evaluate the current context and decide whether shall we forward or backward the search. If we backward a 
search, we simply get a node from the node list and restore the problem context to continue the search. The order of 
storing the node in the list or the order of obtaining a node in the list determines the search process. 

We implemented the node as the class PSNode, the node list as PSNodeQueue, the problem context as PSContex\ 
the evaluation as the PSEvaluator. The search process is implemented in our search procedure of the search class 
PSSearcher : 
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PSlnt search(){ 
do{ 

switchl evaluator->Evaluatel currentNode )) { 
case PS_FORWARD: Forward(); 

break; 
case PS BACKWARD: DestroyNode(); 

Backward(); 
break; 

case PS_FOUND: return PS_FOUND; 
} 

)while LcurrentNode): 
return PS_NOTFOUND; 

currentNode is an instance of PSNode. which contains the current problem context. _ evaluator is an instance of 
PSEvaluator, which is used to evaluate the current problem context. In our CP framework. problem context is loaded 
from the _currentNode, select the variable and its value to propagate the domain reduction. The evaluator decides 
whether to forward or backward the search based on the propagation process. The search procedure does forward or 
backward operations. Forward and backward are two virrual methods in the class PSSearcher that needs to be 
implemented. For example, we can implement the DFS algorithm in the class PSDFSSearcher, which is derived 
from PSSearcher. 

void PSDFSSearcher::Forward(){ 

l 

PSNode *pNode = CreateNodeL currentNode): 
ifLcurrentNode->lsFinished()) DestroyNode(); 

else { 
_ currentNode->UpdateStatus(); 
_ nodes.PushL currentNode ); 

_ currentNode = pNode; 

void PSDFSSearcher::Backward() { 
_ currentNode =_nodes.Pop{) : 

_nodes is an instance of the node list PSNodeQueue. In the case of DFS. it is used as a stack, which a node is pushed 
to when forwarding. popped from when backtrack ing. 

DISCUSSIONS 
We have tested our framework with the commonly used benchmark test samples such as queen, Donald, magic 
square etc. The initial tests veri fy that our framework works well with good perforrnance. We will funher refine our 
framework not only to enhance its time and space perforniance. but also to adapt it for more real world applications. 

To meet the needs of the complex real world applications. we also implemented a mixed integer programming (MIP) 
solver. As our search framework can be used for any problem solver needs the search facilities , we implemented the 
well-known simplex algorithm for linear programming (LP) in the class PSLPEvaluator. which is derived from the 
PSEvaluator class. We use the same search framework to implement the branch and bound algorithm to resolve the 
MIP problems. It also works well. Thus it verifies our search framework 's problem context independence. 

In reality, _complex real world problems can only be so lved by using more than one problem so lver. Hybrid 
problem-solver of CP and MIP or other solving techniques is a research trend aiming at solving the complex 
problems. For a hybrid problem-solver. a unified problem-modeling method is needed. Since we recognize that the 
problem formulation of CSP is very powerful, in our effon toward a hybrid problem-solver, it is used as a way of 
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representing the problems. Its current advantage is that when a problem can be solved by both CP solver or MIP 
solver, when you finished formulating the problems, you can switch between the . two solvers to compare the 
·performances of the two solvers easily, which simplifies the process of problem modeling. 

In a hybrid problem solver, an inference engine is necessary to intelligently divide the whole problem into small sub 
problems, which is suited for the embedded CP solver, MIP solver or other solvers to conquer. Cenamly this is a big 
field. But at present the inference engine is still useful for constraint reasoning in CP world. When we explore the 
problem structure through inference engine, we could handle the constraints .at a high level. We can transfonn, 
combine the constraints before we put them into the constraint store, or even add new redundant constramts mto the 
store to enhance the resolving efficiency. This is especially crucial when people with linle CP knowledge use the 
solver. 

As our first extension of constraint programming framework, we are implementing a scheduler, which is to be the 
basis of our advanced planning and scheduling application. A lot of scheduling specific classes such as resources, 
tasks and problem-specific constraints are implemented. The scheduling-specific constraint propagation algorithms 
and heuristics are also being implemented. We are expecting the scheduler will make our constraint Programming 
framework tuned. 

CONCLUSION 
This paper described the implementation of our object-oriented constraint programming framework. The framework 
is very flexible for the user to use the predefined variables, constraints and predefined algorithms to solve the 
problem. It is also flexible for the user to combine various algorithm components or generate domain specific 
variables, constraints and algorithms to obtain the optimum model to solve the complex real world problems. The 
unified search framework 's application to mixed integer programming was also discussed in this paper. We also 
described our future research and implementation directions. We hope our constraint programming framework will 
be the profound basis of our industrial applications in the field of supply chain management. 
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ABSTRACT 

In this paper, we suggest an enhanced hybrid genetic algorithm fo r engineering optimization problems to overcome 

the weaknesses of conventional genetic algorithm: the problem of parameter fine-tuning . the lack of local search 

ability, and the convergence speed in searching process. 

In proposed method, a fuzzy logic controller is used to automatically adjust the fine-tuning structure of GA 

parameters: The local search technique is also applied to find bener solution. In case study, we apply the proposed 

· method to a engineering optimization problem. Experiment results show that the proposed algorithm outperforms 

the conventional GA and heuristics . 

INTRODUCTION 
Genetic algorithms (GAs) are powerful and broadly applicable optimization techniques based on principles from 

evolution theory. Nevertheless, there are many situations where the conventional genetic algorithm does not perform 

particularly well: GA takes too much time to adjust fine-tuning structure of GA parameters and once the optimal 

solution regions are identified by GA, finding the true optimum in the region may becomes inefficient or impossible 

due to the random nature of GA search. 

To adjust parameter fine-tuning problem, Gen and Cheng [2J suggested using fuzzy logic controller. The logic is to 

dynamically adjust the strategy parameters of GA. Zeng and Rabenasolo [ I OJ also regulates dynamically crossover 

ratio, mutation ratio, and crossover position of GA using fuzzy logic controller. These parameters are considered 

input variables of GA and the parameters are taken into the output variables of the controller. Wang et. al. [8J used 

two fuzzy logic controllers: one for the crossover ratio and the other one for the mutation ratio. They suggested that 

the heuri stic updating principle of the crossover and mutation ratios are to consider changes in the average fitness of 

the population. 

To strengthen the lack of local search ability after convergence of GA and speed up the convergence speed, various 

methods for ~ybridization using conventional methods has been developed. Ishibuchi et. al. [4J suggested multi-start 

descent algorithm for initializing GA populations. Li and Jiang [SJ presented a new stochastic approach SA-GA-CA 

based on proper integration of simulated annealing algorithm (SA), genetic algorithm (GA), and chemotaxis 
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algorithm (CA) for solving complex optimization problems. According to these methodologies for variou1 

·hybridizations, recently hybridized GAs have more robustness than conventional GA or conventional heuristics [2J, 

[5]. We thus develop an enhanced hybrid genetic algorithm with fuzzy logic controller (fuzzy-EHGA) and local 

search algorithm to solve complex engineering optimization problems. In Section 2, the basic concepts and 

searching procedures for hybrid search are introduced. And also the overall heuristic searching ·procedures of 

fuzzy-EHGA are suggested. Numerical example to demonstrate the effectiveness of the- proposed algorithm ii 

presented in Section 3 and conclusion follows in Section 4. 

HYBRID SEARCH 

In this section, w~ suggest basic concepts and searching procedures for hybrid search of the proposed fuzzy-EH GA. 

Local Search Technique 

One of most common forms of hybrid genetic algorithm is to incorporate a local search technique to the 

conventional GA loop. With this hybrid approach, local search technique is applied to each newly generated 

offspring to move it to a local optimum before injecting it into the new population [2]. In proposed fuzzy-EHGA, we 

also incorporate an improved hill climbing method to GA loop. This method improves the conventional hill climbing 

method suggested by Michelewicz [6]. The main difference berween rwo methods are that the proposed method 

selects a optimal string among each string as much as population size in GA loop, but the conventional method 

selects a current string at random, which make the former having various search ability and good solution more than 

the latter. Thus, GA carries out global search and improved hill climbing method carries out local search around the 

convergence area in GA loop. In this hybrid strategy, improved hill climbing method is used as an accelerator of GA. 

The detailed procedures for improved hill climbing method are as follow: 

Procedure: improved hill climbing method 
begin 

t~O; 
repeat 

local~ FALSE; 

select a optimum string,,, among each st.ring as much as population size of GA; 

repeat 

make new strings as much as population size in the neighborhood of v,; 

select the string v, with the mos·t value of objective functionf from the set of new strings; 

iff(v,) <f(v,) then 

Ve ~ Vn 

else 

lacal ~TRUE 

end if 

until local 
l~t + I ; 

until I= population size 

end 
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Automatic Control of Strategv Parameters Using FLC 

Fuzzy logic controllers (FLC) have been proved very useful when the search processes are too complex for analysis 

using conventional techniques or when the available sources of infonnation are interpreted qualitatively, inexactly, or 

uncertainty. Recently, using these FLC's features there are many researches for fine-tuning of GA parameters. Most 

of these researches can automatically regulate the GA parameters (crossover ratio, mutation ratio and others), thus 

much time for fine-tuning of these parameters can be saved and the searching ability of GA in finding global 

optimum can improve more than conventional GA without FLC. In proposed fuzzy-EHGA, we use the concepts of 

Wang et. al. [8], this method can make GA parameters, crossover (Pc) and mutation ratio (Pm). automatically 

regulating. The heuristic updating principles for the crossover and mutation ratio are to consider changes in the 

average fitness of the population. The detailed procedures for automatically control of strategy parameters are as 

follows: 

Procedure: automatic comrol of strate'gy parameters usi11g FLC 

Step I : The input variables of the FLC for GA's parameters are the changes in average fitn ess at instant I and 1- I. 

eva/(v;t) 

, pop :s,:e I( ) L.,., · eva v,;t 

pop _size 

""' pop. ,;"+off."" /( ) 
L..Jk:pop_si:e+I eVQ vk;f 

off _size 
where pop _size and o}J_size are the population size and the offspring size satisfying constraints, respectively. 

-- --
Step 2: Detennine control actions to eva/(v;t) and eva/(v;t -1) using fuzzy decision table. 

Step 3: After scaling the control actions by assigning the indexes i and} corresponding to the control actions in the 

look-up table for defuzzification. calculate the changes of crossover ratios tic(!) and mutation ratio D.m(t) as 

follows: 

tlc(t) = Z(i,j) x 0.02 . ,~.m(t) = Z(i,j) x 0.002 

where the contents of Z(i, j) are the corresponding values of tJ./(r - I) and ,V(r) for defuzzification [8], 

Step 4: Update the changes of crossover and mutation ratios by the following equation: 

P, (r) =P, (1-1) + tlc(t), P.(r)=P.(1-1) + llm(t) 

where P,(t) and P. (t) are crossover ratio and mutation ratios at instant I , respectively. 

Using these methods, we show the overall procedure of the proposed fu zzy-EH GA as follows: 

Procedure: 01•eral/ procedure for fu~zy-EHGA 

Step I : Initial population 

Step 2: Genetic operators 

• Crossover: non-unifonn arithmetic crossover operator 

• Mutation: uniform mutation operator 

• Selection: the mixed strategy wi th (). + µ )-selection and elitist selection enlarged sampling space 

Step 3: Local search 

• Method: improved hill climbing method 

65 



Step 4: Automatic control of strategy parameters 

After applying the concepts of fuzzy logic controller, update the ratio of crossover and that of mutatioQ 

respectively. 

Step 5: Termination condition 

If no significant improvement of fimess value is obtained, then stop: Otherwise, go to Step 2. 

NUMERICAL EXAMPLES 

In numerical example, we considered an engineering optimization problem. The proposed procedures for 

fuzzy-EH GA am implemented in Visual Basic language on IBM-PC P400 computer. 

Design of Coil Spring Problem 
This problem was applied by Sandgran [7] , Chen and Tsao [ l] and Wu and Chow [9] and the design variables are 

considered by integer, continuous, and discrete variables. Especially, discrete variables use pre-defined discrete 

dimensions. For various comparisons, we introduced the results of Sandgran, Chen and Tsao, and Wu and Chow. 

They applied nonlinear branch and .bound (NB&B), simple genetic algorithm (GA) and Meta genetic algorithm 

(Meta-GA), respectively. The applied results are showed in Table I. 

Table I. Computational results of the coil spring problem 

NB&B GA Meta-GA Fuzzy-EHGA Type of variables 

x, IO 9 9 9 Integer 

·'"~ 1.181 1.229 1.227 1.1 09 Continuous 

x, 0.283 0.283 0.283 0.263 Discrete 

f(x) 2.7995 2.67 1 2.'668 2.082 

In Table I , the result of. fuzzy-EHGA is better than those of NB&B, GA, and Meta-GA. This result shows that 

fuzzy-EHGA can obtained bener solution than NB&B, GA and Meta-GA in the continuous and discrete variables, 

and also proved that the proposed method applied the local search technique into GA loops for more precision search 

in convergence region by GA. 

The various evolutionary behaviors of crossover and mutation ratio are showed in Figures I and 2. In two Figures, 

simple GA (SGA) suggested by Goldberg [3] is considered to compare the applied result of the proposed method. 

The proposed method shows various variations in crossover rate and mutation rate as generations are processed, 

which make the proposed method searching various search space. By the applied result of crossover rate and 

mutation rate , the proposed method can get more good result than those of NB&B, GA and Meta-GA in fimess 

function . 
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Figure I . Behaviors of crossover ratio 
in fuzzy-EHGA and SGA 

(a) 

S1o11k" 1•,.u.1ml" l<'I (1~· 11 ,.un1,· 11u 1um .. 1 .. , G/GA, L'7•·-£HGA> 

,/ .....,.,..~-~~-
Figure 2. Behaviors of mutation ratio 

in fuzzy-EH GA and SGA 

Avenl7ess without FLC 

-..----------~----~-~--
(b) 

Figure 3. Evolutionary behaviors of the average fitness 

To compare FLC's ability we divided the proposed algorithm into two pans: one for EHGA with FLC and the other 

one for EHGA without FLC. Figure 3 shows that the evolutionary behaviors of average fitness function with FLC 

(Figure 3(a}) and without FLC (F igure 3(b)). Average fitness with FLC is more various and converges more rapidl y 

than that of(b) without ofFLC. 

CO~CLUSJON 

In this paper we proposed a new genetic algorithm, enhanced hybrid genetic algorithm with fuzzy logic controller 

and local search. The proposed method overcomes the weakness of conventional genetic algorithms: the problem of 

parameter fine-tuning and premature convergence of solution process. In the proposed method , fuzzy logic 

controller to automatically adjust genetic parameters (crossover and mutation ratio) and an improved hill climbing 

method to find better solution are combined, respectivel y. Numerical compari son experiment demonstrated th at the 

proposed method is more effective and has more robustness than the com·entional heuristics and genetic algorithm. 
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ABSTRACT 
Visualizing time dependent data allows scientists to refine computational models in ways not possible before. This 
paper discusses the details of writing a graphics application using the OpenGL graphics and CA VE libraries to 
visualize and animate large, time dependent scientific data sets derived from computational models that involve 
Polymer Deposition, and Methane Flow from the ocean floor. Issues include how to define the graphical 
environment to render the data, radiosity and lighting techniques. and memory buffering techniques for animating 
large data sets. This discussion will include some of the problems and pitfalls encountered in developing 
applications for the two problem domains. These applications will show how scientists can use these visualizations 
to analyze their data to extract crucial scientific information in ways never before possible. 

INTRODUCTION 
This paper represents ongoing projects being developed at the Center of Higher Leaming (CHL). Stennis Space 
Center, MS. The objective of these projects is to develop visualization techniques and method for large scientific 
and engineering data sets. CHL has worked closely with Dr. Ras Pandey, a professor and a researcher at the 
department of Physics and Astronomy, the University of Southern Mississippi. For many years. he has involved in 
several research proj ects. Thus, Visualization has become a necessary tool to gain better insight into the complex 
issues an·d large data sets of these projects. Recently, CHL has been involved in 3-dimensional visualizing and 
analyzing large data sets of two of these research projects. OpenGL library is used to model the data sets in a 3-
dimensional space. and CA VE library is used to model the data sets in the stereoscopic-immersive environment. 
The first research project is polymer deposi tion. and the second one is methane flow. 

POLYMER DEPOSITION 
Polymer Deposition is the study of the molecule movement, which is part of the process of designing medical 
treatment or drug. Polymer molecules move in groups. Each molecule of each group shares the common factor, 
which is the chain number. These molecule chains are dropping onto a surface. It is important to understand how 
the molecule chains move and the path they take as they fall. The study also focuses on the conformation, 
dynamics, and the roughness of the molecules when they are deposited onto the surface [I]. The following is an 
overview of the ongoing project that provides as a visua lization tool to such research. 

The first approach chosen to visualize the polymer deposition data set is writing a program using the C 
programming language and OpenGL library. The data set contains molecule spatial coordinates which are grouped 
in different time frames; and in each time frame molecules are grouped by different chain numbers. Furthermore, 
the number of molecules in each time frame increases as the time frame increases. Since the number of molecules in 
each time frame is unknown, careful steps are required to process the data set. The data set is preprocessed and the 
file positions that are the starting locations of each time frame are recorded . The preprocessed data speeds the 
program to read the data the whole time frame at once, which is then passed to the rendering routine. The total size 
of the oata set is 114 Mbytes. In order to sec how the molecule chains move, not how each molecule appears one 
after another on the screen, the program first reads the data set one time frame at the time and display all molecules 
of that time frame. As molecules in a time frame are being displayed frame-b y-frame, the animation of the molecule 
movement can be formed. Other OpenGL parameters are needed to create the realistic appearance. This includes 
the specifications of the virtual world. light sources. double-buffered graphics, and the posi tion of a camera or the 
viewer's eyes. The virtual worldjs the 3-dimensional space where the data will be put for display. The size of the 
virtual world is determined by the maximum of spatial coordinates of the molecules. The lights are used to create 
the realistic effect. Since it is a large data set, at least 2 light sources are needed to view the whole data set. Both of 
the 2 light sources are positioned above the data set, one is on the positive z-axis, and the other is on the negative z
axis. To see the transition from one frame to the next smoothly, the double buffering technique is used. While the 
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ff, h th buffer is rendering the data for the next frame. 
data of current frame is being displayed from one bu er, t e .°. er f h or the viewer's eyes is the initial 
This results in no delay in processing the ammauon. The posn~on o t e ;~;er\s is preferred The viewer can 
virtual•distance between the viewer' eyes and the data set. A . ,stance o um rr· sha e for drawing the 
interactively change this distance at runume. Lastly, a sphere 1s used as the geome ,c P 

molecules. 

h d. t ·s not used in the data set; the y·x•z After the first attempt the project team has learned that t e X·Y·Z coor ma e 1 . . d h 
' · · d h I h g am was running unrestrame t at one coula 

coordinate is used instead. The project team also notice w I e t e pro r . f d 1 . h d f 
not perceive a clear understanding of molecule movement. A time delay was apphed _a ter tsp aymg t e ata O on, 
time frame, therefore, allowing the program to display the molecules frame by frame m the speed that human eyes 

can tolerate. 

Figure I: Polyiner.Deposition OpenGL application 

Since the primary goal of the project is viewing the data in the immersive environment, the OpenGL program is 
transferred into the CA VE application. -Instead of displaying the data set on a computer monitor, it will be 
displaying on the lmmersaDisk R2 , which is a 4 by 5 foot stereoscopic screen. Not all OpenGL calls are compatible 
in the CA VE environment. The specifications of the virtual world are pre•defined to fit on the lmmersaDesk screen, 
and the graphic buffer is double by default. In the OpenGL program, data of one time frame is read and then 
displayed. However, in the CA VE environment, the data is read once and displayed twice. This is because CA VE 
is stereoscopic ; data is displayed twice, one for each eye. The rearranging of the program is carefully taken to 
deliver the correct adj ust111_\'nt. The OpenGL rendering routine is now split into two routines. One is the read•data 
routine, and the other is display•data routine. These two routines are calls by predefined CA VE procedures in the 
main program. Two controls are used to navigate the data set: the stereoscopic glasses and wand, therefore 
additional parameters are needed to adequately control the application. The glasses are tracked so that the display 
on the screen is in the correct viewing perspective, which is done by the sensor on the lmmersaDesk automatically. 
Even though the sensor also tracks the position of the wand, navigating through the data set has to be done in the 
source code of the program. This is because the movement of the wand in the physical world is computed to 
correspond the correct movement in the virtual world. 

The program stans by having the viewer virtuaily being inside the data. That is what being displayed on the 
lmmersaDisk is the second half of the data. Then the viewer can use the wand to navigating his or her way away 
from the data in forward, backward, and sideway directi_ons. At this stage, tracking the molecule chain is crucial in 
the prnj ect experiment, colors are added to differentiate the relationship among the molecule chains. In each time 
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frame, t 6 colors are used forthe first set of falling molecules chains and reused for the next 16 molecules chains. 
These colors also help the viewer, since one can easily get lost and confused while immersed in the data set. 

In this version, the CAVE application only has the navigation feature. and the function on one of the three the 
bunons on the wand is to terminate the program gracefully. Furthermore, addition efforts on the wand movement 
are made to make navigation through the data set easier and smoother. 

The current version of the application has a frame-freeze mode feature added. This feature is done by pausing 
reading the data and displaying only the data of the current time frame. The feature is activated by pressing the left 
bunon on the wand and terminated when the left bunon on the wand is pressed again. Furthermore, a legend was 
added by writing text on the lower left comer of the screen to indicate the time frame being displayed. This is done 
by keeping the record of the time frames being read and displaying the current number of time frame recorded so 
far. In addition the logo of CHL is displayed. The legend and the logo are displayed using different CA VE 
procedures than the one used for the data. This procedure does not put the items in the 3-diminsional space. but 
simply displays the items on the flat screen. Another term for screen in this case is the view port. 

Figure 2: Polymer Deposition CA VE applicati on 

i\lETHANE FLOW 
Methane flow is the study of in the movement and the amount of methane fl ow emanating out of the ocean floor 
surface, and the conditions of the ocean floor where there is an existence of methane gas. Such conditions can be 
generated by a computer simulation model which allow scientists to analyze the flow of methane gas. The data set 
is divided into two major sections. The first section includes y-x-z positions representing the ocean floor conditions. 
The second one contains the y-x-z positions representing the methane gas molecules. The size of the data set is 400 
Mbytes. 

The first approach taken is writing a program in C and us ing the OpenGL library [3 ]. The conditions of the ocean 
floor are the amount and size of the gaps. and low or high porosity of the ocean fl oor. Since these conditions do not 
change, a special OpenGL technique is used to utilize the data and minimize the execution time of the program. 
This technique is called a display list. Once it is created and named, it can be called to display the ocean floor 
conditions anywhere in the program numerous times. The methane gas molecules are represented as groups in each 
of the time frames. The number of molecules is varies from each time frame. Careful methods are used to carry out 
the unknown size of the data in each time frame. The methane data needs to be preprocessed, and the tile positions 
that are the beginning locations of each time frame are recorded. The preprocessed data provides the fast access to 
the data, therefore the program can read the data the whole time frame at once, which is then passed to the rendering 
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routine. The following is the overview of the ongoing project in visualizing methane flow under the ocean floor. 

A sphere is used as the geometric shape, and is used to represent both the ocean floor or the barrier and the methane 
gas molecule. Two distinct colors are used to differentiate the barrier and the methane gas. The program reads the 
barrier data and then reads the methane gas molecules one time frame at a time. Despite the various movements of 
methane gas molecules in each time frame, the barrier has to appear constant. Therefore, the order of the animation 
involves displaying the barrier first, then· displaying methane data. The specifications of the virtual world and 
positions of light sources are also defined. The virtual distance between the data set and the viewer's eyes is 35 
units. 

When testing the program, there was a tremendous delay of the data being drawn on the screen. This is beca!:'se the 
number of polygons needed to draw the spheres is extremely high, nearly 400,000 polygons per frame. Since the 
program has to rim in real-time, the realistic appearance had to be sacrificed for execution speed. To accomplish 
this, the number of polygons was reduced from 20 polygons per sphere to IO polygons per sphere, so there will be 
less data to render. This results in approximately I 00,000 polygons per frame. However, even these measures did 
not result in a real-time speed-up. Therefore it could not be ported to the CA VE application. 

Figure 3; Methane Flow OpenGL application 

Later smaller data sets that have various ocean parameters are provided. These data sets contain different conditions 
of the ocean floor and fin_er time frames. Since the main goal is immersive visualization, the OpenGL program is 
ported to th_e CA VE apphcauon. Some OpenGL calls are eliminated to make the program appropriately fit in the 
CA VE environment. Furtl\c~ore, CA VE parameters are added to allow navigating through the data set. 

In this version, the application only has the navigation feature and the function on one of the three buttons on the 
wand. This functwn allows the program to easily exit. Also, the marching cube algorithm is being added to the 
program to allow d1splaymg the 1sosurface of the methane gas. An isosurface is a technique to display the surface of 
the data based on a given value [2]. Volume data is needed. 

The next task on these two applications is creating a menu, which will contain special ·features. These features 
include: a rewmd button, which allows one to step backwards one time frame at a time through the data, a tag button 
which allows one to label mole~ules o_f interest, a reset button which allows one to reset to the starting position if 
lost m the data set, a restart button which allows one to start the data over and a ex·t b II h. h Ii 
terminate the program. ' I u on w ,c a ows one to 
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The visualization has become a great tool to help scientists analyzing the data. Years ago, series of snap shots were 
used to view the data. This process was hard for scientists to figure out how the data behaved and tell the 
relationship among elements in the data. Animation is also a very useful tool, however if it is pre-renderred, the 
analysis on the data can be quite limited. Also generating the animation can be very time consuming. New 
technologies, in both hardware and software, have provided us new ways to visualize data. Real time visualization 
has broken through these barriers and provides on-the-fly perspective views of the data that allows sc ientists to 
analyze the data interactively. · Nonetheless, the computer software and hardware has to continue to evolve for 
handling the enormous and increasing size of scientific data. 
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ABSTRACT 
The scientific community has a growing need to visualize data in new meaningful ways. Tod~y's data sets have not 
only grown more complicated, but worse, have grown to be much larger in size. This paper discusses how s_uch 
large and complex data sets can be manipulated using super computing resources to provide real-ume graphics that 
make the scientific data come alive. It will be demonstrated how super computmg hardware and high performance 
graphics libraries can be combined to write state-of-the-art visualization applications. Two example displays will be 
shown that were products of applications from current research. This type of software will allow scientists to invent 
new types of displays that not only include color enhancements and multi-dimensional viewing, but also fantastic 
animations. This means results from scientific experiments can be visualized in a whole new way. Also, it will be 
shown how these fantastic visualization techniques can be used to as a tool to analyze the data in ways never before 
possible. 

INTRODUCTION 
This paper represents an ongoing project being developed at the Center of Higher Leaming (CHL), Stennis Space 
Center-, MS. The goal of this project is to develop a real-time visualization tool for scientific data. Recently, CHL 
has been involved working with Dr. Jerzy Leszszynski from Jackson State University. Hi s research interest involves 
viewing element data in an immersive environment where the data is computed by an Sgi Oynx lnfiniteReali ty2 and 
displayed on the lmmersaDesk R2. The program will be using OpenGL and CA VE (CA VE Automatic Virtual 
Environment) libraries, which will produce a real-time, 3-dimensional application. He also wants to analyze the 
data relationships using different modeling factors. This paper is an overview for this type of research project. 

The given data set is in PDB (Protein Data Bank) format, which is a generally accepted format used by biochemists. 
The PDB is an archive for biological macromolecular structure and used to facilitate the use and analysis of the 
structural data. The PDB is now used by various groups of people including biology, chemistry. and computer 
scientists [I]. Since these details are highly technical to this particular field of study, scientists have to work closely 
with us to explain the concepts of the simulation·. In the first stage, they provided a data set that has only the name of 
the elements and their spatial positions. These elements are carbon , hydrogen. nitrogen, and oxygen. There is only 
one time step, and a total of 1980 elements. Since the animation of the motion of the data cannot be created with 
only one time step, otherviewing techniques will be considered. This includes time dependent rotation of the data 
and interactively rotating or translating the data using the mouse. keyboard or other controls. At the beginning of 
the development, the program was written to use the time dependent rotation of the data. 

The program was written in the C programming language and using the OpenGL library [2.3]. To display the data 
in the 3-dimensional space, three elements need to be defined: the virtual space, the light sources, and the position of 
the camera. The virtual sp~e is the space where the data is displayed. This domain is determined by the maximum 
x, y, and z positions of the data set. This ensures· that all of the elements in the data set can be viewed on the display 
screen. 3-dimensioilal objects in the-virtual space do not appear 3-dimensional, therefore, lights are needed to create 
the" realistic look. The position ofthe camera is the virtual distance between the viewer and the space where the dara 
se_t resides: If the position of the camera is i~ or beyond the space (front and back culling planes), seeing the data 
Will be difficult. Th_e refore, the corr_ect poslllon of the camera is important. The distance can be very near or far 
from the data. In thi s project, the m1tial distance is 45 units away from the virtual space. The viewer can change 
this distance at run time. 

To see how these elements align themselves in ihe space and the relationship among them, the rotation function is 
use to slowly tum them around from I to 360 degrees, and repeated until the program is terminated. For viewing 
purposes , the ammat1on 11me step was set to five one-h_undredths of a second. To accomplish this task, the program 
has to read and display all elements simultaneously. Smee the total number of elements is known in advance, the 
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program simply computes how much data needs to be read. In this case. since there is onl y one time step _in this data 
set the entire file is read. The geometnc shape chosen for drawing an element 1s a sphere. Each sphere 1s drawn 
usi~g 200 polygons, therefore, nearly 400,000 polygons per frame need to be computed with zero response time. 
This process requires supercomputtng power. 

Since the data set in one time step is very large, and the computer takes time to process, it is hard to see the whole 
data rotating. What appears on the screen is each element is being drawn aud displayed one after another. To see 
the data rotating, all the elements have be drawn and displayed at the same time, and then being drawn and 
displayed again at different positions according the to the increasing degree of the camera. In other words. the 
elements are not moved, but the camera moves around the data in a circular fashion. In this way the animation of 
the data rotating can be created. The OpenGL Display List technique can be used to accomplish this task [3]. The 
Display List is a routine that is compiled and stored in the memory waiting to be called. This technique is used in 
the routine that draws the elements. Each time the camera moves. the elements have to be redrawn according to the 
different angle of the camera. By calling the compiled routine, redrawing is fast, and the rotation is done smoothly. 
However, another problem arises. At first, the display seemed to blink as the program transitioned from one frame 
to the next. This is because the program used only one graphic buffer to draw the frames. Therefore, the display 
appeared to blink because the screen was cleared with the background color before drawing the next frame. To 
eliminate this blinking problem, the double buffer technique was used. In this technique. the program displays the 
current frame from the first buffer while the next frame is drawn in the second buffer. Now. the program simply 
switches from displaying the first buffer to the second. Therefore. the transition from one frame to the next appears 
continuous and smooth. 

There are four different elements in the data set. These are carbon, hydrogen. nitrogen. and oxygen. Each element 
type uses a different color to differentiate them. Generally. biochemists use cenain colors to represent these 
elements. However, for this application. other colors were chosen that yield an effective contrast for identifying 
each type: blue for carbon, orange for hydrogen , green fo r nitrogen. and purple for oxygen. It is a simple task to 
change the colors to a color scheme accepted by scienti st. Below is a snap shot that was caprured while the colorful 
elements were rotating. 

Figure I: The Element Data di splaying using OpenGL 

The next stage is to navigate interactively through the data set. Instead of writing the code using OpenGL to use the 
mouse to navigate and the keyboard to rotate and translate the data, the program is exponed to the CA VE 
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environment, so that the program can use some pre-defined functions to make the task easier. Instead of data being 
displayed on a computer screen, the data will be display on the 4 by 5 foot ImmersaDesk screen. The viewer 
develops a real sense of the 3-dimensional animation and being immersed in the data set. Two controls are used, 1h, 
wand and a pair of stereoscopic glasses. 

The program is modified in order to run as a CA VE application. The initial processes, virtual space, lights. and 
camera position in OpenGL are eliminated. This is because they are already defined in the CA VE: Also, the 
graphic buffer uses double buffer technique by default. The read-display data routine is no longer valid. To display 
the animation in the immersive environment, the data is displayed twice, once for each eye. Therefore, the CAVE 
separates reading and displaying the data into two separate routines. For each time step, the CA VE library is used 10 

read the data once and display it twice. Without this modification, the animation can cause the viewer to experience 
dizziness. .. 

The ImmersaDesk has sensors to track the positions of the glasses and the wand. The sensor that tracks the glasses 
is called the head sensor, which tracks the direction the viewer moves. It then adjusts the perspective view 
according to that direction automatically. The other sensor tracks the wand movement in the physical world. Ii 
gives the spatial coordinates of the position of the wand in the physical world. However, the corresponding spaiial 
coordinates in the virtual world need to be computed by the program. Calculating these spatial coordinates in real
time can become a difficult problem, even for a small data set. 

Therefore, supercomputing power is needed to compute and display the data. For our hardware environment there is 
a IO second delay for each move the viewer makes while navigating through the data. This causes confusion and 
misinterpretation of the data. In order to improve the speed of the application, the number of polygons used to draw 
a sph_ere is reduced in half. Therefore, the spherical elements that are closer to the viewer appear jagged and 
imperfect, while those that are far away appear normal. Below is a snap shot taken while the viewer using the wand 
navigates through the data. 

Figure 2: The Element Data displaying in the CA VE environment 
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The next step in the development involves visualizing the bonds and the helix structures of the biological data. With 
scientists continuing to work with us, we can develop a more complete and sophisticated CA VE application. In 
addition, an intermediate program might be needed to extract the information about the bonds and helix structures 
from the PDB file and feed them to the CA VE application . Various kinds of data might need to be obtained for the 
complete experiment of the application. 

There are other 2-dimensional and 3-dimensional visualization tools in existence and are already available for use. 
However, scientists still view the data on a flat screen. There is no real sense of a 3-dimensional view. The difficul t 
analysis of the data occurs when viewing 2 objects that overlap. It is hard to determine what this overlap means. 
What makes a CAVE application better and unique is the ability to freely move through the data set in real-time. the 
ability to add features to manipulate the display, and the ability to provide the immersive environment to scientists . 
Providing the CA VE hardware, the scientists can view a CA VE application and can really get immersed in the data 
set. This takes us one step further in the advancement of high performance visualization technologies. At present, 
we have reached the limit of our hardware. As data size becomes larger and larger, computer hardware has to 
evolve in computational power to accommodate the needs to immersively visualizing data in real-time. 
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ABSTRACT 
Randomization is defined to mean the removal of redundancy from information. In this sense, it is synonymous with 
information compression; although, randomization may extend beyond syntactic representation to include domain. 
specific semantic elements as well. This paper serves to make clear the ubiquitous role assumed by randomization in 
all aspects of software engineering - from programming language design to program design to testing. It goes on to 
show that the representation of knowledge in what is termed an expert compiler is critical to the degree of 
automation that can be attained. Moreover, knowledge-centric networks allow software developers an economy of 
scale in support of software reuse. 

INTRODUCTION 
We consider the neat vs. the scruffy approach to an artificial intelligence as first proposed by Minsky. In particular, 
the brain has been modeled as a society of mind (I]. At some levels, the brain clearly processes information, at least 
in part, using a scruffy approach (e.g., vision). At other levels, the brain clearly processes information, at least in 
part, u_si ng a neat approach (e.g., logical reasoning). It has been proven by Lin and Viner [2] that neural networks 
that have a hidden layer are NP-hard to train. Thus, a domain-specific representation is needed here for at least 
purposes of scalability. A domain-specific representation defines the abstract data types and overall structure of both 
programming language and program. 

ON MINIMIZING ENTROPY 
We acknowledge the fundamental need for domain-specific knowledge in keeping with Rubin's proof of the 
Unsolvability of the Randomization Problem [3]. The question as to the degree to which a neural net, or system of 
networks, can learn to decrease its entropy may be reduced to the capability for forming domain-specific 
generalizations. This capability for domain-specific generalization goes well beyond the statistical boundaries of 
contemporary neural net generalization. A second application of the Unsolvability of the. Randomization Problem 
reduces the capability for forming domain-specific generalizations to the capability for forming domain-specific 
representations. But then, this capability is dependent on previous structure. Thus, it is argued that the entire issue of 
a neat vs. scruffy approach is provably irrelevant - in agreement with Minsky. Instead, the brain must form domain
specific representations using evolutionary randomization (see below). All that maners is to minimize the entropy of 
the information-theoretic model using randomization. Of course, there is also a practical dimension that involves 
issues pertaining to spatial-temporal realization . However, even here the Unsolvability of the Randomization 
Problem implies the necessary search for ever-better domain-specific hardware. 

ON THE ALGORITHM 
We know that the central r~son for the failure of the Japanese Fifth Generation project is that their system was built 
to be capable of deductive, but not inductive reasoning [4]. In other words. it followed a second order predicate 
calculus model. They learned that the logic must yield to the algorithm in all matters pertaining to creative or 
inductive reasoning. The quality of an algorithm, in tum, hinges on the degree to which its space-time 
image can -be minimized through reuse. We note that any algorithm sufficiently complex to be capable of self-refe
rence can never be certified as bug free. This is a law of nature. Nevertheless, testing and scalability are maximized 
if reuse is maximized. Construction time is minimized if reuse is maximized. RISC ·chips are but one example of 
these principles applied to hardware design. Simply put, creativity is necessarily of an algorithmic nature and non· 
trivial algorithms and their associated platforms (j.e. , of significant scale) cannot be had or run in the absence of first 
principles of randomization and-reuse. If all this sounds a little foreign, it may help to recall that relativistic effects 
may also sound foreign to the average person due to the relatively high velocity of light with respect to their daily 
expenences. 
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O!\' PROBLEM REDUCTION 
It has been shown ( e.g .• the Wizard neural system) that the triangle inequality applies to neural systems. For 
example, a neural system may learn to recognize a fork invariant of its position using c fundamental memones. 
However, if two neural systems are constructed and connected such that the first learns to rotate an obJect such as a 

'knife 10 a nonnal position and the second then anempts to recognize thi s object. then the total number of 
fundamental memories needed to recognize the fork invariant of its posiuon will be significantly less than c ti.e .. the 
trianele inequality ). The challenge is to scale such problem reductions. It is argued that an object-oriented socier,· of 
mind- model will sen·e to facilitate analysis. For example. if one neural network is trained on what a car is and a 
companion network is trained say on what a Toyota Corolla is (i.e .. an instance of car). then not only 1s the entropy 
of the system decreased. but the reusabi lity of the networks is proponionately increased. 

SOFTWARE REUSE AND RETRIEVAL 
Software reuse facilitates the construction of ever-more complex programs. There are at least two key issues here . 
The firs t penains to the level of the language of representation. Here, the higher the level. the more reusable the 
code. For example. compare the reusability of a program written in machine code with that wri tten in some higher• 
level language . Clearly. the high~r the level of the representation. the more amenable that representation is to reuse 
by way of modification . The capability for undergoing successful modification is also imponan1 because excepting 
c~nain GUI applica11on components. software needs to be customizable. 

Second. software modules need to be indexed for retrieval. This is similar to a case-based reuse mechanism (i.e .. 
CBR); although. it differs in that there 1s no need to adapt the software as a case. Rather. we wil l argue that the 
software needs to .be modifiable by substirutive transfonnation followed by ex pen compilation (see below). 

It is convenient to think of the process of building software as being isomorphic to that of putting together a puzzle. 
One.needs to retrieve JUSt the nght piece from the box usmg a necessarily vague description of the piece. Moreover. 
this puzzie is something of a fractal in that each piece can be recursively decomposed into sub-pieces until some 
primitive level is attained. Retrie,·al implies inspection te.g .. Are the pieces comers of the correct shape to fit'\. In 
the software rea lm. such inspection can only be accomplished if the piece or component is expressed in a 
sufticiently high-Je,·el language to be humanly understandable. \\'e use a hierarchical sequence of object menus for 
retrieval as illustrated m Fig. I. 

v U.SLR.- IANTECEDENTJ , , · ., • ·: •.•. • .• . ,·. , 111113 
file f.oit ~ct.Jons Qpt1ons ~ookmark t:j:enu List ~election Lrst ton1unc1 !..1st Qebu~ 

Path: I 

LEVEL 0, ROOT 
LEVELL SOITWARE 

HARDWARE LEV-<.!. 2 OBJ!:CT -ORIEJIT!D 

HUMAN FACTORS IASSEMB.Y CODE 
SOFTWARE COMPONENT ·BASED 

,.., I """'' I m, I ""'" j .. uc, ~~ct~\11~?E~\Eo ········· _____ .. _, 1 l~:~~•.1 c .. 

t--~--~-_....., __ ......, _ _,, i_i_:_l:_:_·G_(_:_,~~-R_:~1 i~O-"_,m_,~l_"_"'_"~l _'"_'_c_, .1.1~1 _"_"_•_,,\_"_'_""_'~I _'"_'.......a--"_"'_"_,,1 _,_"_m_.l 

Fig. I ·A Hierarchical Sequence of Object Menus for Software Retrieval 
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((DEFlJN MYSORT (S) 
(COND ((NULL S) NIL) · 

(T (CONS (MYMIN S (CARS)) (MYSORT (REMOVE (MYMIN S (CARS)) S))})))) 

? io 
((((1 3 2)) (I 2 3)) (((3 2 I)) (I 2 3)) (((123)) (l 2 3))) 
? (pprint (setq frepos '((CRISPY' 

(DEFUN MYSORT (S) 
(COND 
(FUZZY 
((NULLS) NIL) 
((ATOM (FUZZY S ((FUZZY CAR CDR) S))) NIL)) 

(T (CONS (MYMIN S (CARS)) 
(MYSORT (REMOVE (MYMIN S (CARS)) S)))))))))) 

((CRJSPY '(DEFUN MYSORT (S) 
(COND (FUZZY ((NULL S) NIL) ((A TOM (FUZZY S ((FUZZY CAR CDR) S))) NIL) 

(T (CONS (MYMIN S (CARS)) (MYSORT (REMOVE (MYMIN S (CARS)) S)))))))) 

; Note that (A TOM S) was automatically programmed using the large fuzzy function space. 

? (pprint (auto frepos io)) 

((DEFUN MYSORT (S) 
(COND ((A TOM S) NIL) 

(T (CONS (MYMIN S (CARS)) (MYSORT (REMOVE (MYMIN S (CARS)) S))))))) 

; Note that each run may create syntactically different. but semantically equivalent 
: functions: 

? (pprint ( auto frepos io)) 

((DEFUN MYSORT (S) 
(COND ((NULL S) NIL) 

(T (CONS~(MYMIN S (CARS)) (MYSORT (REMOVE (MYMIN S (CARS)) S))))))) 

Fig. 2 A Sample Fuzzy Program in an Extended Lisp 

SOFTWARE DEBUGGI1'G 
In addition to sofrv-.:are reuse and retrie \'al. software debugging also has strong'. tie s to randomization. For exampl 
consider the debugging of any sort program. It follows from the Unsolvabiliry oi the Randomization Problem !. 
that any .program sufficiently complex to·be capable of self-reference can never be assured to be totally bug [!,I 

Rather, the best that can be done is to test it to satisfaction. There are two separate, but related.issues here. First. ho! 
does one develop a portfolio of test cases for maximal coverage and second, what principles does one cmploy t 
construct software so that it is relatively bug free? 
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Test cases should cover as many execution paths as practical: yet. be minimal in number so as w ren~er the ~estin~ 
process practical. For example. when testing a son program. one does not want test cases such as. ( I l (~ I) (3 - I l I, 
3 2 1) .. . because the test vectors are mutually symmetnc. Rather. one needs to develop an approximation of a basi, 
(e.g., akin to the basis of a matrix). For example:() (1) (2 1) (1 3) (3 l 2) ... Funhennore. Rubin [5] [6] has 
developed a fuzzy programming language that accepts a generalized program descnpuon and uses an onhogonal 
sequence of test cases to instantiate a working program. if possible. What 1s mteresttng here 1s that the induced 
program is no bener nor worse than the supplied test sequence. This is testing in reverse and serves to underscore the 
critical role played by test case selection in detennining the overall quality of the resulung software produced. One 
could argue that the aforementioned process works well for functiona l programming. but what about say for , ·1sual 
program;;,ing0 How does one map test cases to fonn° The answer is that visual programming (e.g .. crea11ng GCls l 
requires testing as does any other: although. here an expen or expen svstem is required to pronde the feedback that 
determines the success or failure of each test. Notice that the process of randomization is pervasive: It exists in the 
eeneration of a minimal set of test cases: it exists in the specification of a fuzzy program I i.e .. a mm1mal 
~epresentation of a program space whose instances approximate usefu l working programs): 11 e\lSIS in the reuse of 
expen systems for GUI design : and, it surely exists in all re lated software processes too detailed to be described 
here. Fig. 2 is a depiction of a fuzzy program wnnen in an extended version of the Lisp language [7] [8]. 

To construct software that is relatively bug-free. one needs to maximize the testability of every included software 
unit. This is necessary because. in keeping with the above arguments. software can only be cemfied in propomon to 
its having been tested using mutually random test cases that anempt to approximate the environment in which II will 
be used. For example. consider the development of the Fonran subroutine. Instead of transferring to different 
sections of possibly erroneous code. all these would-be calls are instead transferred to a parametized randomization 
of their semantics. The greater number of calls here serves 10 increase the number of tests made of the subroutine 
with the result that the overall quahry of the program is improved through the use 01 subrouunes. The same 
argument extends to the use of objects and components. Thus. we see that what may be termed. "randomized 
programming practices" results in impro,·ed code qualiry. 

EXPERT cm!PILERS 
Expert compilers were first defined by Geoffrey Hindin [9]. 1',o". 11 1s well-k nown that programmer producti,·iry 
bears proportion to the le,·el of the programming language in which a program mav be expressed. Thus. we saw a 
six-fold jump in productivity in the 70s when assemb ly-language programming gaw way to Fonran {i.e .. 3d 
generation language) programming. Smaller gains are reported for ob_iect and component-based programming due to 
complexity issues. Simply put. the new problem in mcreasing programmer producunty is that 3d generation 
1unl\·ersal) languages do not in effect subs11tu1e fo r user domain knowledee. One still needs to pro2ram everv 
domain detail to get the program 10 work as desired . Expert compilers re lax 0 th1s stipubuon b,· prondi~g for ru);. 
based knowledge insen1on . For example. consider the followmg 3d generation vs . expert compiled program. 

In Fig. 3. the expen rules act on the expert specifica11on to produce the 1h1rd cenera11on code. The rules have been 
o,ersimplified for purposes 01 illus1ra11on. :\ot,ce that the exrert spec 1ficot1on-,s at a h,eher level and thus easier to 
debug and be more productiw in through the use of the expert compiler. In fact. th; separation of the domain 
knowledge from the program knowledge may be newed as an extension of the 1rad111onal separation of the 
knowledge base from the mference engine m an expen system. !>io11ce the parallels with the introduction of the 
Fortran subrout,ne described above. That ,s. an expert compiler is yet another fo rm of randomization! 

In traditional software _engineering practice. an extensible language te.g .. Lisp) serves many of the same 
requirements for random1zat1on. However. the difference between an extensible language and expert compilation is 
that the knowledge 1s embodied m the obJect in an ex1ens1bk language. which tends to dehmn 11s reusability. Such is 
not the case with an expert com ·1 , . h · f · b JI I' . . P' er. ,~o". as t e size o me o ,1ec1 gets sma er. 11s reusabil11:y increases until rn the 
10111 11 offers the same ad,·antages oftered by an equl\·alent expert compiler. or so 11 would seem. What's missing 

from thi s argument JS any notion of execu11on efiic,enc,. That JS. as me obJects eet smaller. the proerams that thev 
detail tend to loose efficiency. - - · 
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I 

I 
Third Generation: 

Repeat 
Read x, y; 

Until 
y<> 0: 

ratio= XJy; 
If ratio > 0 then 

Print ratio 
Else 

Print ratio: 

Expert Specification: 

Read x. y; 
rauo = XI)': 

Print ratio: 

Fig. 3 The Power of an Expen Compiler 

Expert Rules: 

If"!'' Then denom <> 0 
If","' Then ratio T 

An expen compiler can optimize code and thereby offers the bener of two approaches. On the one hand. it frees t!, 
user to express a program in relatively simple and cognitively straightforward terms. On the other hand. the result"! 
sub-optimal program can then be automatically transformed into a more efficient form. For example. the typ1ol 

computer scientist will find it far easier to write an O(n') Bubble or Insenion son than he/she will to write ~ 

O(n logn) Quickson. They all may have the same test suite and the expen compiler can incrementally transfom 

one into the other given an economy of scale. Note that the details pertaining how to accomplish this could occu~ 
an entire volume. Thus. we necessarily concern ourselves with the concept for now. 

A simple expert compiler can become more complex by way of fusing a network of domain-specific knowledg1 
bases. Notice that as !llOre and more domain-knowledge can be brou2ht to bear on the compilation. the level of t!, 
effecti,·el\' transformed language can increase. Ali this ma,· be· succincth· stated to be a consequence o/ 
randomiz~tion. Moreo\'er. th~ l;nguage in which the rule predi~ates are repre;ented in each rule base can also • 
subject to expert compilation. We call this a knowledge-based bootstrap. Observe that it too is recognizable as bein! 
a higher-level randomization. Informally. we call this a capability for the dynami c domain-specific representation of' 
knowledge. 

Any network of expert compilers can grow to be exceedingly complex. After all. gi,·en that there will be errors. how 
does one trace a resultant error back to its source'_This problem can be accentuated through the use of asynchrono• 
MIMD architectures. The solution is to keep the human in the loop. Moreover. it is key to note that the mo• I 
reusable the representation of knowledge (and software). the greater will be the propagation of repairs. This follo,1 
because highly reusable components are invoked by many other components. C_orrecting one error then serves to 
correct many errors. Think ·of this as being the inverse of testing. where the higher the degree of reusability the mo• 
likely the program will be valid. 

What emerges from the pre\'ious discussion is the notion that hi2her-lewl software is going to be more structured m 
all its salient aspects. Instead of being hand-crafted. it will be as;embled - not bv hum;ns. but bv machines that we~ 
programmed for its assembly. The central thesis of this section is that higher stn";ctures necessarily go beyond the lax 
bounds imposed- by domain.,independent representation. While such representations account for objects ,~ 
components. they place the entire burden of assembly upon the user. Here. the knowledge source is a sole sourer, 
namely. the human. To climb above the third-generation plateau. one needs to capture domain-specific knowledge 
for reuse . Such is accomplished by an expert compiler. which effects in theoretical terms. semantic randomization 
Note that founh-generation languages may appear to get around this problem without resoning to expen 
compilation. but this is a con\'enient illusion . The reason for the illusion is that such laneuages are not universal. lni 
practical se nse. this means that they are not flexible or conveniently extensible . Als;, fi-fth generation languag~ 
(e.g. , Lisp. Pro log. er al.) provide tools for the construction of expert compilers, but are not expen compiled per se. 

CO'.'\CLLSIO:'\S 
Insight on whether or not the brain relies primarily upon a neural representation. a symbolic one, neither, or both 

_ will enable the construction of ever-more intelligent systems. Moreover, this paper suggests that a new view of 
software reuse will ernlve in the form of a taxonomy: 
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Level 5: Reuse requires a dynamic domain-specific representation of knowledge. 
Level 4: Reuse requires the application of knowledge bases \e.g .. expert compilers). 
Level 3: Reuse occurs in the form of objects and components. 
Level 2: Reuse occurs at the code level and allows for parametization . 

• Level I: Reuse occurs at the level of immutable code. 

Jf the brain is 10 follow this taxonomic description. then level I corresponds 10 declarati1·e memory. level c to 
procedural memory. level 3 10 physical creativity ( e.g .. substituting a barstool for a chair). level 4 to abstract 
creati1·it:y (e.g. , substituting a table for a chair), and level 5 10 creatil'e creativity \e.g .. who needs 10 SIi any·way?l . 

The reader may be curious as to why the fusion of brain science with software engineering in this paper. After all 
this is like comparing the proverbial apples and oranges. The connection again lies in the information-theoretic term. 
"randomization". Prarncally speaking. what software lacks in structure in the sense made clear by thJS paper. the 
human brain must supply in the form of knowledge . Now, randomization theory holds that the human should supply 
novel knowledge exactly once \i.e .. random input) and the machine extend that know ledge by way ofcapnalizing on 
domain symmetries (i.e., expen compilation). This means that in the future , programming will become more 
creative and less detailed and thus the cost per line of code will rapidly decrease. We have learned from various 
sources that the \\'bite House has chosen Lisp for programming some server-based applical!ons. It is claimed that 
they experienced a 500 percent improvement in productivity as a result of the extensible features imbued in this 
language. Again. this success story does not begin 10 touch on the possibilities offered by networked expen 
compilers of scale. According to Bob Manning [7], 

Processing knowledge is abstract and dynamic. As future knowledge management applications anempt to mimic 
the human decision-making process. a language 1s needed which can provide de1·elopers with the tools 10 achieve 
these goals. Lisp enables programmers to pro1·ide a level of intelligence to knowledge management applications. 
thus enabi ing ongoing learning and adaptal!on similar to the actual thought panems of the human mind. 

In conclusion. the sol ution to the software bottleneck wi ll be cracking the knowledge acquisition bottleneck in 
expen systems (compilers). We need to study knowledge representation and learning. rule-based compilers, and 
associated architectures. For example. it is possible that knowledge-based segments can be retrieved on demand over 
the Internet. which can provide the necessary economy of scale required for the successful implementation of 
networked expen compiiers [ I OJ . 
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ABSTRACT 
As Internet gains more and more mainstream users. the \Veb is evolving from its early browser-surfing model to tni 

point-aim-shoot model for quick and direct information access. The phenomenal growth of information sources on 
the Web has caused many Web users to suffer from information over load. This information overload is spawnin21 
dema~d for intelligent agent technology to alleviate Web users' overload. Intelligent agent technology is one of the 

fastest growing areas of research and new application development on the Internet today. Users see the potential fo, 

agents to perform many tasks, from the menial and routine, to the more complex· tasks. 

In this paper. we explore the technology spectrum of software agency. from what have been already implemented.ro 
the concepts and projects of the present that are more accurately described as intelligent agents and multi-agent 
systems. The scope of this analysis is focused on t?.e market for intelligent _agents on the Internet. 

INTRODUCTION 
W ~ can define an agent as anyone or anything that acts as a representative for another party. for the express purpo~ 
of performing-specific acts that are seen to be beneficial to the represented party. A software agent. which has been 
around for approximately fifteen years. is a software program that performs tasks for its user within a computing 
environment. Jechnically speaking. most fourth generation application software could be defined as agents. Every 
day we ask computers. through software. to perform hundreds of different tasks for us. essentially calling upon their 
agency attributes. As we descend deeper into the concept of agency. we can see that ther!! are distinct characteristiCI 
that collectively constitute an intelligent software agent. Intelligent software agents. or intelligent agents for short, 
are diffe·rentiated from other applications by their added dimensions of mobility. autonomy. and the ability to 
interact independent of its user's presence. When we introduce the additional element of intelligence to an agent. wt 

must include the ability for adaptive reasoning. This implies the capability to process information from external 
environments -- such as networks. databases. and the Internet -- gi,·en a set of knowledge. attitudes, and beliefs of 
the user. which are understood by the agent. 

The emergence of the Internet and the World Wide \\"eb has created a heightened demand for intelligent software 
agency. Frorn a function·a1 perspective. utilization of the Web is mo,·ing from a scattered browsing model to an 
efficient point-to-point information transfer niedium. This trend has (and is) driving the intelligent agent 
development from academic research environments and proprietary corporate uses to mass commercial usage. 

In this paper. first. we describe the key attributes of intelligent software agency in section 2. A short review on the 
reasoning and learning techniques are discussed in section 3. Next. an overview of agent communication languages 
is given in section 4. In section 5. we study the principal of composing an intelligent multi-agent system. and then 
we take a look at agent building environments in section 6. Finally. in section 7 and 8 a discussion on future of 
intelligent agents and a short summery are given. 

FVNDA\fE:\"TAL ATTRIBUTES OF I~TELLIGE:\'T SOFTWARE AGENCY 

There are six key characteristics of intelligent-agents that differentiate them from ot~er types of software 
applications [2.3 ). 

Autonomy · 

The intelligent agent must have the capability to take actions leading to the completion of some task(s) or 
objective(sJ. without trigger or impetus from the end-user. There must be an element of independence to the agent. 
Much as we expect with human agents. they take our direction. interests, wants. desires, etc. as input and go off on 
their own to perform the expected tasks. 
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Communication Abilitv 
Intelligent agents must, in the course of achieving their objectives, access information from third party sources about 
the current "state" of the external environment. This requires· an ability to communicate with the repositories of this 
information. This communication may be in the form of a singular request/survey with a simple and concise set of 
possible responses or it might be a complex communication with variable responses. Communication. however. 
could be on a higher level involving true dialog, as opposed to the protocol-driven. statement exchanges noted 
above. Agents reveal intentions and objectives. eventually coming to some agreement or .. contract." For Web-based 
intelligent agents. appropriate communication capability is critical for success. 

Capacitv for Cooperation 
A natural extension of the communication attribute is cooperation. Intelligent agents must have a collaboratiYe 
··spirit" to exist and succeed in what Lieberman [ 1] calls .. agent-oriented systems." The vision is for intelligent 
al!ents to work together to perform mutually beneficial but complex tasks. Sandholm [4] notes that this is where 
agency research crosses paths with research of .. distributed artificial intelligence." 

Capacitv for Reasoning and learning 
The ability to perform reasoning is one of the key aspects of intelligence that distinguishes intelligent agents from 
other more ··robotic'· agents. As Belgrave [3] describes, reasoning implies that .. an agent can possess the ability to 
infer and extrapolate based on current knowledge and experiences - in a rational. reproducible way." Base on my 
investigations there are five types of reasoning and learning scenarios: rule-base reasoning. knowledge-base 
reasoning, simple statistic analysis, fuzzy logic, and neural networking reasoning. 

Reasoning is highly dependent on the degree to which agents can carry what Sandholm (4) calls ··anthropomorphic" 
traits: ihat is. the ability to demonstrate ··human-like'· anributes of emotions. beliefs. and intentions. Wooldridge [2] 
refers to agents as "intentional systems" that have a combination of "information attitudes" (knowledge and beliefs) 
and ··pro-anirudes" (desires. intent, obligation. and commitment). Again. these qualities differentiate robust 
intelligent agency from scripted routine soft bots. Later we shall discuss reasoning and learning techniques in more 
details. 

Adaptive Beha,,ior 
\\'e have already proposed that intelligent agents must be autonomous and demonstrate reasoning. To maintain these 
capabilities. the agent must have some mechanism for assessing the current state of its external domain -- which we 
· define as the extent of the en\'ironment within the agent's reach -- and incorporating this into its .. decisions" about 
future actions. Agents should be able to examine the external en\'ironment (1.e. the Web) and the "success'' of 
previous actions taken under similar conditions. and adapt their actions to improve the probability of successfully 
achie\'ing their goals. 

Trustworthiness 
Essential to the acceptance of agency is a strong sense of trust that the agent can accurately represent the user, its 
client. This holds equally true for intelligent agents on the World \\iide Web. Intelligent agents must demonstrate 
what Wooldridge calls .. veracity .. and .. bene\'Olence.'' In other words. the user must be highly confident that its 
agents will act and report truthfully. and will act for the user's own good. Lieberman also notes that users must 
.. balance·· our comfort with the risk of delegation against the criticality of the task. especially before agents have 
estabiished a track record. 

REASO~ING TECH~IQCES 
Rule-Based Reasoning Techniques 
Of all the technologies used to build intelligent agents. the easiest to understand is rule-based reasoning, the basis for 
••inference engines~·. Anyone who has ever set up an e-mail filter knows about setting up rules. These are usually 
some form of IF .. . THE~ statements as in. "lfthe e-mail has PRICELINE in the 'From: · field. then put it in my air 
fairs folder." Users can specify the rules or the agent systems can supply the rules. after training. 

Agents use the set of rules to decide which action or actions they should take. ("'If a condition C is satisfied, then do 
action A.") These are usually called production rules in Al. A production rule has two parts. a left-hand side (LHS), 
condition C in the previous example. and a right-hand side (RHS ), action A. Multiple conditions and actions can 
occupy the LHS or RHS. respectively. \Vith multiple rules. one rule's action may cause the satisfaction of another 
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~le's conditions. This kind of chained effect is called forward chaining. which is widely ~sed in expert systems., 
problem with this.approach is that the user needs to rec~gnize ~h~ opportunity for ~mpl~ymg an agent. take the 
initiative. in programming the rules, endow the agent with exphc1t knowledge spec1fiep m an abstract language, ano 
maintain the rules over time. as habits or events change [4). 

IBM's RAISE (Reusable Agent Intelligence Software Environment) is an example of rule-based reasoning. RAISt 
inhe inference engine ofIBM's Agent Building Environment (ABE) deve~oper's toolkit. It ca~ per~orm mformat1oi 
flow functions: finding. searching. filtering, categorizing. storing. routing. and/or selectively d1ssemmatmg 
information items. Prototype applications for RAISE include e-commerce shopping. customer service support . .. 
workflow on the Web and in Lotus Notes. news. and e-mail. 

One problem with rule-based systems is that users must keep them up to date manually. These systems cannot 
change by themselves. A second problem is that complex sets of rules may develop conflicting rules that the agem 
can 't resolve. 

Knowledge-Based Reasoning Techniques 
One can build knowledge bases based on a specific subject area or domain. These then serve as the basis for some 
inference mechanisms, including the rule-based reasoning techniques mentioned above. Usually the developers or 
the knowledge engineers endow programs with information about the tasks to be performed in a specific domain, 
and the program infers the proper response to a given situation. The major problem with such systems is that they 
require a large amount of work from the knowledge engineers. Furthermore, the knowledge of the agent is fixed ano 
cannor be customized to the habits of indiYidual users. In highly personalized applications the knowledge engineer 
cannot possibly anticipate the best aid for each user in each situation [2.4 ]. 

The best-known example in this area is certainly Cyc. The Cyc knowledge base. from Cycorp. Inc .. based in Austin, 
Texas. is a formalized representation of a Yast quantity of human .. common sense" knowledge. l;nder development 
since 1984 by Al pioneer Douglas Lenat. the knowledge base has a core of over 1.000.000 hand-entered assertions 
( or rules) designed to capture a large ponion of the ··consensus knowledge·· about the \\'Orld. 

Cyc can be used to build Cyc agents. each of which shares a common core of kno\\'ledge. but possesses one or more 
additions to the core knowledge base that extend its expertise into new domains. Most importantly, the various Cyc 

· agents have the ability to communicate with each other and to perform inferencing in a collaborative fashion. The 
inter-agent communication works fle-~ibly by using an agent communication language like KQML. or some other 

· knowledge~sharing protocol. or one can use a more efficient (ye-specific protocol. Cycorp has cooperated with the 
Comput~r Science Depanment of the Univer:siry of Maryland in Baltimore County (UMBC) to develop a demo of 
such a distributed architecture. Thev ha\·e also wr-itten eatewavs. which dis1mise World Wide Web information 
sources as Cyc agents ( with a very iimited domain of e~penis~ ). aYailablt t~ operate in a distributed Cyc 
architecture. 

Even with the rule base_s and knowledge· bases mentioned above. we might still need to incorporate new knowledge 
into the intelligent agents during their lifetime. The agents would haYe to modifv their own behavior and extend 
their own knowledge. instead of relying on users to constantly modify. and pos;ibly mess up, the rule bases and 
knowledge bases. Learning refers to this modification of behavior as a result of experience. That is the next step. 

Simple 'statistical Analvsis 
The simplest learning!feasoning technique that an intelligent agent can use is statistical analvsis. It can determine the 
temporal or non-temporal correlation among c\·ems of interest. Charles River Analytics' Open Sesame and General 
Magic's Magic Cap are two Such examples . The former periodicallv scans and analvzes 'the logs of user actions to 
find repeated sequences of actions. The latter recognizes frequent!:/ contacted peopie by their first names. EVA 
(evolving agent) technology uses statistical analys_is to find terms that co-occur and should be added to a query [1,2]. 

Fuzn Agents 

· W?en ~n a.~e~t nee?s to reason with imprecise or incomplete information, or the domain variables are expressible 
using lmgu1~t1c variables. such as the words or adjectives we use to describe our world, fuzzy logic is a useful tool. 
Fuzzy logic 1s a form of logic used in some ex pen systems in which variables can have degrees of truthfulness or 
falsehood represented by a range of values berv,een 1 (true) and O (false) . A package called .. ~uzzyEX:pert" from 

86 



Indigo Software can embed fuzzy logic directly into agents. Using fuzzy logic. we can design decision support or 
crisis management systems that offer a range of alternative actions to solve a problem [2]. 

Neural Networks 
Neural networks are the ultimate black box in computing. Like the brain. they consist of a set of interconnected 
nodes. like a·web. Each node has a weight assigned to it. Like brains. neural nets need training by experience. 
Training sets of data. in the case of an infonnation system. consist of two parts: the set of training data and the 
"ri!!ht'" answers extracted from that data. For instance.- if we fed a document about alli2ators into the neural net. we 
might expect it to assign .. alligators" and perhaps "'amphibians" as the major subject h;adings or "right'' answers. 
The neural net keeps trying connections until it gets the answer right. 

Neural nets are tricky. They need training with large amounts of data in order to develop the right panerns. They can 
perfohn non-linear mappings between their input and output panems. The most popular type of neural networks is a 
three-layer, feed-forward neural network. which consists of an input layer. an output layer. and a hidden layer. Each 
of these layers consists of one or more processing units (or neurons). Each unit in a given layer connects with all the 
units in the neighboring layers. but not'with those in the same layer. Each unit receives inputs from the units. one 
layer below it and sends outputs to the units one layer above it. Each connection is associated with a weight. which. 
conceptually. represents the strength of the connection between this pair of units. Given a set of weights. the entire 
network can be thought of as a mapping from a set of input vectors to a set of output vectors. If we embed such a 
neural network in an infonnation agent, the input vector could represent a set of query terms. while the output vector 
could indicate the ··relevance" of the input vectorto a certain information need (2). 

Neural networks handle unstructured data or noisy data effectively. These are often difficult to process using rigid 
reasoning techniques. Agent systems may identify sequences of user actions. like statistical analysis. and train 
agents to automatically assign documents or Web pages to pre-defined categories. as in Autonomy's Concept 
Agents or TextWise ' s EVA Agents. 

E"olutionar\' Computing 
Intelligent agents based solely on neural networks can only learn locally: that is. their learning experiences are 
restricted to the documents they ha\·e scanned or the Web sites they have traveled through. Due to the vast and 
growing nature of _online information repositories. a single agent can only investigate a tiny fraction of all available 
information in any reasonable timeframe. To expand the learning horizon and to create more intelligent agents. one 
needs a learning algorithm. such as a genetic algorithm. that can operate at a higher level and view things from an 
inter-agent perspective. By approaching the learning algorithm from two different levels - the local level of 
indi\·idual agents and the global level of inter-agent operation - we can ensure the optimization of each agent from 
local knowledge. while genetic algorithms will act as a "driving force" to evolve the agents collectively based on 
global knowledge. The goal is to "breed" a new generation of agents that benefit from the learning experiences of 
indi\·idual "parent" agents and the collective learning experiences of previous generations [2] . · 

Evolutionary computing uses biologically based ernlutionary processes as a model to design and implement 
systems. The most popuiar examples of ernlutionary computing are genetic algorithms. They work by maintaining a 
population of possible solutions ( chromosomes. or agents m our case). Successive evaluations of the performance of 
the agents determine which unfit set of agents to terminate, and which fittest set of agents to recombine to produce 
(or reproduce) possibly bener agents . 

TextWi·se is developing an EV A technology under a contract from the ~ational Imagery and Mapping Agency (the 
Pentagon agency formed after the Gulf \Var to expedite dissemination and exploitation of imagery intelligence). 
EV As build on so-called neuro-genetic algorithms. mimicking natural selection by terminating poor performers and 
combining successful ones to produce new offspring and create an agent-based search-and-retrieval system for 
unstructured data. This combines neural nets with natural language processing and a genetic algorithm, enabling the 
system to learn at two levels. 

AGE\T C0'.\1'.\lt:'.\ICA TIO:\ LA!\GUAGES 
The concept of a standard communication language for agents has great appeal. Many agent researchers believe that 
the development of an effective, rich agent communication language (ACL) is one of the keys to the success of 
intelligent agents . Knowledge Query and Manipulation Language (KQML) is the first ACL that has substantial use. 
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KQ.ML is a language ancl protocol for exchanging information and knowle~ge, ~hich is _the de facto standard for 
agent communication languages [6]. However. there are still no fixed spec1fi~at1ons. no _interoperable . 
implementations, and no agreed-upon semantics. FIP A (Foundation for Intelligent Physical A~ents) currently 1s 
addressing all these problems. FIP A ACL is a well-specified standard based on fonnal semantics, but unfonunatel)' 
we could find no readily available implementations. 

In addition, Object Management Group (OMG) has introduced a new standard Mobile Agent Sys~em _ 
Interoperability Facility (MASIF) [ 1 O]. which is considered a milestone on the ~oad toward enabling loc~uon . 
transparent interactions between static and mobile objectsiagents. The idea behmd the MASIF st~ndard 1s to a_chtel'e .. 
a cenain degree of interoperability between mobile agent platforms of different manufacturer~ w1th~ut enforcing 
·radical platform modifications. The interconnection of the distinguished MAS IF components 1s realized by means o[ 
a communication infrastructure. The most imponant aspects of MASIF are agent management. agent transpon. 
agen_t tracking and agent security. 

Developed by Fujitsu Laboratories of America, Agent Process Interaction Language (April) is another older 
example of agent languages with built in communication capabilities used for building agent applications that 
suppons multitasking. network transparent message passing, and symbolic processing. The language is high level 

. and yet offers a simple and.smooth interface to other programming languages such as "C" [11]. 

NEW PRINCIPALS OF COMPOSING INTELLIGENT MULTI-AGENT SYSTEMS 
New developments in parallel systems. digital information superhighway protocols. distributed operating systems 
and distributed databases have provided the means for industry to develop distributed. intelligent multi-agent 
indu'strial applications. As Braiier express in his paper on multi-agent systems [5]. It is important that the basic 
principles and lessons of software and knowledge engineering are applied to the development and deployment of 
such multi-agent system?. From Brazier and some other researchers point of view to design an intelligent multi
agent system. the process and the knowledge base section should be composed separately and systematically. 
Ptoc.ess composition. knowledge composition, and the relation between these two are discussed in this section. 

Process Composition 
Process composition ·identifies the relevant prpcesses at different levels of (proce·ss) abstraction. and describes 
how a process can be defined in terms of lower level processes. 

ldent(fication of Processes at D((ferenr levels of Abstraction: Processes can be described at different levels of 
abstraction; for example. the processes for the multi-agent system as a whole. processes within individual agents and 
the external world. and proc.ess~s within task-rel_ated components of individual agents. Different views can be taken: 
a task perspective and a multi-agent perspective. The.task perspective refers to the view in which the processes that 
need to perform an overall_task are distinguished. These processes (or sub-tasks) are then delegated to appropriate 
agents and the external world. The m.ulti-agenr perspective refers to the view in which agents and one or more 
external worlds are first distinguished and then the processes within them. including age~t-related processes such as 
management of communication. are differentiated. 

Composition Relation for Processes: The way in which processes at one level of abstraction are composed of 
processes at the adjacent lower abstraction level is called composition. This composition of processes is described 
by the possibilities for information exchange oetween processes tstatic view on the composition). and task control 
knowledge 'used to control process.es and information exchange (dynamic view on the composition). 

Knowledge Composition 
Knowledge composition identifies the knowledge structures at different levels of (knowledge) abstraction, and 
describes how a knowledge structure can be defined in terms of lower level knowledge structures. The knowledge 
abstraction levels may correspond to the process abstra.ction levels. but this is not often the case. Most of the times, 
there are more than a one to one correspondence between process abstraction levels and knowledge abstraction 
levels. .· 

ldenr((ication if Knov.-Jedge Structures at Different Abstraction Levels: The rn·o main structures used as building 
blocks to model knowledge are: information types and knowledge bases. Knowledge structures can be identified and 
described at different levels of abstraction. At the higher levels the details can be hidden. The resulting levels of 
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knowledge abstraction can be distinguished for both information types (describes objects or terms. their sons. and 
the relations or functions that can be defined on these objects) and knowledge bases (defines a pan of the knowledge 
that is used in one or more of the processes). 

Composirion Relarion for Knowledge Srructures: Information types can be composed of more specific information 
types, following the principle of compositionally discussed above. Similarly, knowledge bases can be composed of 
more specific knowledge bases. The compositional structure is based on the different levels of knowledge 
abstraction that are distinguished, and results in information and knowledge hiding. 

Relation between Process Composition and Knowledge Composition 
Compositionality of processes and compositionality of knowledge are two different dimensions. Each process in a 
process composition uses knowledge structures. Which knowledge structures are used for which processes is defined 
by the telation between process composition and knowledge composition. The compositional knowledge structures 
can be related to one or more compositional process structures, where needed. 

AGENT BUILDING ENVIRONMENTS 

There are several agent-building environments available in market. Here are some more popular ones: 

IB:\f's agent building environment (ABE): This is a tool kit for softv:are developers to make it easy to build an 
application based on agents. or to add them to an existing application. The agent watches for a cenain condition. 
decides what to do based on the rules you've given it. and triggers an action as a result. The architecture enables 
consistency. reuse of pans. and future flexibility in building new Agent-Enabled applications. ABE is based on the 
following key pans: Engine. the Agents "'Brains", Knowledge. what the Agent Knows. believes. and thinks. stored in 
the Library~ A.d.::iprers. the ··eyes. ears and hands"' of an agent. and Views. the human interface to the agent to instruct 
it what to do [7). 
Java 'Agent Template (JAT): The JA T provides a full y functional template. written in the Ja\'a language for 
constructing software agents that communicate peer-to-peer with a community of other agents distributes over the 
Internet. JA T agents can be executed as either stand-alone applications or as applets via the applet viewer. JA T 
should be used as a platform for building a wide range of agents for different domain applications. 
Jam Agent ,1anagement (JA!\1): The Columbia JAM project is building an infrastructure for launching Java
based learning agents over network-based information systems that then spawn learned "classifier agents". These 
classifier agents migrate to other sites and are combined by "meta-learning". The "meta classifier agent" can then 
migrate as well to harvest addiuonal knowledge from other agents [8). 
rn,1 Knowledge l itilitv (KnUt: KnU is a general-purpose hypermedia system offering intelligent information 
retne\·al and man.:igement. K.nL al lows groups of users to weave together al l forms of data. connecting knowledge 
into meaningful patterns. which aid users in retrieving appropriate information [9 ). 

THE FUTURE OF l'.\'.TELLIGE!\T AGE~TS 
The future success of intelligent agents depends on resol\'ing the technical issues and being socially acceptable. 
Agent researchers must concern themselves with the emotional reactions produced by their users . Users must trust 
and enjoy using their agents. In the shon term. more elaborate information agent applications will be available. With 
the acceptance of agents by the \Vorld Wide Web. communication between agents will have to be legally and 
ethically justified as follows: 
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Legal issues. Agents m~st: • Be who they say they are and represent whom they claim to be repre~enting. . , 
Maintain a user's pri\·acy, i.e. ensure that third parties cannot use another user·s agent an~ execute It for their own 
gains. • Wh.en a user relinquishes some of his responsibility to one or more software agents. s/he should be aware of 

the authority that is being transferred. 

Ethical issues. Aeents must:• Identifv themselves.• Moderate the pace and frequency of their requests to some 
server. • Limit th~ir searches to appr~priate servers. • Share information with others. • Respect the authority placeo 
on them by server operators. • Leave the world as they found it. • Limit their consumption of scarce resources. • .. 

. Not allow client actions without knowing the outcome. • Not destructively alter the world. 

Technical issues. • Legacy systems: techniques and methodologies need to be established for integrating agents ano 

legacy systems. • Cash handling: How will the agent pay for services? • How can a us~r ensure that it does not 
accumulate outrageous bills on the user's behalf? • Continuous improvement and extension of agent intelligence. 
• Can agent-learning lead to instability of its system?• How can be ensured that an agent does not spend (too) mucn 
of its time learning. inste~d of participating in its set-up? • What will be the effect on performance of having 
hundreds, thousands or millions of agents on a network such as the Internet (or a large WAN)? 

SUMMARY 
An overview of fundamental attributes, reasoning techniques. communication languages. principals of composition 
and buildi_ng environment for intelligent agents were given. In our opinion the development of agents will continue 
to be an area of research and development. However. as we have outlined. there are major legal , technical and 
ethical is.sues tq be resolved. Unified agent architecture must be developed and accepted by the major players in the 
industry. The pace of development will depend on as much on market acceptance and monetary gain as on 
technological development. 
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ABSTRACT 
In the past decade. the revolution of the Internet throughout the computing world has enabled the \vi despread 
dissemination of information worldwide. Therefore. there are so many search engines available. whose aim of 
enhandng people·s needs for finding and accessing information in the worldwide web. There are few search 
engines. which interpret the user·s queries based on natural language search technology. This paper is an anempt to 
study how the popular search engines use the natural language search technology. The paper will present 
suggestions to improve the ability of search engines to efficiently use the natural language capability and give more 
user-friendliness. In addition, this paper will suggest a prototype for a prolog based meta-search engine. 

I~TRODUCTIO~ 
In this discussion. we look at a prototype of a search engine based on Natural Language Processing. Its focus will be 
in understanding the user's queries based on Natural language Processing. The system developed should inherently 
ha\·e the knowledge to understand the user's queries and return the desired results. As a motivation for this work. we 
describe the functioning of current search engines and their positive and negative features. In the next section. we 
look at natural language processing in detail .The fourth section talks about Meta-Search Engines. Then in the next 
section we gi\·e the reasons for choosing Prolog and define the prototype for prolog grammar. Finally we conclude 
and d!scuss the prospects of this idea. 

SEARCH E!'-GI~ES 
The term "Search Engine .. is used generically to describe both true search engines and directories. Search Engines 
crawl through the web and create their listings automatically. and people search through what they have found. A 
directory depends on humans for its listings. A short description about a Webster is submined to the directory for 
re\·iew. and search engines look for matches only in the descriptions submttted. A directory is not dynamic like a 
search engine. which will note any updation of a WebPages after a period of time. Some Search Engines are hybrid; 
they also have an associated directory maintained along with the index. 

Search Engines can be seen has ha\ing four major elements . First is the User-interface and the software that gets the 
query from th~ user and conYerts the user · s quer:es in to its own format. which the s~.irch engine can process.. Next 
is the Spider. also known as the crawler. The Spider is a program that Yisits WebPages. reads them and then follows 
links to other pages within the site . The objecti\·e of the Spider is to visit all the WebPages. so that they can be 
indexed. The spider periodically \·isits \\" ebPages once every month or two. to look for changes. 

Everything the Spider finds goes into the next pan of the search engine. the index. The index. also called the catalog, 
is a giant book containing a copy of e\·ery ·webPages the spider finds. If the contents of a WebPages are changed, 
the index is updated after the spider visits the page again . 

Search engine software is the fourth part of a search engine. This program sifts through the thousands of pages 
recorded in the index to find matches 10 a search and r~mk them in Its logic. 

Different Search Engi'nes 
The Worldwide \Veb is a mammoth network of information and Search Engines serve as keys to the users to access 
the information. There are numerous search engines a\'ailable and no search engine is a panacea for the needs of all 
the users. The most popular search engines of today are Google.com. Yahoo.com. Altavista.com, Askjeeves.com, 
Hotbot.com, and Excite.com. These search engines use different technology 10 search and rank the WebPages. This 
technology differentiates one search engine from the other in efficiency and in finding relevant results. The 
technology behind a search engine comes 10 picture in two places, first is how the data collected by the spider is 
stored in the index and ranked. and the next one is how the user's queries are interpreted. Most of the currently 
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popular search engines require the user to type in cryptic keywo~ds, which does not work if the . user is no1 

experienced in using the search engine. Therefore, a good search engme should allow the user to type his quenes ai 
a question. 

Where Do Todav's Search Engines Fail? . . 
To simply put it, the current search engines are not intelligent. That is the search_ e~gmes e;l(pect Its user to~ 
intelligent enough to type the keywords in a cryptic way to get the desired results. This ~s because most of the searcn 
engines perform a Boolean search of the keywords typed by the user. The search engme~ do not allow the ~s:r to 
search his needs by typing a question in English (which is the most widely used language m the world and\\\\ \\' l, 
Moreover. the search engine that claims to use Natural language processing. Askjeeves.com gives absurd results for 
simple questions. Ifa simple query .. what is nature?" is asked. the search engine returns results about the magazine 
called nature. · It seems the search engine tries to answer the user's queries by hard coding cenain common queriei 
and searches. Google. which is the current popular search engine, performs very well sometimes when a question is 
typed instead of keywords. This shows that the kind of natural language processing that is used currently to fino 
information in the WWW has nothing to do with real natural language processing. 

The other area where the current search engines fail is in indexing all the pages available in the Web. According to 
the latest surveys, there are over two billion pages in the Internet and every day about 7 million new pages are 
added. Moreover. the current search engines in total only cover one billion pages. . 

Google is one search engine which seems to be going in the right direction as it is aiming at searching information 
on the web -based on the contents and not only based on keywords. This could be only achieved by adding Artificial 
Imelligen~e.capabilities to the current search engines. This will change the whole search engine concept from being' 
an Exclamation point search to a Question mark search. That is going to make the searching process user-friendlier 
and less cryptic. In additi_on. this will make sure that finding relevant information on the web is not just a factor of 
luck. · 

~ATURAL LA!\GUAGE PROCESSl!\G 
Searching is a language game. To allow the users to enter their queries in natural language will make the searching 
process more efficient. This will result in the _user finding what the user actual!~; wants to find. The use of natural 
language processing. a topic in Al will make the searching process a more pleasurable experience for the users. 
Discovering patterns and templates results in learning. _ Natural Language processing assumes that if we can define 
the patterns and describe them to a computer. then we can teach a machine to understand natural language. Humans 
extract meaning_ from text or spoken language on seven levels. It is important to understand these levels before 
trying to use ~arural language Pr_ocessing for an)~ a~plication. 

Phonetic or phonolo~ical level is the understanding of the me:mirn.! of the words bv the wav in which thev are 
pronounced. This lev~l is not in:iportant for ,~·ritten -t~xt in infonnatio-n retrieval syste~s. Morphological level ;efers 
-to the understanding of meanings based on singular and plurals of words. This is important as some search engines 
give absurd results as they fail at this level. . 

Syntactic level is an important level for a search engine. As the user's queries have to be syntactically parsed based 
on a grammar to understand the meaning of the question. This level identifies the role each word play in a sentence 
and the word's rela.tionship to the other words in the sentence. This helps us to understand the meaning of sentences 
although we -may not know the me;ming of some words. Most of the current search engine does a good job at this 
level. 

Semantic level goes deep.er into a sentence ·by examining the words for their dictiona'ry meaning and more 
importantly derives the meaning from the context of the ·sentence. This level recognizes that most word has more 
than one meaning and the rest of the sentence can help to identify the appropriate one. The next level to be 
considered is the discourse level. which considers the different kinds of text and uses document structure to extract 
addition~! meaning. This level is not applicable for a search engine. as it deals with only single sentences. 
Pragmatic level_ depends on the body of knowledge about the world that comes from outside the contents of the 
document. This requires a knowledge base to be developed for a search engine. This level tries to find out the 
common sense meaning from the given sentence. -
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How Can Natural Language Processing Help In Searching The Web? 
Natural Language processing will enable the users to type English questions. while searching for information on the 
web. This will allow users who are not experienced in using the Internet to find the information they want. So a user 
can use a search engine although he does not understand the way the search engine works. This will allow the user 
virtually talk to .the computer. This will have a great application for customer care in industries. as the users can ask 
questions to a knowledge database about their problems. 

Steps In ~atural Language Processing 
for a search engine not all the levels of Natural Language Processing is required. The relevant levels are the 
Svniactic. the Semantic and the Pragmatic levels. Syntactic analysis is a well-developed area in Natural Language 
P~ocessing. It deals with the syntax of the Natural Language. This analysis tests if a sentence is legal according to 
the defin,ed grammar and the grammar is used to develop a structure representation or a parse tree. 

Natural language is ambiguous by nature. A sentence can be interpreted in many ways. However. the computer or a 
search engine needs to know that exact meaning of the sentence to do any meaningful processing. Semantic analysis 
helps us to find a meaningful parse for a sentence. The grammar used in semantic analysis is similar to the syntactic 
analysis except that the categories used are defined semantically as well as syntactically. Precise meaning is often 
carried by noun phrases, i.e., two nouns together that mean something quite different form their constituent words. 
By using both syntactic and semantic analysis, natural language processing 

Pragmatic analysis is the final stage of analysis of a sentence. The meaning of the word is elaborated based on the 
contextual and world knowledge. Here the search engine has to be intelligent to decipher what the user actually 
wants. 

Grammars And ,1ethods In ~atural Language Processing 
For sy~tactic analysis many different grammars and parsing algorithms have been developed. We will discuss some 
of the common ones and the ones. which will be used for the search engine. The simplest style of grammar is the 
Context-free grammar. Context-free grammar is a set of recursive rewriting rules (or productions) used to generate 
patterns of strings. A simple rewrite rule is as follows: 

S --> np Yp 
np --> det n 
np --> det adj n 
,·p --> \" np 

where : 
s stands for sentence 
np stands for noun phrase 
,·p stands for verb phrase 
det stands for detern1iner 
n stands for noun 
v stands for \'erb 
adj stands for adjective 

Parsing of ''The cat ate the big fish .. with the simple grammar results in the following parse tree. 
s 

Det !\ V NP 
The cat ate 

~ 
Det adj N 
The big fish 
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C~ntext free grammar is simple and it consists entirely of rules with a single symbol on the left-hand side. Howe\'er. 
it is powerful enough to describe most of the structures in natural language. 

MET A-SEARCH 
Since the Internet is so huge. it is not easy to create a whole new index for the Internet. rather it would be _wise to u~ 

· the indices and databases of the current popular search engines effectively. This what a Meta~search e~gme does.A 
meta-search engine gets the keywords from the user, processes it, and sends it to different ~earch engines. Andtni 
search e~gines gives results immediately back, the meta-search engine .The meta-search engme filters the result ano 

ranks them and presents it to the user. 

HTTP Search 
Engine 

8 
Search Services 

Search 
interface 

Inform. 
lntegrati 
on 

Search 
Engine . 

Client 

HTTP 

y 
Wrapper 

The meta-search engine· s architecture i~ mainly based upon a CG I script. which triggers the above-mentioned. 
processes. The meta-search engines queries the different search engines with different indices and databases. The 
queries are the syntax of a search engine. which is . formed the Mete-search engine. which is sent to different search 
engines. The results from the different search engines are Wrapped using rankings. 

Efficiencv Of Meta-Search 
A mer-search will co\'er more \'{ebPages for its search as it uses the indices and databases of many search engines. 
This ensures that it is better than using search engine. if the results from the search engines are processed with some 
intelligence and presented to the user. 

A Sever-based search engine will be better. as for the .user it will look like just another search engine. In addition, 
this will give better results than a simple search _engine . The efficiency of a meta-search engine is found by 
comparing the results of the meta-search engine to :a search engine, which gives most results, the duplicate results 

· form different search engines shou.ld not be included. · 

PROLOG 
If a logic programming language is used for Natural Language processing it will be easier to implement the concepts 
of Natural language processing. Pro log is a programming language based on Logic. Pro log is a procedural language. 
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It has a searching mechanism built in to search through databases, and the language does a lot of work. Searching 
which has to be programmed in other languages is automatic in Pro log. In addition. the syntax of the language is like 
English. Therefore, Prolog is a good language to implement the Meta-search engine. 

Prolog Grammar 
In Prolog. we have to define the grammar that has to be defined for usage for parsing the queries of the user. A 
prototype grammar for the Prolog meta-search engine will be like this : 

s --> np vp 
np --> det n 
np --> det adj n 
np --> pre np 
vp --> v np 

Where pre stands for preposition. 

This grammar was defined taking into consideration that most of the queries that will be processed will be in the 
form of a question. This is the resultant tree of parsing a question, ·· what is the capital of Cuba "? 

The capital 

Prolog \1eta Search Engine 

PP. 

jsition 
Of 

'oun 
Cuba 

The Prolog meta-search engine must parse the user·s queries and find the keywords and use its knowledge base to 
understand what the user acrually means and form the correct syntactical query that has to be sent to different search 
engines. In addition the Meta-search engine must collect the results from the different search engines. filter them 
based on ranking. and present them to the user according to the best hits . 
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Prolog Meta search 
engine 

HTML page with 
the results 

> 
Prolog Crawler 

<-.-------------..... _ 

Pro log Meta-Searc'h Engine Prototype. 

CONC,LUSIO~ 
We have described the design to develop a basic meta-search engine based on Natural language Processing. In 

addition. the use of Pro log will make the implementation of the natural language processing concepts easier and the 
searching procedur~ natural as Prolog does searching of database automatically. 

The ideas suggested here need to be developed after doing more research in the semantic and pragmatic areas. The 
Pro log meta-search -engine, when implemented will be efficient that the best search engine a\'ailable because of its 
Natural language processing capabilities and the usage of the indices and databases of different search engines. 
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ABSTRACT 
Programmable devices play an increasingly important role in digital design and implementation processes. One of 
the leaders. XILINX 1 Corporation. in pannership with XESS: and Digilent3 corporations, offers affordable FPGA 
(Fielc! Programmable Gate Array) boards for universicy,college-based training5

. Author shares his experiences in 
implementing FPGAs in computer1electrical engineering sophomore and electrical engineering technology freshman 
courses. 

POGRAMMABLE DEVICES 
Configurable computing with programmable devices offers a new approach to computer/digital circuits· design. 
Reconfigurable devices are preferred choice in many applications in the high technology industry due to their 
programmability feature. In many instances programmable devices became preferred choice over general 
microprocessors. or application-specific integrated circuits. FPGAs consist of arrays of configurable logic blocks 
that realize logic function. Two industrial leaders in programmable devices are XILINX and AlteraJ . Field
programmable gate arrays. or FPGAs-hardware circuits that can be modified at almost any point during use gained 
high tech industry wide acceptance. 

Xilinx Programmable Logic has become the essential design element in electrical and computer science departments 
around the world . The textbook \.\Tinen by Mano and Kimet, . used by the author. is an excelient text. which comes 
with software. Foundation by Xilinx. Laboratory textbook. by Da\'id Van den Bout-. with many examples. is an 
inrnluable source of information. Many educators in the area of digital systems analysis and design published 
anicles on digital design incorporating FPGA. 8

·
9 

A question faced by any instructor covering digital education is how to integrate this new technology with standard 
digital courses. The answer comes naturally. considering the fact that students appreciate state of the art technology 
and are willing to go extra mile to learn about it. To be specific. in digital education arena. students start initially 
with discrete TTL devices. which require a lot of wire cuning and clipping and migrate to "sofh.vare-like" hardware 
descriptions. By doing so students could do much more challenging designs . 

The author w:is using FPGAs by XILI~X with boards made by XESS and Digilab (see fig . I) corporations. Students 
completed digital design projects stamng first with discrete de\'ices and completing semester projects using · 
software and FPGAs to implement their designs. 

EXAMPLE OF STUDPff LAB ASSIGNME!'-T 
I:\ ELECTRICAL E~Gl:\EERl~G TECH:\OLOGY PROGRAM 

EET 120 
Digital Circuits Laboratory 

Spring 2000 

Field Programmable Logic De\'ice: FPGA 
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Title: FPGAs; Design. Design Implementation using XILINX's Foundation Series Software and Xlll~X 

XS40 Board. 

Objective; To learn FPGA programming u~ing XILINX software and hardware. 
After completing this lab, student will be able to: 

• Create a completely new design from a "clean sheet" start to downloa~. - . 
• Understand the basic design flow, as composed of Design Entry. Design Implementation. 

and in-system verification. 

Description of the Foundation Software Project Manager main window: 
• Project Manager window will display three panes (A.B.C): 

Procedure: 

A (left-hand) 
• Files tab: source files and libraries 
• Versions tab: design implementation files created by Foundation 

B (right-hand) . 
• FlO\Vtab: tools used in a design flow 

• ➔Design Entry (to create a design): HDL/ABEL Editor, State machine, 
Schematic Editor 

• Contents tab: show the status of thdiles in your project 

• Reports tab: lists the report files generated by tools 
, • Synthesis tab: activates the logic synthesizer 

C (bottom) lists diagnostic messages generated by Foundation. 

1. Creating a ne\\: design with XILl~X Foundation Series Schematic. 
• Objective: To create project file . Create a main directory for all your projects. (For example 

C: \XCPROJ). Start Foundation Series: Start ➔. Programs➔ Xilinx Foundation Series➔ Xilinx 
Foundation Project Manager. In the New Project sub-window ent~r the Project Name(YOUR_FILE), 
Project Directory. Type of Design Flow (Schematic). Chip Family, Chip Part Number, and Device 
Speed.Then click OK to rerurn to Project Manager window. A new project initial file (YOUR_FILE) 
is created for you. 

• Obj~ctive: To create a design using Schematic Editor. From Project Manager window, click on the 
Design Entry ➔ Schematic Editor ttrnte button) . Build your logic circuit using a library. Wire all 
elem~nts using µ ·ire icon . L;se input (IBL F)anci output buffers (OBUF). and input and output 
terminals. Assign names to input and output terminals. 

• Objective: To check for errors . Select Options➔ Create Netlist. This will activate a program that 
examines the schematic dra\\·ing . Select Options➔ Integrity Test to initiate an error check on the 
netlist. Then save the schem~tic using the File➔ Save menu item. 

• Objective: Export the netlist for the design. Click Options➔ Export Netlist. An Export Netlist window 
will appear. Select Edif 200 [*.EON] (standard format used by Foundation). Click OK. Next, select 
File➔ Exit to close the· schematic editor. 

• Objecti\'e: To add the created file to project files . From Project Manager window select 
Documem➔Add . .. and list items of type *.SCHtschematic) in the dialog wmdow. Highlight the 
created file and click Open . 

2. Functional Simul~tion of the Design . . 
• Start the functional simulator by clicking Simulation Button in the Flow tab of Project Manager 

window. Logic Simulator with Wa,·eform. Viewer \Vindow will appear. 

• Select inputs and outputs by selecting S.ignal➔ Add Signals .. menu item. The component Selection for 
\Va\·eform Viewer window will appear. Click on input to highlight it anq then click on the Add button. 
The marked input wil-1 appear in the Waveform Viewer and a red checkmark will appear by selected 

. signal. Repeat for all inputs and outputs. Close. · 

• Apply a stimulus. Select Signal➔ Add Simulators menu .- Simulator Selection window will appear. 
Select Be (binary counter) Click on input and then. on proper bit-circle in Be section. Repeat for all 
inputs. Close Simulation Selecuon. 
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• Select Options➔ Preferences in Logic Simulator to select BO period. Click OK. 
3. . Compiling. the Logic Design. 

• Pin Assignments. Assign the inputs and outputs to pins of the chip. Enter the pin numbers as attributes 
of the IBUF and OBUF buffers in the schematic. Double-click on the IBUF/OBUF attached to the 
.input/output terminals. That brings up Symbol Properties window. Assign Parameter Name(LOC). 
Description (Use p44,p46, p47 for Inputs, and p25,p26 for Outputs). Click Add. Click OK. 

• Compiling a bit stream. Select Project Manager➔ Implementation in Flow tab. Click Run. The Flow 
Engine window will appear showing the processing steps (Translate, Map. Place&Route.Timing. 
Configure). Each stage will change from Running to Completed as it finishes. If there is a problem an 
Aborted label will appear. After all stages are completed. a pop-up window will appear indicating the 
success or failure of the compilation process. Click OK to return to Project Manager window. Select 
Reports tab in the right pane of the Project Manager window. Then double-click on the icon labeled 
Implementation Report Files. Report browser window will appear. 

Check the content of Place&Route Report: 
• How much of th~ XC4005 FPGA was used to build the circuit? 

And Pad Report: 
• Did the compiler assign the inputs and outputs to the pins you requested?. 

4. Downloading the Logic Design to the XS40 Board. 
• Connect the XS40 Board to the parallel port. Open a DOS window. Type: 

CD:\XCPROJ\YOUR_FILE. and then issue the command: XSLOAD YOUR_FILE.BIT to download 
the design ·circuit into FPGA on the XS Board. Upon completion of the XS LOAD command, the XS40 
Board will be programmed with YOUR_FILE logic. 

5. Simulation. Observing the results on LED segments . 
LED and PI~s 

LED 

S6 

S5 □ S4 
S2 LJ SI 

so 

Pin 25 = segment SO 
Pin 26 = segment S 1 (for full adder) 

• Once a bit stream is downloaded. push 3bit ( in the case of Full Adder) \·ectors directly onto the FPGA 
by typing at the DOS prompt: "xsport 001" for inputs 0.0.1. Check all 8 combin_ations of inputs. 

• The simulation results should match results of the Logic Simulator. 
Submit written report of the design process performed using Foundation Software and XILINX hardware. 

Good example -of the electrical engineering technology freshman Digital Systems class illustration can be a full 
adder. where students enter the design using schematic editor. which is similar to the schematic editor of the 
PSPICE.1

(J 

In the case of sophomore electrical 1computer engineering student' s examples of the design projects covered: 
1. Traffic Light Controller with Walk Requests 
2. Digital Lock (panem recognizer) 
3. Candv Bar Vendin!! Machine Controller. 

Student can u;e a schematic-editor. a state diagram editor. or an ABEL hardware description language to enter the 
design for implementation. Level of difficulty increases with a specific order indicated. i.e. , going from schematic 
editor to programming language. 
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CONCLUSION 
Programmable devices became broadly accepted by industry and higher education institutions are incorporating 
them in digital systems courses. The instructor's role is to facilitate smooth transition for students from a discrete 
circuit approach to an application of programmable devices such as FPGAs. Students are challenged but learn the 
material with enthusiasm knowing that the·y are dealing with state of the art technology. 
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ABSTRACT 
Lockheed Manin Missiles and Fire Control has recently caprured their conceprual missile design process in an 
objected oriented code call !MD, Interactive Missile Design. IMD integrates g~ometr)', propulsion. aerodynamics, 
FE dynamic analysis , trajectory, controls and cost. The logical next step is to incorporate optimization algorithms to 

efficiently perform trades of performance and cost. thus providing ·competitive missile designs. This paper discussei 
an object-oriented architecture of an optimization interface to IMD as well as data transfer between multiple 
optimization algorithms. an optimization interface. and the missile application IMD. This overall architecrure is 
built by utilizing a dependency-tracking fearure that is inherent in the object-oriented software on which IMD is 
based. AML (Adaptive Modeling Language). The dependency tracking capability automatically determines what 
code or codes are required to run when a design variable is changed and an output variable (for example) is 
demanded. One of the advantages of this dependency management is that only a portion of the IMD code is requireo 
to be run when changes are made for optimization studies. This dependency-tracking feature is a time-saver for eacn 
analysis. becoming the key in minimizing computer iime when performing optimizations on the missile designs. 
For each optimization cycle. the analysis may be carried out hundreds of times. A review of the dependency
tracking capability offered in AML will be·discussed. Some of the basic concepts of AML and how the language 
was utilized in creating the missile design software and optimization algorithms will also be discussed. 

I~TRODUCTION 
In o~der to prO\;ide competitive missile designs, Lockheed Manin Missiles and Fire Control is incorporating 
optimization algorithms into. their concepruai .missile design process call IMO, Interactive i\·1issile Design. Both the 
process and the optimization interface are coded in an object-oriented dependency-tracking language. AML 
(Adaptive Modeling Language). In the past. engineers have not been able to easily study ho\,. the design parameters 
of the missile effect its responses. · Now. using IMO. the engineers can more easily learn how the responses are 
changed when the design \·ariables change. One of the major significances of using the IMD software is that "what; 
if' scenarios can be studied. The computations are much quicker than if an engineer had to perform the calculatiom 
b\' hand. Also. IMO inte~rates different desi~n and analvsis codes. The outcome of this intel!ration is that the 
e~gineers no longer have -to take the output d;ta from on~ analysis code and input it into another; this data transfer is 
automatic using IMO. Since the data transfer has been automated the next logical step in developing the IMD 
software_is to incorporate optimization functionality. Currently gradient-based optimization algorithms for 
continuous \·ariables has been imegrated into the IMO software . Additional optimization features such as designed 
experiments. response surface analysis. multiple objective optimization and discrete optimization is being integrated. 
It is a time consuming process to perfom1 a large number of iterations of the missile . Ho~·ever, the object-oriented 
dependency-tracking structure of AML. the language Hv1D is written in. allows the user to onlv calculate necessary 
data. This in turn speeds up each of the analysis resulting in a reduced optimization time. Thi-s paper will discuss 
how the dependency-tracking feature can save time: when performing analysis, in particular when performing 
optimizations as they may require _hundreds of iterations . Also discussed are some of the basic AML concepts and 

· how A;\1L was used to create the missile design software ll\.1D . 
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OBJECT-ORIENTED DEPENDENCY-TRACKING FEATURE 
The dependency:-tracking feature of AML is of paramount importance in the development of the optimization 
fu~ctionality in IMD. Designing Missiles is a multidisciplinary problem. Among these disciplines are geometry 
analysis to calculate the center of gravity and the total mass, propulsion analysis to compute the thrust versus time. 
aerodynamic _analysis to compute the aerodynamic coefficients, and trajectory analysis to determine how far the 
missile will travel, how fast it will hit its target, and what the flight time is. These are only a few of the disciplines 
involved in the design of a missile. Due to the dependency-tracking feature, only those variables of importance will 
be computed. That is, if the data flows from the aerodynamic analysis to the trajectory analysis. and one wants to 
eYaluate the lift-over-drag ratio (output by the aerodynamics code) the IMD software will not perform the trajectory 
analvsis. If the dependency-tracking feature were not utilized. the IMD code would be executed to solve all output 
data: including the unnecessary trajectory analysis. The dependency-tracking feature is directly based on the object
oriented nature of the language. AML[ 1). A language that is not object enabled reads its code from the top down. 
An object-oriented language on the other hand transfers data more in a tree-type structure. In AML the tree will 
have a primary class at the bonom of the tree. This class in rum has sub-objects and properties. The following 
diagram illustrates how the data flows for an example of minimizing the volume of a cube with a cylindrical hole. 

Volume 

Height 
Width 

Position Radius 

Cylinder
sub-obiect Box-sub-object 

Difference
sub-object 

Box-with-hole
main-object 

Figure l. Object-tree 

Optimization
sub-object 

objective 

Length 

Height 

Optimization 
algorithm 

Design 
variables 

As discussed earlier. the data flows in a tree-like configuration. For this particular example the main object is a box 
with a cylindrical hole. This object has four sub objects: a box-sub-object. a cylinder-sub-object. a difference-sub
object (what is left after subtracting the cylinder from the box). and an optimization-sub-object. When executing the 
optimization algorithm in the optimization-object. data is inherited from the difference object by calling the 
difference object of the box-with-hole-main-object. In other terms, the data flows from the difference object to the 
root of the tree (the main object) and then to the new branch of the tree. the optimization-sub-object. The 
difference-sub-object in tum gets its geometry from iwo of the other branches, namely from the box-sub-object and 
from the cylinder-sub-object. There is also a dependency between the cylinder-sub-object and the box-sub-object in 
that the height of the cylinder-sub-object is dependent on the height of the box-sub-object. Using this object
oriented architecture allows any sub-object or property to be queried more than once. Also, if a property has been 
demanded. for example the height of the box. only the small pomon of the cod~ which e\·aluates the height of the 
box-sub-object will be executed. Hence, much time is saved m not computing non-pertinent information. 
lnfonnation that is not demanded 1s not computed and has a \'alue of "unbound". Once any property is demanded its 
\'alue is calculated. If some parameter is modified which is used in the calculation of another parameter, then the 
other parameter is "smashed". For example. if the height of the box-sub-object is modified, the cylinder-sub-object 
will be smashed as the cylinder height is dependent on the height of the box-sub-object. If the object/sub-object is 
not effected by the changes in another sub-object smashing will not occur. One of the great uses of the smashing 
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feature is that it will ensure that only those propenies that have been smashed will be recomputed. This saves much 
time in the overall analysis. · 

OPTIMIZATION ALGORITHMS 
The optimization interface to IMD is presently under development. Some optimization _f~nctionality_ has been 
integrated with the missile design software. This functionality is fully capable of opum1zmg c?n~tramed design 
problems with continuous .design variables, as well as creating designed experiments. The o~um1zat1on . 
functionality under development includes features that will allow for optimizing discrete vanables. multtple 
objectives, design of experiment analysis. and response surface approximations. · 

Gradient Based Optimization Algorithms 
Currently. a package of gradient based optimization algorithms capable of optimizing continuous design variables 
have been integrated with IMD. The package is called DOT, Design Optimization Tools. and is written by 
Vanderplaats Research and Development. Inc. This package includes algorithms for constrained and non
constrained optimization problems. The non-constrained available algorithms are Broydon-Fletcher-Goldfarb
Shanno and .Fletcher Reeves [2]. For constrained optimization problems. the user has a choice of using the Modified 
Method of Feasible Directions, Sequential Linear Programming. and Sequential Quadratic Programming [2]. This 

. optimization package has b~en added as a sub-object (DOT-object) to the IMD software. The DOT-object in tum 
has its own propenies. The user can modify the propenies•of the DOT-object by sdecting it in the model tree (a 
graphical user interface illustrating the object. sub-objects. and properties). Among several propenies. the user can 
modify the maximum number of iterations. the design variables. the objective function, the constraints. and the 
algorithm to use duriryg the optimization process. Once all of the DOT-optimization propenies have been specified 
the DOT-.objec·t can be executed. The sub-object will modify only those parameters of the missile that are used to · 
evaluate the desired response(s) . It is possible to evaluate more than one response using the DOT library of 
optimization algorithms .. However. using DOT only one of these responses can be used as an objective function. the 
other responses can be used as constraints on the design. For example, it may be desired to minimize the mass and 
the mechanical stresses of the missile. This problem with two objectives would have to be transformed into a 
problem with one objective and one constraint. The objecti\'e would be to minimize the mass and the constraint 
would be to ensure that the stress does not exceed a specified value. This transformation may in fact result in the 
desired optimum design, since there is generally no need to minimize the stress, only to ensure that the structure's 
stresses are within safety limits. It is often possible to transform multi-objective problems into single objective 
problems with constraints without loosing the desi·gn intent. 

Additional Optimization Functionalitv Being Integrated 
Design mg missiles is a compiex. task mrnl\'ing qptimtzations of both continuous and discrete design variables, 
multiple objectives and time consuming computations. The DOT optimization algorithms will be useful for part of 
the optimization analysis. HoweYer. additional optimization function::ility will be necessary in order to efficiently 
optimize missile designs in IMD. These adqitional features will be integrated into IMD using API's (Application 

· Programming Interface) based on the optimization software called YisualDoc 2.0 also wrinen by Yanderplaats 
Research and Development Inc. These API'-s will allow variables to take both continuous and discrete variables. 
The use of the YisualDoc API's will also allow the user to optimize more than one objecti\'e at a time. In 
optimizing more than one objective. t\:..-o possible methods will be available; these are the method of weighting the 
objectives. and the method of creating target values for the objectives [3] . While performing one analysis of the 
missile is not an extremely time consuming task. optimizing the missile is. When optimizing the missile, the 
analysis may be computed several hundred times . In order to achieve results in a reasonable timeframe, 
approximations will be applied to the missile design . These approximations will be constructed using response 
surface techniques. The r~sponse surfaces are _approximation models used to compute the responses. Generally, a 
response surface is created for each response. the constraints and objective function(s). The.response surface is 
generated by computing the actual (not the approximate) response at a set of design points. These design points are 
generally determined through designed experiments. (?.nee the response has been determined for the design points 
of interest. the response surface is created using regression analysis. That is. a polynomi.al function is generated to 
approximate the actual response. The polynomial function will include the effect of the design variables and the 
interaction of the design variables. The number of terms included in the polynomial function is dependent on what 
interactions will be considered. For example. it may be known that the response is dependent on three design 
variables A. B, and Caswell as the second order interactions AB, AC, BC, AA, BB, and CC. However, the third 
order interaction, ABC. may be negligible and will therefore not be represented in the polynomial_ function. Also, 
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through designed experiments it may be determined that one or more of the main effects and second order 
interactions may be of low impo_rtance and should therefore also be excluded from the response surface 
approximation to the actual response. Once the response surface has been generated. it will be optimized for the 
best approximate solution. The optimization process is not complete after the approximate problem has been solved. 
The analvst should verify that the optimum approximate solution is valid by solving the full-scaled analysis at the 
optimum' approximate design point. An even better solution to the design problem may be obtained if the analyst 
performs a full-scaled optimization with the initial design variables set at the solution to the approximate 
optimization problem. 

OPTIMIZATION OF MISSILE DESIGNS 

The optimization problem at hand involves the maximization of the range of a sparrow-like missile. Figure 2 
illustrates the external shape of the missile. 

Figure 2. external shape of missi le 

The missile can be. divided into different categories: the missile body. the missile nose. the canards (front wings), the 
fins (back wings). propulsion system. and internal components [4] . The independent design variables being 
optimized include the miss ile body diameter. the missile body iength. the nose diameter and length. the root chord 
length. the tip chord length. the span of the fins and canards. the length of the propulsion section. the web fraction, 
the expansion ratio. and the angle of the \·elocity vector. The constraints on the missile consist of the weight. the 
location of the center of gravity. the minimum mach number. and the complete length of the missile. Three different 
analysis codes wi ll be executed in determining the opti mum range. These are CAMS Propulsion. Missile DATCOM 
for aerodynamic analysis. and CA.\1S traJectory analysis . Additional analysis codes will be used in the future as the 
optimization problem matures . 

FUTURE WORK 
As with most research problems. improvements can be made to the process/results even after a usable process or 
usable results have been obtained . In the case of optimizing the missiles at Lockheed Martin future work consists of 
integrating Visual DOC APJ's that can handle discrete design variables. multi-objective problems. and response 
surface analysis . Once this optimization functionality has been integrated into !MD. the next step is to make the 
optimization capability more user-friendly and accessible to a larger group of engineers. The ultimate goal is to 
make the optimization functiona lity available in other design projects than the missile design project. Future work 
also consists of imp·ro\·ing the modularity of the opt1m1zation problem. Thi s will consist of adding a hierarchical 
architecture such as the Collaborative Optimiz:.1tion. a mu iti-level optimization approach described in [5]. 

103 



CONCLUSION 

Interactive Missile Design, IMO, is a multidisciplinary design and analysis software .used by Lockheed Manin 
Missile 'and Fire Control in the design of their missiles. The software is written in a language called AML. Adaptii, 
Modeling Language. The language is object-oriented and includes dependency-tracking. This allows code to be n 
used and ensures that. only data that needs to be evaluated is. Optimization capabilities are _being integrated into tm 

missile design software. Currently, optimization tools available trough Design Optimization Tools, DOT, are beim 
· used.· Additional optimization functionality is to be available through VisualDOC APl's. · 
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ABSTRACT 
In· realizing the non-repetitive projects. for probabilistic determination of futuristic staning and finishing durations of 
the sequenced activities. Classical-PERT (froject £ valuation and Review Iechnique ). which is both a planning and 
control technique. is usually used in application. In the literature. Fu=::y-PERT (FPERT) and Real-disrriburion 
(RDIS') techniques are used instead of Classical-PERT (CPERT) as alternatives. But in each of these three 
techniques a statistical performance analysis is not done in terms of "determination of futuristic staning and 
finishing durations of the activities", "operation number. operation confusion. solution time and quality'' according 
to each other. Thus in this study. the three mentioned techniques are exposed to a statistical analysis on a 
hypothetical sample. The Paired-t test is applied to the solution results in order to investigate whether there is a 
statistically significant difference between these techniques or not. In the statistical analysis done. when you look to 
the solution results of the mentioned techniques according to the criteria such as solution difficulties. operation 
conflict and solution quality, it is seen that CPERT technique is much more dominant. 

I~TRODUCTIO:\' 
PERT (frogram £ valuation and Review Iechnique) is a planning and control technique used in network analysis. It 
presents visual information· s about the activities done for realizing a project to the manager such as when it stans. 
ends and which acti\·ities are done when and in which order they are done. 

In pl'anning the project the times predicted for the acti\'ities may show variations due to various reasons such as 
climate conditions when you pass to the application. broken machines. delays1problem in providing the material. 
worker problems etc. In the PERT. it is taken into consideration that the project is carried out in an indefinite 
environment and it can be effected by changes that are due to various reasons depending on luck. Thus. by accepting 
that the activity dur~tions are formed by a cenain probability distribution the probabilities about the total duration of 
the project can be calculated. 

In PERT calculations. it is assumed that acti\'ity times suits J3 distribution. Also. the expected value and the formulas 
used in the calculation of standard de\·iation are gi,·en belo,,·: 

r = .u = ta 'T" 4m T b) ' 6 and a = ( b - a) / 6 

(1) 

Here: a is optimistic forecast. b is pessimistic forecast. 111 is to most probabilistic forecast. Again . it should be as 
aSmSb . 

In this study. while the acti\'ities on the critical path are detem1ined the a\'er::ige durations of the activities are used. 
Because the critical activity durations on the network are assumed separately and suitable for ,8-distribution. the total 
of these durations is a normally distributed random \·ariable according to the central limit theory. Thus the total 
random \·ariable \'alue can be calculated as in below: 

(n : r:mdom variable independent of each other) 

en 
The expected \'alue and variance of the critical path is found by adding expected value and variance of each variable 
to each other. \Ve mean: 

.., n .., 

. and ff=~ r,-
1=1 

(3) 
But .. the total project duration·· found here is an optimistic forecast. The real expected value is much more higher. 
Again. the \·ariance \'alue found by PERT method is bigger than the real variance value. Also, it is not always 
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possible to say that the critic path found by PERT method is the real critic path. In this Srudy, we mean classical 

PERT technique (CPERT) by PERT technique. 

In order to find the real completing time of the project, a, m and b values for each activity sh~uld_ be calculated 
separately. In such a condition when the project is realized: If a. m. b=3 and number of paths~ n. It will be seen tha1 
there are k = 3" probable situations. For each fonned probable situation critic path and durations can be calculated. 
Thus. _the project's probable completing durations and their repeated frequen~y Yalues c_an be found a,nd _at that time 
the expected value of project's real completing time can be calculated. This method 1s Real D1stnouuon method 
(RDIST). 

fuzzy PERT (FPERT) is another method to find the completing time of the project. Finding the project completin~ 
time by using the fuzzy set theory in network analysis is not a new project idea. Dubois and Prade [ 1 ]. Prade [2], 
Chanas and Kamburowski [3]. Lee and Li [4] applied Fuzzy Set Theory to their project management problems while 
calculating the fuzzy cost durations. Dubois and Prade ( 1] and Prade [2] used the principles of Ford's algorithm and 
they calculated early starting and late ending times for each activity in their projects. Chanas and Kamburowski [3] 
developed a method called FPERT which's similar to that of Dubois and Prade's [I]. In principle Ford Algorithm is 
also used in f PERT method. McChahon and Lee [5] compared the two methods in order to find out the completing 
time of a project which has known fuzzy activity durations. 

Lootsma [ 6] worked on the indefinites about project planning when actiYity durations of a project are forecasted by 
expert people and did comparisons of CPERT, FPERT and simulation methods in terms of project completing times 
on a nume~ical sample. Shipley, KorYin and Omer [7] suggested fuzzy-probability BIFPET method instead of p. 
distribution. Mon. Cheng and Lu [8] worked on the fuzzy distributed cost analysis in project management. 

In this study. CPERT,_FPERT and RDIST methods are tried to be compared in finding the project completing time. 
In the literature. there a.re several different solution algorithms of FPERT method; because of this. in order not to 
have confusion the steps of FPERT method used in the study are considered in details. 

FPERTMETHOD 
In their studies. McChahon and Lee [5] compared Lee and Li·s [4] comparison method with composite method for 
finding the project completing time and they mentioned that between these two the comparison method is shoner 
and more accurate. In this study. FPERT method. which is known as comparison method. is used. 

In the sample project the fuzzy durations of every acti\'ity is assumed to be known. In the comparison method in 
order to find the completing time of the project. the earliest starting-ending times in passing towards forwards and 
the latest starting-ending times in· passing towards bac~wards are calculated as seen below: 

(4) 

EFj = ts, (+).4, 

LF;= min lLF - (-) .4-J 
lj ES, J J 

LS, = LF;· (- ) •~j 

When 3 side (3 membered) .fuzzy numbers are used. in situations such that more than one acti~·ities should be known 
in ordt!r to start on activity; finding the earliest starting time of an activity that will start new is, 

m{A,) ) m(.41 ) or m( -~,) = ,,~( -~;) 

(5) 
and when 
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(6) ' . 
is provided, A>A: is accepted and l ,' s values are considered as the earliest starting times. Here, 

m(A) = l/3(a+b+c) and s{A)= 1118(a2 +b2 +c2 -ab-ac-bc) 

(7) 

Here, l ; represents fuzzy activity time of/' acti\·ity. r~ the/' activity, P, represents the activities coming before the 

· ,.,;, activ.ity, S; the ones after the t' one. ESj represents -the earliest starting time of/" fuzzy activity. EFJ the earliest 

ending time of/' activity. LF1 represents the latest ending time of/' activity, ( +) represents the fuzzy addition. (-) 

the fuzzy subtraction. 
An example will be solved in order the algorithm to be bener understood. 

Example 

In figure 1 sample netv,ork. in table 1 times're given. 
problem 

A D G 

C 

B 

Figure I . Priority diagram of the sample project. 

6 

Table 1. Fuzzy activity duration of the sample 

Activities 

A 
B 
C 
D 
E 
F 
G 

Fuzzy durations 

(2.6.10) 
(5.9.13) 
(0.0.0) 
(3.8.13) 
( 1.7.13) 
(6.9.12) 
(9.12.15) 

In table l. fuzzy activity durations of the project are given. The acti\·iry durations are accepted as 3-sided fuzzy 
numbers in (a.b.cJ form . Here. a defines the smallest of a set. b the midd le and c defines the biggest value of a set. 
Early _staning (ES) and early finishing (EF) \'alues of the sample problem are given in Table 2. the least starting (LS) 
and least finishing (LF) values are given in Table 3. 

Table 2. Fuzzy ES and EF times for A-G acti\'ities . 
activities. 
Activity 

A 
LSE=(5.9,13 ) 
B 
(5.9.13) 
C 
LSE=(5.9, 13) 

ES 

0 

0 

(5.9 ,13) 

D max [EFA.EFc] = Efc= (5.9,13) 
(12.25.38 ) 
E max [HA.He]= EFc = (5.9.13 ) 
(6.16.26) 
F (6.16 .26) 
(12.25.38) 
G max[EF0 .EFt=] = EFF= ( I ~ .. 25.38 ) 
(21.3 7.53) 

EF 

(2.6.10) 

(5.9.13) 

(5.9.13) 

(8.1 7.26) 

(6.16.26) 

( 12.25.38) 

(21.3 7.53) 

Table 3. Fuzzy LS and LF times for A-G 

Activity LS LF 

A (3.3.3 ) 

B (0.0,0) 

C (5.9.13) min [LS0 ,LSE] 

D (9.1 7.25 ) 

E (5 .9.13) 

F (6.16.26) 

G ( 12.25.38) 

In this situation T . which is. the fuzzy project completing time. is the EF duration of G activity and can be 
mentioned as follows; 
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· {(x- 21) /16. 

µT (x) = (53-x)116, 

' 0 ' 

21SxS37 

37 ( XS 53 

d.d 

(8) . 
It is hard to· determine the critical path when the activity durations are fuzzy. So the criticalness degree of each path 
on the network should be calculated and a decision should be made according to this. The criticalness _degree r CPJ 
of an i path can be calculated as follows: 

. . Cp, = sup lrp, A fj 
X 

(9) 
Here, Tpi is the length of i path," is the intersection of two sets, sup is the biggest valut: of a set and 

Tp, = (+) AJ. can be calculated as (+)A~. 

J=Pj 

_In the sample netv.ork there are four alternative paths between start and finish . These are (A-D-G). (A-E-F-G), 
(B-C-D-G) and (B-C-E-F-G). 
Because of the fact that all activities are represented by 3-sided fuzzy_ numbers, fuzzy path lengths can be calculated 
easily as done below: 

1. (2.6,10) (+) (3.8 , 13) (~) (9.12 ,15) = (14.26.38) 
2: (2.6_.1_0) (+) (1,1, 13) (~) (6.9.12) (~) (9.12.15) = (18.34.50) 
3. (5 .9.13) (~) (0.0.0) (~) (3.8 ,13) (~) (9.12.15) = (17.29.41) 
4. ( 5 • 9 .13 ) ( + ) ( 0. Q, 0 )_ ( -t- )( 1, 7, 13 ) (' ) ( 6 • 9 .12) ( .._) ( 9 .12. 15) = ( 2 1.3 7 • 5 3) 

After this point. the criticalness degree of each path can be calculated. the criticalness degrees are seen in Table 4. in 
F igure 2 their calculations are seen . 
Table 4.Criticalness degree of the paths Figure: . Calculation of criticalness degree of the paths. 

Path Cp; 1 -

0 .9 -

0.61 0 ,8 -

") 0.91 0 ,7 -
-
3 .0. 7 1 0,6 -

4 1.00 
0.5 
0,4 -

0_, 3 
0 ,2 -

0-, l 
0 - - - --·-·-· / 

1 0 20 30 40 so 

KPERT solution of the sample problem 

Durations and variances of each activity according to_ KPERT method are given in Table 5. 
Table s: Average activity durations according to KPERT method. 
Activities Dur:Hions Variances 

A 6 ._· 1.7~7 
B 9 1.777 
C 0 0.000 
D 8 2.777 
I; 7 4 .000 
F 9 1.000 
G 12 1.000 
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According to KPERT method, the expected value of the project llr = 37, standard deviation r r = 2.788 and critical 
path is B-C-E-F-G. . 

RDIST solution of the sample problem 

There are 7 paths in the sample problem. In this situation k = 3 7 = 2.187 possible conditions are present. The critical 
durations and their frequencies of the 2.187 conditions should be determined. So, by using "Program coded Borland 
Pascal Language··. critical durations. frequencies are found. In Table 6 critical durations: frequencies and their 
appearing probabilities (P(xJJ and cumulative probabilities (I:P(TSxJJ of the problem are given . 

CD 
. Table 6. Results according to RDIST method. 
F P(xJ I P(T s xi) CD F P(xJ IP(T ~ xi ) CD F PrxJ 

2,P(T $xi) 

21 3 0.0013 0.0013 31 105 0.0480 0.1563 41 225 0.1029 o.n-i: 
22 6 0.0027 0.0040 32 99 0.0453 0.2016 42 18 0.0082 0.7324 

23 3 0.0013 0.0053 33 66 0.0302 0.2318 43 90 0.0411 0.7735 
24 9 0.0041 0.0094 34 129 0.0590 0.2908 44 180 0.0823 0.8558 

25 18 0.0082 0.0176 35 177 0.0810 0.3718 45 9 0.0041 0.8599 

26 15 0.0069 ·0.0245 36 45 0.0206 0.3924 46 45 0.0205 0.8804 

27 39 0.0179 0.0424 37 138 0.0631 0.4555 47 144 0.0659 0.9463 
28 54 0.0247 0.0671 38 219 0.1001 0.5556 49 18 0.0082 0.9545 
29 36 0.0165 0.0836 39 36 0.0161 0.5720 50 T2 0.0330 0.9875 
30 54 0.0247 0.1083 40 108 0.0493 0.6213 53 27 0.0123 1.0000 

Expected value= 83430 ,' 2187 = 38.148 (CD : Critical Durations. F : Frequency) 

CO:\IPARI~G THE METHODS 
The same sample pr_oblem is solved by three methods. When you look at the results. especially it's seen that the 
examination intervals in FPERT and RDIST methods are same. The completing time probabilities are taken into 
account in comparison of these three methods. It's easy to calculate the completing time probabilities in RDIST and 
CPERT methods. Fuzzy integral is used in calculation of these probabilities also in FPERT method [5). The P(TSxJ 
,·alues of sci me completing ~imes of the sample problem for each three methods are given in table 7. 

Table-:- . The probabilities of project completing time for the sample problem. 
FPERT CPERT RDIST FPERT . CPERT RDIST 

X P(T $ XI P(T $ X ) NT$ X) X P(T S x J PrTS x ) P(T s; X) 

23 0.00 0.00 0.00 39 0.61 0.76 0.57 
25 0.03 0 .00 0.01 40 0.67 0.85 0.62 ..,.., 

0.07 0.00 0.04 43 0.80 0.98 0.77 _, 
30 0.15 0.01 0.10 45 0.87 0.99 0.85 
33 0.28 0.07 0.23 47 0.93 0.99 0.94 
35 0.38 0.23 0.37 50 0.98 1.00 0.98 

-' ' 0.50 0.50 0.45 53 1.00 1.00 1.00 
38.148 0.56 0.66 0.55 

9 different networks are selected in addition to the sample problem in order to make comparison of the three 
methods in the same base. These networks are gi,·en in Figure 3. 
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(4.6.14) .. •··· ··· 

.. ···· 

(e) 

T (2.3A) 

(6.9.1.., 

(2.4.6) 

o · 
(1) Figure 3. Sample networks. 

0 

(f) 

For each network CPERT. FPERT and RDIST methods are applied separately and for all x values P(T~x) values are 

found. Paired-t test is used in order to find out that whether there's a statistically significant difference between these 
methods or noL the error rate is taken as 0.01, result of the test is seen on table 8. 

Table 8. Paired-t test results. 
Samples FPERT-CPERT FPERT-RDIST KPERT- RDIST 

a 0 .6924 0.9261 0.7982 
b 0.2299 0.9199 0.0648 
C 1.0000 0.0361 0.1738 
d 0.9235 0.0047* 0.1334 
e 0.3213 0.9930 0.0996 
f 0 .0814 0.0000* 0.0008* 
g 0.9780 0.0071 * 0.2157 
h 0.6766 0.6590 0.6518 

0.9754 0.2138 0.5462 
0.9545 0.0000* 0.2934 

* There's a statistically significant difference. 
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According to the results on table 8. for an error rate of 0.01, there is not a significant differ~nce between FPERT and 
CPERT methods. In 6 samples there's not a significant difference between FPERT and RDIST while tht:re·s m 4 

samples. There is not a significant difference in 9 samples between CPERT and RDIST but there is in I sample. 

RES UL TS AND EV ALVA TION 
In this study, the three methods in the literature used for finding out the project completing time are compared. By each 
method all possible1probable completing times of a project and their probabilities are calculated. According to the 
results there is not a big difference between the methods in general. But the operation difficulties of the methods can be 
considered. Specially in the RDIST method, in big networks as the activity number increases evaluation of the situation 
one by one even in a computer environment creates a space problem in the memory. For example. in a network with 7 
acti\·ities while there ·re 2. 187 probable situations. if you increase the activity number by 1 (n=8) there 'II be 6.561 
situations. if increased by 2 (n=9) there'll be 19.683 probable situations. if increased by 3 (n=I0) there'll be ~9.069 
probable situations. Because the increase is exponentially. the solution becomes harder. so this method may not be used. 
In the FPERT method. because each activity is defined by 3-sided fuzzy numbers. an operation chaos is created which 
can be seen in the solution of the sample problem. Again. in this method operation chaos will increase as the activtty 
number is increased. In the CPERT method. because you find the average durations of the activities and simplify them 
to a single value. the operations are fluent and easy. The choice depends on the user's selection. 
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ABSTRACT 
This paper implements the reverse engineering and CAD • of Bevel gears. Bevel gears are considered as standaro 
machine elements. which has well . defined parameters that are interrelated py geometrical relations. These 
geometrical relations can be used to de~uce needed parameiers from few measured ones. Standard machine elements 
need not be scanned and 1dentified as surface or solid model, using surface scanning techniques such as CMM. or 
·laser scanning. The presented procedure is devoted to the reverse engineering. and redesign using CAD techniques 
for bevel gears . A computer aided reverse engineering (CARE) program is used to satisfy all geometric constraints. 
identify other dependent geometries and define production and inspection requirements. Another standard CAD 
program is linked for further check of the design appropriateness of material selection. loading condition. This !in~ 
betw.een the n.vo programs can improve the design of the old reverse engineered bevel gears. 

I~TRODUCTIO~ 
It is necessary sometime to produce spare parts of standard machine elements or components. Standard machine 
elements have specially defined geometry to perform specific tasks. They can have specific standard dimensions for 
some feature or another. A bevel gear would haw specific srnndard module. diametrical pitch number of teeth. The 
tooth form would have specific profile with specific height. lt is usually made with involute profiled teeth. It would 
be more expensive to identify a gear by scanning its surface. The teeth would be more difficult to reproduce as free 
form surfaces. The mating and meshing would not be appropriate due to inaccuracies in identifying the surface orin 
reproducing it. This is similar to . reproducing a · circle from a scanned image of its print. Quality will surely be 
degrad!;!d. More complex yet. the performance will be totally inferior due to variation in surface properties and 
smoothness. It would be very difficult to reproduce the in\'Olute profile from a scanned surface than to generate it 
by rack cuning. In this pape~.- we consider the ;dentification and redesign of straight. and helical gears. Other 
standard machine elements can be treated the same way. The main geometrical parameters are identified from few 
measurements . The physicai relations for each element can then define other parameters [6. 14]. 

Toothed gears ha\·e found wide application in \·arious branches of mechanical engineering. It is the most common 
type of drive in present-day mechanical engineering and instrument making. In many machines, such as metal 
cuning machine tools. automobiles. tractors. hoisting and transporting machinery. rolling mills. marine engines. etc. 
Gear dri\·es . are intended to transmit motion with a predetem1ined change of angular speed (or torque) in both 
magnitude and direction [6] . 

Be\·el gears are most commonly used for transmission of power through intersecting shafts. When two bevel gears 
mate. their respective pitch cones contact along a common element. The pitch cones, when intersected, meet a 
common point called the apex. The shaft center lines·also ob\·iously intersect at the apex. The basic shape of a bevel 
gear is almost the same as the spur gear. The tooth tapers off as it approaches the apex. The· contour of the tooth also 
varies along its entire length [9. 3 ]. According to the power transmission. speed of rotation, speed ratfo, available 
space. material to be used and the angle between th~-two shafts. there are different types of bevel gears are to be 
used as: straight. skew. zero!. and spiral teeth bevel gears . Also palloid. oerlikon. and kurvex tooth system of bevel 
gears are to be used. 

Both straight si ded and cur\'ed toothed bevel gears have been categorized into certain classes. This classification will 
depend mainly upon lhe circumferential speeds and the transmitted load. For normal transmission of load, bevel 
gears with speeds above l O m/s are termed as high-class, precision gears, while commercially produced gears meant 
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for usual industrial purposes with . speeds below 6 mis belong to the ordinary class. Bevel gears may be cast or 
milled, but generation methods produce precise and accurate teeth [IO]. 

The list of references at the e~d of the paper provides a limited tally of what is available in the fields of machine 
element design. optimization and reverse engineering. Standard textbooks [4. 5. 10. 12. 15. 18) include design 
procedures of different machine elements that include basic standard geometry and dimensions for gears . Other 
references [2, 7. 8. 13] are devoted to gear design and optimization. Some references on reverse engineering (6. 9. 
11. 14, 16. 19. 20] provide some of the techniques in reverse engineering of free form surfaces. such as laser 
digitizing [ 1.16, 19. 20]. coordinate measuring machines CMM [ I 1] that can be used and the limitations that are 
present. 

DIMENSIONS OF BEVEL GEARS 
Bevel gears are cut on conical blanks. The teeth of bevel gear may be straight or curved. Since the tooth size 
decreases from the back end towards the apex and the tooth contour also varies accordingly. terms such as 
addendum. Dedendum. whole depth. pitch circle diameter, tip circle diameter. etc. are all measured with reference to 
the large end of the tooth . The imponant dimensions and parameters of bevel gears are summarized in Table l. 

Table I: Dimensions of bevel gears 

I Description 
! Number of teeth 
I Pitch circle diameter 
i Transmission ratio 
, Pitch cone am!le 
, (Shaft angle i~ equal to 90°) 

Pitch cone am!le , 
: (Shaft angle i; not equal to 90°) J 

1 Shaft ane le 
! Tip circie diameter 

~1 idd le circ le diameter 
; Face \\'idth 

Cone distance 
Virtual number of tee:h 
\1 iddle module 

1 Top clearance 
\Vhole depth 

! Addendum 
Dedendum 

: Addendum anl! le 
I Dedendum anl!le 
I Blank cone or Face anele 
I Crown hei{!ht 
I Back cone distance 

Pinion Gear 
- : 

d _, =: ,m d_.=:_,m 

1 1· s: d., : ., . = - tan u., = -- = --=- = z 

sin~ 
tan 8

1 
= 

i T cos I 

d.,, · =d --nsrm5 · 

i 1 - d , :
1 

d ... _.=d_,-hsrnJ: 

R= d - ·l sill()-= d_-.'2sin6: 
Z. -=: cosJ i Z.:==: · cos!J: 

m , .. =dn, .-: =d ... _- ·: : 
c=0. ]111 
h=~. 2m 

h,-,- = h~=l .2m 

wnH_.·,= rantJ~=l .2m/R 

CH_- =d ,12-msin d: 
R,.. ,=R tan J, 

The minimum number of undercut-free teeth is found in a similar way as spur and helical gears. The value of 14 
teeth for practical limiting number of teeth is insened in the equation of the vinual number o{ teeth (Z,,. Z,2). The 
minimum number of teeth is found as: 

Zmin1=14 cos 61 (1) 
Zmin:= J 4 COS 6: (2) 

Profile correction is carried out for be\'e l gears to a\'oid the danger of the teeth arising out of undercutting. The 
profile correction factors (x 1• x:?) can be found as : 
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. }4-Zrl 
X =------

1 17 
(3) 

X }4-~2 ~ 
2 . 17 

Theoretically, correction can be carried out till the teeth become peaked, but since a minimum amount of top land ii 
imperative, the correction is restricted by the following condition: 

(5) 

Where Sa is the tooth thickness at the tip circle. 
In case of case hardened bevel gear teeth. the tip tooth thickness at the innermost portion of the tooth of the pinion 
(Sa 1) should not below the following value: 

(6) 

In case of spiral bevel gears, the spiral angle called the middle spiral angie (/J ) is used. The spiral angle, 
however varies at different cone distances. The spiral angle at the tip and the root circles are denoted by symbols, ~0 

) and (/J; ) respectively. 
At the outer: cone distance (Ao), the spiral angle (/Jo) for Gleason spiral bevel gears can be found as: 

. fJ A ( . /3 ( ~7 - A 
2 
)sin /J J 

sm O =- sm + ( ) Ao . A 2~ -b 
(7) 

SAMPLE APPLICA TIO~ 
A computer program has been used to pro\·ide the tool to calculate all necessary gear parameters if few 
measurements can be performed. The following data are obtained by actual measurement of the two bevel gears in 
medium to fast running drive, transmitting a power of 4 k\V. and a pinion speed of 1200 RPM: 
zi = 20 teeth. z: = 40 teeth, da, = 65.366 mm, da: = 130.733 mm. b = 18 mm, h = 6.6 mm. r = 90°·a = 20° 

In this sample application the outside diameter is measured by suitable gadget by mounting it on a mandrel and 
using dial ·indicators. This way of measuring· \,:ill be accurate. The tip diameter of the pinion is measured by a 

vernier calipers~ The whole depth of the tooth is measured and is found to be ( 6.6 mm). The output measurement is 
shown in the Computer Aided Reverse Engineering Program. Figure l. 

Figure 2. shows an example of spiral beve! gears with the following dimensions: 
0 

z 1 = 30 teeth. z: = 40 teeth. d31 = 65.366 mm. da: = 8i. l 54 mm. b = 20 mm. h = 8.8 mm.~= 90°·a = 20°, fJ = 35.36 
It is assumed that topping has been done since the gears appear to have been corrected. 

CO:\lPUTER PROGRAM 
The computer aided design program allows the further check of the design appropriateness of material selection and 
loading conditions. That can be activated by the design option of the program. Fig. 3 shows the output design 
iteration of the bevel gear of the sample application. The main results are the safety factors for both pinion and gear. 
These can only be obtained if the speeds, power and other factors can be identified for the gear set. The material can 
be identified either by iteration or by testing the original materials of the pinion and ·the gear. Some software 
programs are developed for material selection. The scope of this paper. however. does not include such programs. 
Figure 3 shows the output design iteration ( sho~_,n in red) of the reverse engineered straight bevel gear. An 
impro\'ement can be done easily on the old reverse engineered design using this CAD program. Figure 4 shows the 
output geometrical parameters for both pinion and gear. while Figure 5 shows the output gear stresses of the reverse 
engineered bevel gear set of the sample application (shown in red). Figure 6 shows the output 3D solid modeling of 
the reverse engineer_ed pinion. 
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. Figure 1: Measurements of 
straight bevel gears 

Figure 2: Measurements of Spiral 
bevel gears 

Figure 3: CAD of the reverse 
engineered be,·el gears 
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Figure 4: Output geometry of the 
· reverse engineered bevel gears 

Figure 5: Output geometry of the 
reverse engineered be\'el gears 

Figure 6: Output 30-solid modeling of 
the re\'erse engineered be\·el gears 
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DISCUSSION AND CONCLUSION 
To pr~duce spare parts of standard machine elements such as a bevel gear. it would be more expensive to identify it 
by scanning its surface. It has _specially defined geometry to perfonn a specific task. The tooth form has a specific 
profile. The gear has a specific standard module or diametrical pitch. It is usually made with involute profiled teeth. 
It would be more expensive to identify a gear by scanning its surface and the teeth would be more difficult to 
reproduce as free form surfaces. The mating and meshing would not be appropriate due to inaccuracies in 
identifying the surface or in reproducing it. It would be very difficult to reproduce the involute profile from a 
scanned surface than to generate it by rack or thread cutting. The main geometrical parameters have been identified 
from· few measurements. using a computer aided reverse engineering program (CARE ). The physical relations for 
the gears have been used to define other dependent parameters. 

A computer aided design program linked to CARE program has been used effectively to satisfy all geometric 
constraints. identify other dependent geometry and define production and inspection requirements . It allowed the 
further check of the design appropriateness of material selection and loading conditions. Other standard machine 
elements can be treated the same way. This would suggest the need for geometrically identifying standard machine 
elements with specifically defined parameters. 
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ABSTRACT 
As manufacturing capabilities improved rapidly in the 1990's, manufacturers rea.lized that material logistics. and 
service inputs from suppliers had a major impact on their company's ability to meet the customer demand. This led 
to an increased focus on the design of Lean production system enhanced by demand flow technology 'DFT'. 
Managers realized that producing a quality product was ~ot enough. Today 's ch~llenge is getting the products to 
customers at the right time, while minimizing waste and being ~pen to change. In push system ttraditional 
manufacturing) all activities are performed in anticipation of customer demand, while in pull system all activities are 
performed _in response to customer demand. The role of manager in push system is to plan the level of production 
while in pull system is to plan the level of capacity to make available. All company·s activities should be linked 
within the· supply chain that would use the forecast or influence of demand in the planning processes. 

The adoption of principles of Lean production system has been illustrated by using the classic example of Toyota 
and a company that is a part of the international group and supplies original equipment components to the 
automoti\·e industry. They illustrate various implementation approaches and demonstrate ho\\· the lean 
manufacturing principles are being used to support both a companies manufacturing strategy and its strategic market 
requirements. In this paper. the adoption of the aspects of Lean production incorporating the fundamental principles 
of DFT by an industrial partner has been illustrated. This was implemented at its first stage. This resulted in 
minimizing the scrap and rework and implementation of the total quality management throughout the production 
process: Furthermore. a company could achieve more successful results by setting up e-business in practice. E
business is the execution of business transactions over the Internet. The Internet capability to provide access to 
many customers must be coupled with a suitable supply chain network to fulfill: integrate the internet with existing 
physical network: optimize e-business logistics t.o handle packages and to handle returns efficiently; and keep 
customer mformed throughout the order fulfillment c~·cle. 

I~TRODUCTIO~ 
The actual term "Lean Production., was coined in 1990 by a group of researchers from Massachusetts Institute of 
Technology to characterize Toyota 's production system. The Japanese learned several of the core concepts 
underlying Lean production from America. The system · is organized common sense supported by disciplined 
application of the principles and techniques by all members committed to improving the performance. MIT argued 
that a new production system called Lean production \vas changing manufacturing on a worldwide basis based on 
their study -into auto production. Lean production is a powerful and efficient method of manufacturing. The tenn 
lean production in its self is a broad topic and encompasses many different principles and techniques, which are 
being experimented and adopted in factories worldw_ide. Lean production system concepts are of particular interest 
to managers and technical employees involved in the design and continuous improvemen.t of the product delivery 
process. including production material managers: manufacturing and design engineers: marketing and customer 
sen·ice managers; and representatives from quality, purchasing and cost accounting. From the production 
perspective. the Lean enterprise represents the ability ·to produce a wide and rapidly changing variety of goods and 
sen·ices to customer order in small _quantities [5] . The design perspective involves integrating supplier, production 
and business processes. customer reiations. products use and eventual disposal. 

DE:\IA'.\D FLOW TECH'.\0LOGY 
Unlike traditional mass production system that produce goods in large quantities based on historical forecasts and 
holds them in inventory, Demand Flow technology is based upon rapidly building products. to customer order. 
Demand Flow Technology. DFT Transnational is likely to play a prominent role in the global markets of tomorrow. 
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They are better placed to absorb and develop breakthroughs that occur outside their own ~ompany. The plants 
owned by transnationals will tend to compete more successfully than locally owned operauons. These are more 
flexible ·in adopting new org~nizational forms to survive threatening global economic forces. This is the main 
principle of Demand Flow Technology, DFT. Demand flow technology manages every aspe~t of product-cycle from 
the time the product is ordered, until it is shipped, i.e., from customers need to design and manufacturmg 
engineering to purchasing to top management. The organizing principles of DFT ~e la~gely culture free. and 
consequently an unparalled degree of uniformity across plants throughout the world 1s achieved by 1mplementmg 
DFT. a factor which greatly strengths the positions of transnationals in the global market piace. American Standard 
is a· S3 .8 billion transnational corporation [~]. It has been a truly multinational company for many decades. Non
Americans represent a large share of the whole corporate structure, reflecting the global nature of the company and 
rendering it more susceptible to new ideas and concepts originating outside the US. A factory organized according 
to DFT principles is flexible. with the ability to incorporate innovations as they occur. 

Pictures. chans. support DFT and numbers that are largely free of cultural norms. The Demand Flow process is an 
ordered sequence of events or tasks needed to manufacture a product. The product is viewed as a "pile of parts". not 
as a multi-level bill of materials that includes sub-assemblies. Small caches of components and supplies. art of what 
is called Raw-In-Process inventory, repositioned throughout the flow line points where they are to be consumed. As 
the line "runs'', demand at the end pulls product through the build tasks of the sequence of events. much like a tow 
chain. At the material feeds points of the line. parts are drawn into the process from the stock. There are no kits. 
batches or sub-assemblies_ in flow manufacturing. As the catches are depleted. they are replenished using a Kanban 
system. in many cases directly from suppliers. 

LEA~ PRODUCTIO~ SYSTDt 
A manufacturing system is a complex arrangement of physical elements characterized by measurable parameters. A 
produ~rion system pro\·ides the supporting functions to the manufacturing system. The production system defines 
the way the manufacturing system is measured. Lean production system is considered only as a manufacturing 
system. But in fact. it revolutionizes all company acti\'ities because it intimately ties together customer needs, 
product design, supplier nem·orks and managing the factory process. 

Push Sntems & Pull Sntems 
In a push system such as the traditional manufacturing. the emphasis lies on using information about customers, 
suppliers and production to manage material flow. The name push system results from the way the system works. 
Materials and parts are made and after that they are send to the place where they are needed next (which is another 
stage in production or in\'entory). thus the system is pushing material through production . This pushing however, is 
done according to schedule. The push system is relying heavily on the accuracy of the schedules. The scheduling 
depends on the accuracy of information about the customers demand and lead t-imes. So for this information another 
system is developed ~1anufacruring Requirements P!Jnning MRP System. 

On the other hand. in a Pull Svstem such as Lean ManufacturinQ evervthin2. is focused on the next staQe of 
production and what is needed there as DFT (Customer Order Driven). Th;t what is needed in the next stage of 
production is produced. The explanation of the name Pull System is : Raw materiJls and parts are pulled from the 
back of the factory towards the front where they become finished goods. So in a Pull system the ideal of producing 
at the same rate as customers are using the products is being realized. The pull system works the opposite way as the 
push system. This system is known by many names like the Toyota Production System (Toyota). Stockless 
Production. Action Workout (GE). the commonly accepted name is just in time JIT manufacturing. Just In Time 
(]IT) is a manufacturing philosophy which leads to "Producing the necessary units. in the necessary quantities at the 
necessary time with the required quality." It is an approach to achieving excellence in the reduction or total 
elimination of waste (~on-Value Added Activities l. Q\·erproduct10n. L1nneeded Inventory. Defective Products, 
Transport and Waiting Time are some examples of what can be waste according to JIT. 

Designing the production systems in an efficient way demands an increased focus on production development and a 
changed way of thinking where production and the potehtial for production development for profitability are 
observed. This also demands the knowledl!e of the cri tical factors, which if solved would lead to the efficient control 
of the work in a way that would be diffic;lt otherwise. Succeeding with an efficient production system design in a 
cost-effective way will suit the company's requirements. The realization of continuous improvement of the 
production system design has lead to lean production systems. The proper application of the principles of this 
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svstem bv all members of the ornanization, committed to improving perf onnance, would_ lead to mass customizec 
a~d standard 'products on demand~ Also, it is a new model for customertsupplier relationships. 

Customer Relations Product Desi2Tt 

Suoolier Develooment F actorv Manaeement 

Continuous improvement leads to reducing all waste 

Lean Production 
System 

Lean production is a }(ey prerequisite for Build -to-order and mass customization. The essential prerequisites oflean 
prod.uction -are· product line prioritization (rationalization) and standardization, which simplify both the supply chain 
and manufacturing operations. This will make implementation easier and faster and ensure the success of lean 
production as well as'build-to-order and mass customization. There are nvo types of lean production: replacement 
And spontaneous build-to-order. In replacement lean production parts are common enough to be already built ano 
available to be pulled into assembly from Kanban bins. If not. then pans are made by spontaneous build -to-order 
with common parts made a\·ailable through Kanban and the non-common parts built on-demand from standard raw 
materials by CNC machine tools or manually from on-line instructions [9]. The above terms should first be 
discussed before moving further: 

♦ · Spontaneous Build-to-Order is the capability to quickly build standard or mass-customized products upon 
receipt of spontaneous orders without forecasts. inventory. or purchasing delays. These products may be 
sh~pped directly to individual customers. to specific stores. or as a response to assemblers' "pull signals". In 

order f pr spontaneous BTO to work. all p~ns and materials must be available on demand. which unto certain 
extent could be achie-ved by standardization. in which all pans must be available at all points of use. 

♦ Mass customization manages product . variety in the environment of rapidly evolving markets and products: 
many niche markets. and individually customized products are sold through stores or over the Internet. Mass 
customizes can customize products quickly for individual customers or for niche markets at better than mass 
production efficiency and speed. Using the same · principles. mass customizes can Build-to-order boili 
customized products and standard products without forecasts. inventory, or purchasing delays. 

♦ Produc;t line prioritization is a powerful technique to improve profits, free valuable resources, and simplify 
operations and supply chains. It does this by rationalizing existing product lines to eliminate or outsource 
products and product variations that are problem prone. don't "fit" into a flexible environment, have low sales, 
have excessive overhead demands, are not really appreciated by customers, have limit~d future potential. 

• Standardization develops the stability so that continuous improvement can occur. It supports the fundamental 
precepts of build-to-order and mass customizatiqn. It helps in cost reduction such as purchasing, inventory and 
quality improvement. All parts_ must be availabie at all points of use, not just "somewhere in the plant." This 
eliminates the setup to find, or· load pans. Standardization makes it easier for parts to be pulled into assembly 
(instead of ordering and waiting) by reducing the number of part variations. For every deviation from the 
standard we need to eliminate the problem and then quickly improve the standard so the same problem does not 
recur. · 
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The Lean production system emphasizes on the tenns Just-In-Time, Teamwork. Total Quantity Management. and 
Continuous Improvement. Lean production system uses- less labor. less inventory. less time t~ develop p~oducts. 
less space and in the end produces products with hig~er quali~·- It provides f~r the cost-effective production and 
delivery of only the necessary quantity of pans at the nght quantity, at the nght ume and place. The central theme 1s 
the Quality and the elimination of waste. Waste is defined as any activity that increases cost but does not add value 
to the product. The manufacturing process is examined critically and carefully in an anempt to gr~dually remo\'e 
every wasteful action. Many aspects of production must work tog~ther effectively. M~ster producuon schedul_mg. 
manufacturing and resource planning. procurement. shop-floor design, production engmeenng. and labor relations 
are some of the factors that must change for the Lean Manufacturing approach to succeed [4]. This is not a series of 
techniques or methods: it is a comprehensive approach to manufacturing that emphasizes solving the root problems 
that cause.a lack of productivity. 

These objectives are typically achie\'ed through several physical system changes. One of them is set-up time 
reduction and reducing the inventory levels . Applying fairly common industrial engineering techniques for 
analyzing the setup process it often by workers themselves typically reduces setup times. Results of setup time 
reduction have been impressive indeed. Another aspect which Lean production system emphasizes is TQM using the 
technique poka-yoke. [8). This means foolproof operations. The intent is to guarantee quality by building checking 
operations into the process so that the quality of every part is evaluated as it is created. This also ensures low cost 
since the cost of finding defects is lowest when they are found at the same time they"re made. The goal of continual 
improvement is for day-to-:day operations. Everyday, each worker should get better in some dimension. such as 
fewer defects. more output, or fewer stoppages. Continual improvement means making thousands of small 
improvements in methods, processes and products in never ceasing quest for excellence. This includes a strong 
degree of worker involvement and worker participation. Scheduling Just In Time enhance Developing 
Manufacturing Flexibility. Manufacturing flexibility is the ability to change and adjust to changing circumstances. 
Planning requires the understanding of the elements in the manufacturing process and identifying elements in the 
process that restricts flexibility and improving on these areas. 

SUCCESSFUL APPLICATIO~ RESULTS 
The Japanese industry has been more successful in its quest for improved manufacturing productivity. The 
principles of Just-in-time - which also defines the Lean Production - allowed them to grab a significant foothold in 
automotive. electronics. and electrical and photographic equipment. The Japanese gained a significant market share 
while traditional manufacturers in America and Europe began laying-off employees. closing plants and going out of 
business due to the bener compeuuon. The Toyota way of operation is e,·ol\'ed into the Toyota production system. 
Many papers described the system and many researchers studied the Toyota· s astounding success in reducing 
inventory leveis and improving qualtty. This system emphasized on mo\'mg the parts : ( l ) In a continuous flow 
rather than in a batch mode. (2 ) in the smallest possib le quantnies . and (3 ) only \\'hen the parts were necessary to 
build the produ ts . Toyota also became ,·ery efficient in reducing the setup time of dies in their press machines. The 
Toyota s_ stem also applied other commonsensical concepts. such as the Kanban ystem. \\'here the materials are 
moved on the floor in a pull fashion and controlled by a card called Kanban. They automated many tasks with 
machines requiring very little supen·ision from operators. allo\\'ing one \\'Orker to operate many machines without 
compromising the quality of the parts [6] . In summary. the Toyota system ernlved into the Lean Production system. 
This is especially clear with regard to the emphasis on eliminating waste in all aspects of the manufacturing process. 

Another case study is of a company that 1s a part of an international group and supplies original equipment 
components to the automotive industry. It has implemented major changes to its manufacturing organization because 
of the threat it was expecting from the Japanese supplier companies . The company conducted an internal review of 
its current manufacturin.g performance wnh a ,·ie\\' to assessing its ability to maintain its present market position and 
to accommodate projected gro\\'th. It concluded that in the area of design it had a sufficient lead over its customers, 
but that this was not the case for price. quality and levels of customer sen·ice . The company had several areas of 
non-value-adding activity that should provide scope for significant reductions in manufacturing costs if directly 
attacked. Manufacturing organization and layout were based upon process rather than products. Quality of the 
finished product was acceptable but this \\'as only achieved ·after several measures of quality control have been 
applied. Operators were not specifically encouraged or rewarded for quality work. Maintenance of machines and 
tooling is not adequate. Management tended to concentrate on direct labor utilization that had a negative effect on 
th~ _i~dustrial relations climate with the company [7]. All of these drawbacks could be solved to a large extent by 
utilizing the principles of Lean production system such as setup reduction. total quality concepts, job redesign, 
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kanban control and also using the cellular approach to machine layo~t. ~e changes c~uld come out only because 
the management was prepared to look ahead where the competition m1~ht he~ and to review the alt_e~ate approachei 
to manufacture, which might better support . companies excellence m design and help mamtam its competitive 

position. 

It is still too soon to give quantitative evidence of how well the original targets f~r improvements in _manufacturini 
performance are being realized. Some of the changes, such as tool set-up reducuon programmes. will take se\'eral 
months to complete. But already many benefits are apparent: work in progress has been drastically reducea: -
workflows are clearly much simpler and a greater sense of order prevails. There is still a long way to complete the 
changes until the factory operates fully as intended. But the company has no doubt that the moves it has made are 
appropriate and timely, and that in making such changes it has secured a finner foundation for a further successful 
chapter in its evolution [7]. These cases demonstrate the considerable and wide ranging benefits that could be 

achieved. · · 

INTEGRATION OF BOTH THE CONCEPTS 
. The urge to meet the world-class standards, the use of global benchmarking and competition has all brought the 
necessity of major changes in how manufacturing is done1 The response to these .concerns in the best of companie1 
has been to implement the aspects of Lean manufacturing incorporating the fundamental principles of Demand Flow 
Technology. Its sophisticated procedures ensure that wide mixes of products are available at a flexible daily rate to 
meet the customer demand satisfying the terms of service and quality. It is important to realize that not only are the 
procedur.e~ important but also the true commitment on the part of the management and the workers to make the 
system work. The Principles of Lean production system play a very important role in making the system worK 

towards continuous irnprnvement. 

The. concepts such as multiprocess handling. production leveling. and management by sight and workplace 
organization is. the basic features for a successful lean production systems design. DFT also emphasizes on these 
issues including TQM and Yerification checks for any given product being assembled or produced on that line. The 
goals anained through Demand Flow manufacturing are demand-driven production that support the product flow 
oriented layout of lean production techniques. Also both the concepts gi\'e importance to the fact that a corporate 
should have an ability to incorporate inno\'ations as they occur. Thus Lean production system becomes more 
powerful with the enhancement of OFT concept. which makes it both a philosophy. and a set of techniques. 

This will greatly reduce the _complexity of detailed material planning. work-in-process inventories, shop floor 
tracking. lead times and_ will · be helpful in scheduling the production system. Design of Lean production system 
incorporating the principles of Demand Flow Technology determines schedules so the scheduling of workers and 
equipment is not an issue: · 

CASE ~TUDY OVER THE APPLICATION 
In an industrial application. a team of four graduate students from University of Massachusens worked at a company 
xyz in two different units and followed the implementation of Demand Flow Technology for a few parts. The main 
objective of the team was to impro.ve the production .flow and achieve maximum efficiency using the concept o! 
DFT. The team noticed that the implementation of Demand Flow Technology is at its best only when the production 
process is-continuous with the demand. 

Part 
I 

1 2 3 4 5 6 . 7 

Total 
Distance 2848 1724 1359 '. 999 1678 1135 1568 

<Feet) 
Total 

66/200 86/200 
Time 

154i600 311700 74/200 56/700 89/600 

(Hours) 
units Units Units Units Units Units Units 

') Figure .. shov. s a sample of the final results for processmg flow charts. 
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In fact. the work in process. the cycle time. the buffer capacity increases when the priority of the products. based on 
the demand is taken into consideration. For example. consider two parts A and B. Part A is in the producuon proces~ 
and the demand for the part A is due three months. There is a demand for another part B due 2 months. According to 
OFT concept, the production of part B is started and that of part A is stopped at some stage of the product1on 
process. Thus the work-in-process, the cycle time. the handling and the maintenance cost increases. 

In the future. the team plans to enhance the results by reducing the scrap: the distance the part travels for its 
completion. the cycle time based on the analysis of the report prepared and also by enhancing the concept of DFT 
using the powerful principles of Lean Production System. 
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ABSTRACT 
For users to adopt Business-to-Consumer e-commerce. it is imperative that the benefits of using this commercial 
medium significantly outweigh potential risks and inconveniences. There is evidence that together trust and the 
reliability of customer suppon and privacy protection are the biggest customer concerns on line. The purpose of this 
research is to .find out how design elements of the user interface of an E-commerce site can help to overcome these 
concerns. The specific objective of this·study is to determine if the presence and prominence of customer suppon 
features and privacy policy links on the web site of an unknown Internet retailer are believed by customers. generate 
positive customer perceptions, and improve the likelihood o,f purchase from the site .. Twenty experienced Internet 
users were recruited for this study. It consisted of an on-line shopping.experience in which the user had to select 
which of four web .sites of unknown Internet flower retailers to purchase a gift for a sick friend. Participants were 
more likel y- to select the sites that had highly prominent customer service links. privacy policy statement links and/or 
customer/company rat~ngs and testimonials. 

I~TRODUCTIO~ 
Customer Relationship Management 
Thromrh the effecti\·e use of information and communication technologv. ornanizations can offer their customers 
variet)~. lower prices and personalized service. This is the practice of C-~sto~er Relationship Management (CRM). 
Essentially. it is an approach that uses continuously refined information about current and potential customers to 
anticipate and respond to their needs (Peppard_. 2000). 

CRM is any system that allows an enterprise to manage some part of its relationship with customers. It can be 
manifested as visible customer service. relationship management. direct marketing. and other enhancement services. 
The end result is a· customer that feels confident that hisfher needs in tem1s of quality. reliability. customer service, 
privacy. tru~t and others will be_met. 

Customer Sen-ice 
Customer Service is an essenti~l ingredient of commercial transactions . In the broadest sense. it involves a 
company's response to customer questions and problems. Virtually e\'ery area of customer ser\'ice: information, 
support. maintenance. upgrades and status c,an be handled via the Internet. Customers can ask questions via e-mail, 
search support databases for simiiar problems or questions. _place an order. resolve billing issues. track down 
shipments or ask installation and product support questions on line. The Internet cannot replace good customer 
interaction between vendors and their clients. but it can be used to strengthen those ties (Grant, 1998). A study 
revealed that 87% of online shoppers who spent S2.000 or more on the web during a six-month period will abandon 
a merchant's website and click to a competitor's site if they experience poor customer service (Servicesoft 
Technologies, 1999). Conversely .. 79°1

0 said they have increased their patronage and spending at a website when 
customer service was favorable (E-marketer. 2000) .. 

Reputation ,tanaoement 
Reputation managers are systems that pro\·ide ratings of products or ser\' ices and the design of the management 
system can determine its effectiveness (:\ielsen. 1999). There are two kinds of reputation managers: internal and 
external. The internal format allows_· \"isitors to provide feedback on products sold, and sometimes comments on this 
feedback. The feedback can be published as text (testimonials} or as ratings (4 out of 5 stars). It is also possible for 
companies t provide their own ratings of products and services. however the credibility of these ratings has not 
been tested. 
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Trust 
~ has been defined as a set of beliefs that other people would fulfill their expected favorable commitments. 
From the customer-vendor relationship point of view, trust is the belief o .. expectation that the word or promise by 
the merchant can be relied upon and the seller will not take advantage of the customer's vulnerability (Geyskens et 
al.. 1996). A lack of trust often results in an overall discouragement of the willingness to take risks (Gefen. 2000). 
This reduces a consumer's willingness to engage in activities where he/she is exposed to risk. making trust a 
potentially important precondition for E-commerce (Gefen. 2000). An online commerce customer faces mediation in 
everv element and at every stage of the commerce transacuon. Customers can't see the merchant. only the 
mer~hant's website; they can't touch the merchandise. they can only see a representation (Sisson. 1999). 

Prh·ac,· . 
~to issues of trust are issues of privacy. To trust a site or agent. users must have some feeling of how the 
information that they disclose will be used and disseminated. From the point of iew oflnternet retailers. the 
collection of customers' infonnation is crucial in order to strategically plan their business. Internet retailers collect 
three types of data ( l) basic, personal information provided on registration or via self-completion questionnaires: (2) 

purchasing habits: and (3) clickstreams from site navigation. By combining this information. the Internet retailer 
creates a more detailed picture of each customer (Walsh and Godfrey, 2000). On the other hand consumer concerns 
are affecting Internet commerce. A recent study revealed that purchases Yia the Internet would have increased by an 
additional S6 billion in 2000 if consumers believed their privacy wasn't at stake durmg such transactions. 

Reliabilit,· 
Reliabi lity is the perceived ability to keep an implicit or explicit promise. A vendor is percei,·ed as reliable when 
deli\'eries are made according to contract. when relevant information is provided timely and accurately. and when 
members of the organization are knowledgeable about their business and their products (Selnes and Gonhaug. 2000). 
Findimzs of the Selnes and Gonhau~ stud\' indicate that \'ender reliabiluv has a strone effect on satisfaction and 
subseq;ently the buyer's desire to c~nun~e the re lationship with and ta lk fa\'Orably about the company. Lack of 
reliability creates negati\'e emouons and negati\'e affe t from the customer to\\'ard the company and subsequently 
reduces the motivation to be loyal. 

CR'.\1 and the Customer Interface 
It takes time for customers to appreciate the CRJvl initiati,·es of an Internet retailer. When a potential customer visits 
a site for the first time. his1her mnial perceptions of that company are based on features that are \'i ible on the 
company's main pages. These init1al 1mpress1ons dm·e the de,·elopment of that customer' re lationship with the 
company. A potenually critical factor 1s the ,·isibihr:,. of reliable customer support . Ho\\'ever. the ability of a 
company to promote perceptions of customer support through the design of its site is unkno\\'n. Percei\'ed customer 
sen·ice requires that customers can eas ily see ho,,· to contact the company. Ratings and testimonials seem to affect 
indirectiy customers· perceptions of trust and re l1abil1ty by suggesttng that other customers ha, e su cessfully 
interacted with the company. Knowledge of \\'hat kinds of personal information a company collects and how it will 
be used is generally contained in a privacy policy. The \'isibility of this policy may determine how much confidence 
customers have in its validity. 

Objecti\'e 
The objective of this study was to detennme ho\\' \'isible customer support. reputation management. and privacy 
policy features on the web site of an unkno\\'n Internet retailer affect perceptions of trust. reliability. and privacy 
protection. The presence of these CR.\1 fearures 1s expected to enhance these perceptions and thus lead to increased 
intentions to purchase products from the company. 

,tETHODS 
Participants 
Twent) participants from Florida International Uni,·ersity were recruited to participate in this study. This population 
had at least moderate experience with the Internet and exposure to ecommerce. They also fit the demographics that 
are primarily targeted by many ecommerce sites. 

Materials 
Eighty Internet retail web pages were de\'eloped. The sites represented the Get Well products of unknown Internet 
retailers that sell flowers and related gifts. Each pamcipant interacted with four sites. The only material differences 
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among the sites corresponded to the presence and prominence of links_ to v~ous chann~ls of cus~omer service (CS), 
ratings attributed either to customers or to the company, customer test1momals, and a pnvacy pohcy. Superficial 
differences in appearanc~ such as color scheme and company names were created to insure that they were perceivea 
as different companies. However, key infonnation such as price levels and the number and variety of products 
available were consistently maintained. The combinations of variables are shown in Table l. Screen shots of model 
1 and model 4 are shown in Figures I and 2 respectively. 

Table 1. Level of presence and prominence of CRM features for each of the four site models used in the studv. 

I Set of variables I CS Contact Features Ratines and Testimonials I Privacv Polic,, l 
I Site model I 1 Hi eh Prominence Hieh Prominence I Hieh Prominence I 

l Site model 2 : High Prominence None ! Hi1!h Prominence 7 
I Site model 3 I Low Prominence Hi eh Prominence I Low Prominence I 

I Site model 4 l Low Prominence None I Low Prominence l = 
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Figure I. Sere.en shot of Model 1. with prominent CS, privacy policy. and ratings. 

126 



1'33HPClffiJ 
f•t•- ... ~-

. J ................. ~ ,, ... , ... "' ----- - --- - --- --- ---. .1-- , __ ''-'°" ,c- ,_ ,._._ ''- ~·-- (jo-- ,_ 

Emily's Flowers c-· T......,.. 

~ 

~ 

~ 
ldtlI l'IMUD OIMUD "'~.I!_ _ _ 
6llmDIC 

-~ Jfj (J ~ 
u:?! 
ill!1..lllm1 
n...w 

.,...i c.n.n,,y,. 11&1111 c.-...v•"-• C.-~•IIClng 
0--

~ 
~ ('7)DS.Jlf ll)Dt.Jlf l')Mt.Jlf 

~ 
~ 
B..!.irJ!!d 

'-la 
lz!!!J.lli!Z 

~ ---- ~ 

iii~ '--~----1•-'--lii-- ■--- 1 

.:J 
~...:.lL=--~-'- - ·L_ 

~-.... .,.r.i!- ,. ,-;;-;-;:-

Figure 2. Screen shot of Model 4, with low prominent CS and privacy policy and no ratings. 

A scenario was described to each participant in which he1she had just heard that a friend was in the hospital. The 
task was to purchase a floral gift bouquet to be delivered to the hospital that day. The pamcipant was informed that 
an Internet search for local flower delivery companies that offered same day delivery had retrieved four sites. The 
Get Well pages of each site were opened but minimized and visible only through the tool bar at the bonom of the 
\Vindows interface. The order from right to left in which the company icons were displayed on the toolbar was 
randomized for each participant. Participants were instructed to view each of the company main pages in any order 
for as long as they wanted. Their task was to select the company from which they would purchase the gift bouquet. 

Procedure 
On arrival, participants were infonned that the perfonnance of new web sites was being tested to detennine whether 
they met the needs of users such as themseh·es . The e\·aluator prepared the computer before each task and provided 
instructions. Participants were told that no external assistance wou ld be pro\·ided. After they selected the company 
from which they would purchase. they responded to a brief questionnaire in whi~h they rated their perceptions of the 
customer sen·ice. products. and protection of personal inforn1auon that the company they chose would provide using 
a S-point Likert scale where I indicated complete dissatisfaction and 5 indicated complete satisfaction. Then they 
were asked to review the other sites and rate them using these same parameters. Finally they were asked about the 
criteria they used to decide and some general questions about customer sen·ice and privacy policies. 

RESlJLTS 
In order to verify that none of the superficial design details significantly affected the partic ipants' responses, the 
effects of site name. color scheme and product list were measured using a Chi-Squared Goodness of Fit test. None 
of these had a significant effect on the participants' snc selection ( all p > 0.05 ). 

Preference 
A Chi-squared Goodness of Fit test was used to evaluate the preferences between sites. The test statistic did not 

reach significance (X~ = 2.66. p > 0.05). however a consistent trend was identified (shown in Figure 3). Sixty-five 
percent of users selected a site that had reputation management present and fifty-five percent chose a site that had a 
prominent link to customer sen·1ce. 
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, Table 2. Average ratings for each of the site models for perceptions of 
customer service. product quality and privacy protection 

Site.model ! 1 I 2 ! 3 
Perceptions of customer service I 3.50 : 2.80 2.55 

Perception of qualitv of the products i 2.45 ! 2.15 ; 2.35 
Perception of privacv protection 2.25 i 2.00 l 

1.95 I 

i 

I 

! 

I 

Customer Sen:ice 

4 

2.00 
2.40 
l.65 

Results from a one-way ANOY A indicated that the expectations of help from Customer Service were significantly 
difference between models (F = 7.746. p<0.05). The mean values are shown in Table 2. Sites one and two had 
more prominent customer service links a~d users expected that these sites would provide more assistance. 

Reputation· Management 
Ratings of produc~ qualit:; was not significantly different among the site designs. HO\vever. sixty-five percent of 
users selected the site that they perceived as having bener products. 

Privacv Protection 
Privacy expectations did not reach significance. Participants did not rate sites with prominent privacy policies as 
providing bener protection of personal information nor were they more likely to select the site that they perceived as 
providing better privacy protection. However. sixty-five percent of participants did report that they used privacy 
information in their choice of site. 

Conscious Choice 
Sixty percent of users reported that they took customer sen·ice into consideration when they made their decisions. 
Forty percent reported that they took into considerati.on the presence of ratings/testimonials to choose a site. Sixty· 
five percent reported that they took into consideration the presence of the privacy policy statement to make a 
decision. 

Perceptions of ratings and testimonials features 
When asked to rate the trustworthiness of the three types of reputation management tested, users reported low 
trustworthine·ss in general. There was a significant difference (F=2.5. p<0. I) among the types, with users trusting 
customer testimonials the most (2.55) and company ratings the least ( 1 :9) with customer ratings falling about 
halfway between (2.3 ). 
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DISCUSSION 
Customer Sen·ice 
There were trends in the data that support many of the hypotheses of the study. The expectations of help from 
Customer Service-were found to be different between models. The models that had highly prominent customer 
service features had the highest expectations of customer service. This was true even though this feature provided 
no explicit evidence of the quality of the customer service that would be provided. It appears that customers· 
perceptions of customer servic~ ~e influenced by th~ design of the lin~s to custo~er service. One possible 
explanation for this is that pamc1pants assumed that 1f a company pro\'1des promment links. they are not concerned 
about customers using these serYices. Alternately. there may be a simple connection between the saliency of a link 
and users memory of it, and this increased likelihood of recall affected their perceptions . 

Reputation !\1anagement 
The perception of product quality amo~g models did not reach statistical significance. The presence of ratings and 
testimonials were expected to add to the perceptions of product quality. Because the sets of products were rotated 
from model to model. the presence of ratings and testimonials would be the only universal difference among the 
models. Participants were more likely to select a site that did include reputation management. and they did report 
noticing the reputation management features. but the presence of reputation management did not affect ratings of 
product quality. Furthermore. the majonty of participants reported that they did not consider ratings in their 
decision. Perhaps the effect of reputation management was unconscious. thus effecting site choice but not overt 
ratings. Alternately. the non-significance of this parameter might be due to the fact that users have different 
perceptions of the trustworthiness of different reputation management types. It was found that users trust customer 
tesumonials more than company ratings . The presence of company ratings may influence perceptions negatively. 
counteracting the beneficial effects of testimonials in the data. For a bener understanding of this relationship. future 
research should concentrate on customer-derived ratings and testimonials. 

Pri\'aC\' Polic\' 
The relauonsh1p between the prominence of a pri\'acy policy link and perception that personal information would 
be protected by the company failed to show any effect. Howe\'er. s1xry-fi\'e percent of users reported that they took 
into consideration this feature. suggesting that some kind of re lationship exists . Future research should investigate 
this possibility. 
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ABSTRACT 
This paper discusses pos~ible means of reducing. and hopefully eliminating. the time and energy 
expended in sifting through raw and often unwanted data. The paper shows how small and medium 
size enterprises (SME) could benefit from web-published data through easy data access and data
analvsis systems. It also discusses how to impleme11t Natural Language Processing (NLP). expert 
syst~ms ·t;chniques. and neural networks in determining and generating a tailored profile for the firms 
from their web documents and transactions: and how to ultimately filter what information is being 
passed on to them. Tne paper will also review the i~pact of data access. d_ata acquisition and data 
monitoring systems on e-commerce applications leading to _improved productivity and success 
chances of a firm. 

ISTRODUCTION 
The competitive world of globalization has sparked new practices and technologies such as web marketing, on-line 

• shopping. etc . Enterpri'Ses, no maner their size, need to be informed about market changes. trends in clients' needs, 
and new products developed by potential competitors: In addition. they need to acquire information about new 
developments in raw materialsisubassemblies and about newly emerging technologies in machinery/equipment. 
With the emergence of the e-·commerce. it is now possible for more and more industries to find new avenues for 

· growth. The mere size of what is being published on the \veb may however be too intimidating for some 
companies, panicularly those in the small and medium size group (S:\1E). In the past few years. the Al community 
in general and the natural language processing (NLP) community in panicular have developed multilingual 
appiications and textual resources and software that are. now readily available and can be called upon to help users 
retrieve. summarize. and distribute information according to their panicular needs . 

. E-C0:\1\IERCE. PRODUCTIVITY. AND THE SUPPLY CHAI~ 
With its speed and accessibility to information. the Internet can have quite a significant impact on the supply chain. 
Based on recent studies (Hof. \\"illiams and Sa\·en. 1998). it is estimated that 56~o of people presently use the 
Internet: SO~ ·o of the business on Internet is conducted between companies rather than direct customer sales; more 
than 400.000 companies sold S5.1 Billion in goods and services on the Internet in 1998: more than double that of 
1997: and it is expected to continue. Many big companies (Adaptec. GE. Ernst and Young, DELL Computers) have 
reponed success stories from their effons in accessing the · Internet and the Cyber World through functional and 
organizational. integration of the supply chain. be it internal or external integration. Those companies, however, 
have the qualified personnel to work with sophisticated systems such as ERP, SAP (the largest of the group), 
Oracle. J. D.' Edwards. People Soft. etc. 

The survival of a compa~y. panicularly those in the. SME group, is closely tied to its ability to perfonn in the 
different links of the supply chain. Through e·asy access to the Internet and the integration. of e-commerce in their 
supply chain. the SME could achieve higher perfonnance when making demand forecasts, procurement and 
ordering of materials and subassemblies. inventory co!1trol. production scheduling, sourcing. quality management 
assuring financing. shipping and delivery. informatio'n management. and. as importantly, customer service. The 
Internet can act as . the medium fo( providing communication between the different · links of the supply chain, 
whether it is the internal supply chain within the firm or the external supply chain in the open world. 

SME can· greatly benefit from an interface to permit them direct acc~ss to the Cyber World, to coordinate the 
different activities of the supply chain (the links), and to minimize the problems arising from uncertainties, wrong 
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forecasts, late deliveries, poor quality materials, machine breakdowns, cancelled orders, erroneous informJtion. 
slow information, transportation breakdowns. etc. 

Knowing that the -supply chain is in essence the set of interrelated organizations, resources. and processes that create 
and deliver products and services to the end customers. the Industrial Engineer targets all efforts to maximizing the 
productivity of a firm along the supply chain starting with the procurement_ of ra~· mater~al. all through the 
production process, and until or even after the final product has reached the destined chem. This would require the 
analvsis of all the facilities, functions , and activities involved in producing the services andlor products from 
suppliers to customers. Productivity improvement that can be achieved would lead to enhancing the position of the 
company and its chances in the global economy. 

A company's use of the Internet can be divided into three main categories. Figure 1: the search for raw mJterials and 
subassemblies. the search for production technologies. and the search for markets. Although these are different 
angles of the Internet use. the actual interaction of the user with the Internet world is typically the same: the 
publishing of the user's data on the web. the initiation of a search (autonomously or not). the access of available 
(found) information on the web. and finally the analysis. the manipulation and the integration of the acquired data. 

SEARCH -+ PURCHASE ----+ CO 1SUMPTIQ;',; I USE 

t i 
Figure 1: The £-Commerce Cycle in the Supply Chain 

l:\TEGR.\ Tl:\G '.'iLP I:\ A:\ ACCESS TOOL FOR E-COl\l~lERCE 
\\ hile it is now a common practice for a big enterprise to take ad,·antage of the aYai!Jble information technology, 
companies in the small and medium size group (SME) will have less chJnces of survival in the era of global 
economies without the access to this new technology. For the SME. where information technology could be a 
saYior. the mere size of what is being published on the web may be too intimidating. An interfacing tool between 
this new world and their present means and resources can be qune promising. By surfing the Internet world. a user 
becomes a member in the electronic market plJce . As a purchaser. S\1E would hJ,·c the chance to reach and be 
reached by their suppliers: and as a vendor the) can Jlso contact or be contacted by their clients thus opening new 
a\'enues of opportunities in expedient ume. at low cost. and with higher producti,·iry for both the internal as well as 
the external supply chain. Figure 2 shows the archttecrure of an intelligent access tool thJt brings together a natural 
language interface. a connectionist expert system. and intelligent agent technology. The ultimate goal of such a tool 
is to facilitate the adoption of e-commerce by the SME. 

NLP techniques can be called upon to help retrie\'e, collect. summarize. filter. organize. and distribute information 
according to some specialized needs. In the past few years. the atural Language Processing (NLP) community has 
developed n:1ultilingual applications and textua l resources and software (Hart et al.. 1994; Krulwich & Burkey, 
1997; Joachims et al.. 199i ). Sparked by Princeton 's inrnati,·e v. ith \\. ord~et (Fellbaum. 1998). large databanks 
have also emerged in many languages. particularly those spoken among the European Community (population: 850 
million) and hence can be exploited to sern the needs of denloping as well as highly developed firms . 

An NLP interface/agent. based on the tl!chnology of ProcessTalk (Eid & Moghrabi. 1995 and 1996) can provide 
the users easy -interaction with the Internet. The general architecture of the system includes a number of distinct 
components. namely: 

1. GcaroroaticaJ Coropooeor· 
This module describes the specific language's characteristics. It is one of the adaptable components that allow the 
system's multi-linguality. It includes: 
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a. Morphology analyzer: ·n di· fferent forms such as: SELL, SALES. SALESMAN 1\. w d I · to a specific concept come 1 . . • ... ,~ 
or s re aung th d. fii ent word forms into thei1 root. the smgle corresponding entry in 

morphology ·c~mponent conve~ e ~ e:f entries in the dictionary thus reducing the search time and stora~ 
dict~onary. This reduces ~e tota num er . , 
requirement. 

b. Syntax analyzer: . .fi 1-e ordering of words that allow the correct sentence snucrure. fo .. 
Each language has 1ts spec1 1c syntax, . ., . _ _ 

E 1. h d French sentences while verbs come at the begmnmg of the Arao~ example. the noun starts ng is an h th • .. 
· h d · Irani·an and German laneuaees. The svntax component as e respons1b1htYol sentence or at t e en m ... ... · . · f · 
- k f th tence structure and can help in bener understandmg the meanmg o a sentence ratno keepmg trac o e sen _ , 

_ than studying the statistical correspondence of the relauve presence of\\ ords. · 

USE;R 

INTELLIGENT 
ACCESS TOOLS 

A 
G 
E 
N 
T 
s 

Figure 2: The ge11eral a~cl,itecture of a11 imelligent access system 

., SeroaaliclPra 0 roalic C0 rop0 aear· . 

rn':'ERNET 

This component covers all general .and expert knowledge needed to understand the commands (requests), tilt 

activities, or the objects related to a specific domain; industrial sector. It comprises: 

a. Dictionary of words: 
• Objects: e.g. door, Yanity. screw. etc. 

• Actions: e.g. fabricate. measure. search, compare etc. 

b. Dictionary of synonyms or related concepts: 

• Object?: e.g. pen, pencil. highlighter. (which are closely related.) 
• Actions: Look for products ~hat are of s~me category, pans of a subcompon·ent, or of a similar material. 

c. Expen .system inference engine: lt permits the processing of words discussed in 2.a and enriches them wim 

the concepts given in 2.b. This engine ;ccesses the user and domain models and implements a numbero! 
inference rules including deduction. abduction. instanciation. etc. · 

3. Ko0"'1ed0 e-base \Jaoa 0 eroea1 Coropoaent· . 
This is the central component of the NLP interface. It aniculates all knowledge bases and guarantees_me~ 
mutual independence. It receives the natural language queries, decides the order and type of informanon n 
needs, and hence which module to use next. It then calls upon its specialized auto~omous agents to hel~ 
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answer the initial query. These agents could be activated immediately on demand or have .. regular" duties to 
go fetch some information such as products related to the finn's economic sector, etc. 

CONNECTIONIST EXPERT SYSTEMS FOR E-COMMERCE 
Rule-based expert systems require a human expert to fonnulate the necessary rules that are needed for analyzing the 
complexity of input data. The number of rules is usually large with frequent inter-correlations. System build:rs on 
the other hand, lack specialized domain knowledge that allows them to formulate these expert rules. Neural 
networks can be used in real world applications of connecuonist expert systems to reduce the lengthy coordination 
between them and the human experts as well as permitting system flexibility. 

Neural networks have been successfully used as expert system applications for medical diagnosis (e.g. Baxt I 990 ): 
stock price predictions (e.g. Dutta & Shekhar 1988): automobile fault diagnostic: etc. (Lipman 1989: Miller. Sutton 
& Werbos 1990: Omidvar 1992; Pao 1989; Pomerlau 1989: Sejnowsky & Rosenberg 1987: Widrow 1989). Based 
on these successes. a user modeling neural· network. SIGMA. was developed for encapsulating Internet and Web 
users' habits and preferences (Moghrabi & Eid, 1998). SIGMA, an artificial intelligence application designed to 
answer an Internet client's needs and preferences, analyses the users demographic data and the monitored 
transactions. It then generates a tailored profile that is ultimately used to filter what information is bemg passed on 
to him/her. 

The well known feed-forward error back-propagation multi-layered supervised learning was used for the 
development of the SIGMA system. To implement a neural network solution. the input sets,cases and the 
corresponding output patterns need to be englobing enough to cover all the required decision regions in the search 
space. uncertainties are handled through neurode outputs having more than two discrete Yalues. 

The neural network system was experimented with a random set of I 000 cases under a variety of parameter values, 
among them: 
• The learning rate varied from 0.005 to 0.9 and the momentum Yaried between O and 0.9. Linear andior sigmoid 

activation andlor output functions were tried. The initial weights and bia es were tried with constant values 
between O and I as well as random values formed from all kinds of possible combinations between -15 to + 15 . 
The architectures used were two and three layers. ACO. ·sand OCO. ·s: 

• Three layers worked best with 4 cells in the middle layer with an error \·arying between -0.5 to 0.5: 
• More sophisticated architectures are still to be im·estigated such as unsuper,i ed leJming as opposed to being 

taught by full example sets: 

It should be underlined that in a ru le-based expert system approach. the time consuming element in the development 
process is the fact that all the ru les and exampies haYe to be defined in advance. On the other hand, in a neural 
network approach it is the traming that is time consuming. Finding this magical combination of all the parameters is 
more in the realm of experimentation. 

AGENT TECH:\OLOGY 
Intelligent software agents can filter mail. find documents. schedule meetings, book cheap airline tickets, etc. A 
user can delegate some tedious tasks to an ( or to a number of) agent( s ). which is an autonomous entity in that it does 
not come back repeatedly to ask for infonnation and it can react and interact with its enYironment. An agent is 
constantly active as it "lives" in an infinite sense-act loop. 

Standard information retrieval systems techniques are concerned with J person interrogating a previously indexed 
static database and getting information back . The queries are based on smgle key words or terms. This loses a lot of 
the accuracy as. well as the context needed m order to respond "intelligently". On the opposite specter is agent 
based information retrieval. where one agent is ··responsible" for some document(s) and is aware of the query and 
the context. or even a whole community of agents that organize· the needed information search (S. Marsh, 1997). As 
to where NLP ties in with agents. consider a mail-handling agent that is given the task of assigning a higher priority 
to e-mails containing the word "payment". The agent could decide to give higher priority as well to e-mails 
containing the words "Visa" or "Credit card" because of its access to NLP Dictionaries and Semantic networks. 
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As for information-gathering agents that search the evolving World Wide Web for ··newer updated" versions of 
documents . . they have to base · the search on user models or profiles, panicularly those that have been developed 

using expen systems and· neural networks (Russell and Norvig, 1995). 

ISSUES IN DESIGNING SYSTEMS FOR E-COMMERCE APPLICATIONS 
· During the design of an access system to use e-commerce in the different stages of the supply cha~n. one would 

need to integrate into the system all the factors that are related to, or are of interest. to the user. These include: 
• ·Establishment of the profile characteristics and the needs of potential electronic users. 
• Creation of user friendly systems (NLP) that will help them communicate with the Internet, 
• Immediacy of transactions, 
• Privacy and legal protection of the user through cryptology, 
• Promotion of social acceptance among users by increasing awareness of the importance and advantages of E

commerce, · 
• Assurance of governance·. norms and standards in the Internet interaction practice 
• · Development of the organizational structure needed for the effective use of the system 

CONCLUSION 
Major corporations benefit highly from using the Internet in their supply chain. Having the ability of direct and 
easy ac.cess tone\\_; technologies in the Cyber World. using NLP for example, would help the SME better coordinate 
the different activities (the links) of the supply chain. The use of the Internet in the supply chain also minimizes the 
problems arising from ~ncenainties. wrong forecasts. late deliveries. poor quality materials. machine breakdowns, 
cancelled orders. erroneous information. slow information. transportation breakdowns, etc. This paper discussed 
how intelligent access systems using NLP and neural nerv,ork. can help the SME benefit from the extensive data 
available on the Internet in enhancing their productivity and finding their place much easier in the global markets. 

The paper also presented a basic architecture for an intelligent access system that .would enable the user access the 
Internet world while using a natural language: It also discussed the issues involved in establishing user profile 
characteristics and the creation of user-friendly interfaces. A discussion of using connectionist expen systems fore• 
commerce was also given showing · the results of an experimental application. Further work is needed for the 
development of rapid·transactions response and guaranteed security and privacy. 
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ABSTRACT 
The rapid deployment of E-Business systems has surprised even the most futuristic management thinken. 
Unfortunately very little empirical research has -documented the many variations of E-Business solutions as major 
software vendors release complex IT products into the marketplace. The literature holds simultaneous evidence of 

. major success and major failure as implementations evolve. We distinguish the general concept of E-Business ano 
its predecessor concepts of E-commerce. supply chain management (SCP). and enterprise resource planning (ERP). 
In this paper we use existing case studies and a set of industrial responses to a survey to determine the factors tha1 
lead to successful implementation of E-business systems. 

I~TRODUCTIO~ 
Considerable confusion exists in the literature concerning the various terminologies used to describe E-Business. 
Terms abound with vagu_e descriptions with loose connections to existing management literature and even more 
cryptic relationships to · e\·olving technology. In a previous paper [9] we offer what we believe are the core 
components of E-Business: Enterprise Resource Planning (ERP), Supply Chain Management (SCM) and E· 
Commerce. In Figure 1 we show the relationship between these core processes. It is imponant to note that a 
business may not deploy every component or even attempt to link the three components. Some texts use the tenn 
"Enterprise Resource Management'' or ERM .as a comprehensive term to include all E-Business systems in one 
conceptual entity. \Ve believe that these systems are distinctly different. serve specific functions and may or ma~ 
not ··add up" to a comprehensive organizational capabil_ity. 

ERP. a system for integrating business processes found in manufacturing environments . lt helps business processes 
be more flexible and responsive by breaking barriers between functional depanments and by reducing duplicationof 
effon. Currently, most ERP systems are only ·used. in internal process integration -- Finance and Accounting, 
Human Resource. Order Management (Sales). anq Manufacruring. and these typically have not had significant 
collaboration with outsourcing .suppliers an~ customers. Howe\·er. ERP now are moving into ERP II. ERP II is 
more focusing on supply chain management instead of focusing on internal business process . The ERP market is 
predicted by industry prognosticators to sust-ain a grow rate of 30% to 40%. The market could grow from current 
S 15 billion to S50 billion in the next five years 

SCM is a process of collaborating with outsourcing suppliers and customers for sharing, exchanging and moving 
information _and goods. SCM consists of activities associated with the flow and transformation of goods from the 
raw materials stage to the end users. as well as the associated information flows. Material and information flow born 
up and down the supply chain. SCM is the integration of these activities to achieve improved supply chain 
relationships to yield a sustainable competitive .ad\·antage [I]. 

Because of new information technology. such as the Internet and the World \Vide Web, businesses market and sell 
their products and services on the \Veb in a trend called E-Commerce. Businesses are also using these technologies 
to improve their abilities to provide s<:rvice to custom~rs and to improve their operational perfo~ance to gain their 
competitive advantage through customer self-service, quick response to customers. reduced product lead time and 
inventory levels. etc. 

When ERP. SCM, and °£-Commerce vendors are launching their new products. they all claim their products can help 
businesses achieve several goals and ga~n competitive advantage. Businesses know they have to implement E· 
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Business systems because of new technologies (Internet, World Wide Web) or they will lose market share. 
However, when a vendor sells their products to businesses. do they help them to evaluate and adJust their 
environment to gain the benefits for £-Business systems? When a business decides . to implement £-Business 
svstems into thei~ organization, · do they evaluate and prepare themselves to make this big change? How do they 
s~lect the vendors? What are the factors that determine success? We have completed a survey of industry to answer 
these questions and provide the summary results in this paper. 
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Based on interviews with three manufacturing companies during the summer of 1999 who had implemented ERP 
system in their businesses. a re\·iew of th~ li teraru r~. and on a using the results of a survey conducted by the Harvard 
Business School in 1998 [ l ). the following summary findings are offered. 

A. Insight from interviews: 
1. The reasons they implemented ~m ERP system into their businesses were as follows: 

• The companies grew too fast and their legacy systems could not support them. Also. it was costly to re
code the legacy system and 1t was difficult to maintain the old system. 

• Du~ to the Y2K problem. implementing ERP systems was much easier and less expensive than recoding 
legacy systems. 

• To accomplish Business Process Reengineering (BPR). 
3. In each case. the ·ERP system did not meet all their expectations and the business process reengineering that 

was promised did not full y mJterialize. 

B. Insights from the Har\'ard Business School sur\'e\': 
1. In general. ERP technology could not support their businesses processes by itself. 
2. Their business organizations found it was difficu lt to m·ake changes needed to extract benefits from the new 

systems. 
3. Some companies actually experienced damage their businesses as a result of ERP implementation. 
4. Overruns on cost and schedule targets were common. 
5. Company managers expressed underachieved expectations and benefits. 
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Critical issues affecting an ERP implementation have been discussed in several articles and cases. such as busines1 

processes reengineering, ERP-legacy integration~ implementati,on co~t an~ schedule, top management commitment, 
effective and strong project management, proJect members quahficat1ons, etc [2][~][8]. S~m~ examples of 
successful and failed implementations ERP also show that ERP could ma~e buSmesses _s1gmfic3:11tly rnore 

. competitive. Bu~, ERP could-also cripple or kill a business [2][4][5]. Unde~s~ndmg t_h_e underlying ~hys1cal suppli· 
chain management problem and the characteristics of their products for dec1dmg the nght supply cham software for 

their products is also discussed in some articles [6][7]. 

C. . Insights from the real world examples: 
1. The failure rate for implementing E-Business systems is very high. 
2. Broad ERP/SCM implementations are one of the most difficult tasks any organization can undertake . 
3. Some examples are Hershey vs. SAP, Intel vs. SAP. ADI vs. i2 technology, etc. 

SUCCESS KEY CRITERIA AND VARIABLES FOR E-BUSI!"ESS 
It is clear that · the sources of information on E-Business solutions differ regarding the descriptions of costs and 
benefits. Each vendor is carving out a niche where their technology strengths influence the type of software thar 

_ they deploy and the way the system is integrate into the host ~rganization. 

How then does a company determine what type of system that they need and once this decision is made how is a 
vendor select_ed? We suggest that the literature and case studies do support a set of key success criterion that might 
guide the answers to these questions. Also it appears that a relatively small collection of variables seem to 
sirmificantlv i"nfluence the dee:ree to which the success criteria are achieved and these variable tend to be the same 
regardless ~f the type o( E-Bu-siness system. 

Kev Independent variables 
Several variables appear to drive successful E-Business implementations. A critical component is the support of the 
executive leYel management group. This group should be prepared to be committed to the change process that 
implementing E-Business systems is sure to cause. It appears that a combination of software vendor consultants and 
third party consultants are used by most implementers of E-Business systems. The success of the system is likely 
influen:ed by the selection of the consulting team . . Successful implementation tends to share the property that the 
initia·l budget and schedule predictions are feasible. Most implementations report significant cost and schedule 
overruns but the successful ones appear to be a~le to justify the errors and work around the resource issues. Finally, 
the implementation team composed of functional members and technology members seems to appear frequently in 
successfui implementations. · · 

KeY success criteria 
it is e,·ident from the literature that the s_ucces·s criteri:.i are quite different for each type of system. The reader has to 
be quite careful to distinguish what is promised for the business user versus what is promised in tenns of 
technology. It is not a simple to task to convert the softwar:e providers' advertising claims into strategic business 
objecti\'es. We believe that some degree of accomplishment is necessary in each success criteria in order to claim a 
genuine system level success. · 

METHODOLOGY 
The methodology of this study consisted of de\'eloping 4-page paper-based survey and designing the survey web site 
under Florida Tech College of Engineering (http: /1coe .. fit.edwebusiness). We also used case studies from Harvard 
Business School and inten·iewed some project managers and IT directors ,vho have E-Business implementation 
experience. The overall response was 43 participants from various companies. We analyzed these data by using 
correlation m~dels and one-way Analysis of Variance ~A:'JOVA) and developed Cause-Effect Diagrams (CE) for 
overall E-Busmess systems and each component of E;..Business. Based on the CE diagram model we determine 
which Yariables are most significant and help businesses obtain a better picture of their· strengths and weaknesses 
and the likelihood they can improve their implementation perfo~ance 
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RESULTS 
we present here the CE models for only the composite data analysis and summarize the specific findings for the 
individual E-commerce, SCM, and ERP components. It is noteworthy that the overall results tended to be earned 
into the component models but not with the same intensity. Some specific relations did not migrate to the 
component levels at all. It is important to note that the correlation models are measuring a fundamentally different 
relationship than the ANOV A. Correlation is measuring the degree of agreement between our survey response scale 
and the overall success reported by the respondents. ANOV A is used to determine if there are significantly different 
success scores explained by categories of respondents . While significant and similar findings in both models are 
possible. it is also possible that the models will reveal slightly different results that must be researched more 
carefully. We offer two summaries in Figures 2 and 3 that are the correlation CE and the ANO\' A CE respecuvely. 
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Overall Analvsis 
_ The overall E-Business correlation CE dia2ram in Figure 2 reveals that six significant variables have stronc 

correlations with success score (p-value < 0.05). These six significant variables are schedule reliability, bud2;1 
reliability, outside consultant's system process knowledge, vender's bus~ness process _ knowledge, systems 
.implemen_tation time and cortlpanies~ expectations. The communication skill of the outside consultant shows 
moderate correlation with success score (p-value < 0.20). In Figure 3 the ANOVA CE model on~ more significam 
-variable; implementation team's E-Business experience, is significant that does not show up m the correlation 
analysis. · 

Enterprise Resource Planning {ERP} 
Both ERP correlation and ANOVA CE diagram came out with four significant variables that have strone 
correlations with ERP success score. There are budget reliability, schedule reliability. outside consultant's syste~ 
process knowledge, and companies' expectations. Consultants' implementation experience and communications 
skills play the t1:oderately correlation with success ERP system implementation. 

Supph· Chain Management· {SCM} 
, In 'SCM. only budget reliability shows a strong correlation with success SCM system implementation. Schedule 
-reliability, implementation time, implementation team's e-ousiness experience. and vendor·s business process 
knowledge have moderately correlation with success. However, on ANOVA CE analysis, budget reliability, system 
implementati(?n time. schedule reliability, vendor's business process knowledge, and companies' expectations are 
most significant factors that contribute to implement success. Implementation team's e-business experience, on the 
other hand. is a mo?erately significant factor. 

£-Commerce 
Budget reliability and schedule reliability are significant or moderately significant in the overall. ERP and SCM 
models. However. they did not show any correlation in the E-commerce model. Instead. the cross-function skill of 
implementation te-am, outside consultant's system process knowledge. outside consultant's implementation 
experience and system implementation time are significantly correlated with success implementation. ln the 
A~O\' A CE. communication skill of the implementation team is significant. 

SUMMARY 
In thi_s paper we have shared our relational model of the three primary E-Business components. We provide a 
summary overvie\\' of the significant relationships between the success factors suggested in the literature and the 
overall E-busiriess impl~mentatior:r as well as the cGmponents. It is clear that some factors like budget reliability and 
schedule reliability are major factors that consistently appear in all components and across both CE modeling 
techniques. It is also clear that each component of E-Business can be quite distinct in its implementation and 
c_onsequently in its success factors. We propose to use these findin1:?.s of sienificant relations to further refine the 
interpretation so that we can formulate a graphical "roadmap" that ~-ould i~dicate when and where these success 
factors might appear and how. a firm might manage the implementation process. 
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I!'\TRODUCTIO!'i 
The last three months have seen a .. blood bath" of failures in the "dot-com" business sector. The recent demise of 
such companies as eToys.com. TheGlobe.com, iVillage.com, Gloss.com. and Beauryscene.com provide con\'incing 
evidence that there is a slowdown in the "dot-com" industry. In October 2000. 5.677 jobs were lost. up 18°-o from 
the 4.805 lost in September. Web MD cut 1.100 jobs in September . . Early in January Stamps.com reduced its 
employee workforce by 40%. Since December, 1999, 16% ofthe 274 "dot-com" companies monitored by the 
employee outplacement firm of Challenger, Gray. & Christmas have failed. and 22.267 jobs have been lost. 
WorldCom. a leader in communications, fjred 6.000 employees last week. There can be no doubt that the long 
anticipated "shake out" in the "dot-com" sector has arrived. The NASDAQ, heavy with .. dot-com·· companies and 

_ t'echnology producers. closed last Wednesday at 2151.83. do~n from a high of 5132.~2 in March 2000. 

As the "dot-com'' companies are falling on hard times, the "brick and mortar" companies are stepping into the 
leadership position. Well known companies such as Staples, Inc .. Chase Manhanan Corp .. and Alliant FoodserYice, 
Inc .. have recently launched e-business initiatives. developed workable business plans that pro\'ided value to on-line 
customers. suppliers. and partners. and invested in new e-commerce technologies . They are now able to reap the 
benefits of lower operati_ng costs, stronger links with customers. and major new sources of on-line revenue. 

Ob\'iously. something is going on that differentiates the successful "click and monar" companies from those that are 
faiiing . · What factors are at wo_rk to make some e-commerce companies successful while others fall by the way 
side? The answer tan be found by examining the changing nature of e-commerce. John Hagel states that the recent 
upheaval in the industry can be traced to the fac! that we are mo\'ing into what he calls the third stage of Business to 
Customer (B2C) e-commerce. (2) The first stage focused on developing and deli\'ering appropriate content. The 
second stage focused on fighting for high volumes of traffic . The current stage has companies fighting for profits. 
Hagel suggests that companies that are to succeed in ·s2c e-commerce must develop sustained relationships with 
customers. and generat_e value from the relationships. He states. "Unless you are going to do something that is 
econcimi.:ally valuable to those customers. more· traffic is an expense. Many companies th:H won the fight for traffic 
are poorly posi.tioned to_ win the fight for profits ." . . 

This research focuses upon the development of sustained. profitable customer relations. Three primary factors are 
i_dentified and examined in suppon of this objecti\'e: Customer Relationship Management ( CRM). Data mining. and 
Online Analytical Processing (OLAP ). · These tools. when properly utilized. can make today's e-commerce company 
profitable and successful. This research utilizes resources from "dot-com'' companies as the basis for the 
de\·elopment of the three e-commerce success factors. 

CUSTOMER RELATIO~SHIP l\tANAGEME!'-T (CAAi) 
Central to the _development of C~\1 is an understanding of customer acquisition and customer retention. Companies 
have to first get customers. then retain them. Customer acquisition is necessary to establish and build market share. 
This is particularly imponant for stanup companies or companies entering new markets where they hope to gain 
market dominance before competition becomes significant. Judith Hahnke pro\'ides a model for customer 
acquisition and retention . Customer acquisnion consists of the followim.! factors : · 
• Ad\'ertising -
• Campaign management 
• . Merchandising 
• Customer segmentation and profili.ng 
• Sales analysis 

Once new cust~me:s ha\:~ bee~ acquired. CRM focuses on retaining them. Current research suggests that acquiring 
new customers 1s six to eight ttmes more expensive than keeping current customers. It is obvious that customer 
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retention is critical to the success of companies that have customer bases and are hoping to improve profitability. 
There are five factors that ensure and enhance retention: 

• 
• 

• 
• 

Customer service 
Product quality 
Order fulfillment 
Customer contact center support 
Trust and privacy 

Hal!el states that the key to success in e-commerce lies in focusing on customer relationships and using them to 
l!e;erate value .. He bases this conclusion on the fact that most companies face a dilemma when trying to compete in 
;he e-commerce arena. E-commerce is focused on introducing efficiencies that lower interaction costs and produce 
value. The 'problem is that the cost reduction also extends to customers. Prices fall as companies compete for 
customers. Hagel states, .. Over time, customers become more powerful and capture more of the value embedded in 
industry value chains. If a business is not focused on getting cost out of the value chain. it will be impossible to 
compete. But if that is all the company focuses on, it has a serious dilemma. It will be managing a smaller and 
smaller business." Hagel suggests that successful companies will focus upon finding new ways to add value to the 
customer relationship. Companies will be able to compete on factors other than price alone. and will be better able 
to retain existing customers. 

This is important for the success of businesses. David Reibstein states that it takes an average of S250 for a .. dot
com" company to acquire a n·ew customer, but it costs much less to keep them. (6) He suggests that it is essential 
for companies to learn what will keep existing customers. Only 38% of customers who buy on-line in a specific 
category actually come back to the same site for a subsequent purchase. Bizrate.com surveys of customers indicate 

. that price is the primary consideration for initial purchases. However. price is far down the list of considerations 
when it comes to repeat business. Reibstein states. "If you rated high in customer support. you had a good chance of 
getting a customer back. But if you rated low. you·re dead. You·re ne\'er going to see that customer again." Hagel 
and Reibstein provide clear evidence that customer relationships must be developed and maintained. 

Customer Relationship Management (CRM) can be defined as a business philosophy that integrates many aspects 
of the company. It requires a customer-centric business model that is supported by a set ofapplication systems that 
integrate the front and back office processes. CRM focuses upon a consistent customer experience when dealing 
with the company in three major business areas : Service. Sales. and ~1arketing. These are the three pillars of 
successful business . They are the primary areas where customers make contact with the company. either in pre-sale, 
sale. o:- post-sale sirua~ions. or as an ongoing re lationship that requires set"\'1ce. information. and opportunities for 
future purchases . 

The Service area is probably the most critical with respect to CR.\l The customer service that a business provides is 
vital to its ability to maintain satisfied loyal customers . Today's customers expect service that goes far beyond 
traditional telephone call centers . Call centers are evolving into "contact centers" that utilize a wide variety of 
telecommunications media. Telephone interaction must be coordinated with e-mail. fax. Internet. and any other 
media that customers prefer to utilize. Proactive and self-serYice customer service is a fast growing requirement as 
many customers are utilizing the Internet for such services as order status and shipping status. 

Sales Force Automation (SFA) is the fastest growing component of CRM . The interaction of customers and 
salespeople focuses on com·ening the prospecti\'e customer into a buying customer, then on maintaining the loyal 
customer relationship . This sales process must be managed across all the functional business units within the 
organization. SF A is ofte'n expanded to include forecasting. contact and quote management. proposal development, 
and ''what if' analysis. Salespeople must haYe immediate access to all information required to provide complete, 
timely. and seamless information to customers. 

Marketing automation encompasses lead ·generation. lead capture and management, campaign management, and 
telemarketing. Mass marketing techniques are often used to generate initial contact. with more focused campaigns 
used to address target audiences. Personalization is quick ly becoming the norm for customer interaction. Customer 
preferences and buying habits are primary considerations in this process. Content marketing and 1: 1 marketing have 
emerged as ways to better address customers' service requirements. 
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Successful companies will u~derstand how to utilize CRM to personalize_ every ~lectronic i~teract~on with 
customers. CRM assets will provide information to better answer such vital business questions as. 

• Who are the low risk and high risk customers? 
• Which products and ·services produce the most profit? 
• What are the lifetime value of sp~cific customers to the company? 
• Who· are the· most loyal customers? 

. • How effective are marketing programs for capruring qualified sales leads? 
• \Vhat types of post-sale services are most likely to increase repeat business? 

CRM must be imegrated throughqut the entire organization. Identifying target customers requires anal_ysis of 
customer information present in traditional business systems such as customer order entry and transactton 
processing systems. Effective CRM is enabled by a data mining system that can gather, store. and analyze 
enormous amounts of data. A complete CRM system includes a customer knowledge base of both structured data 
(sales data) and unstrucrured data (e-mail messages and inquiries). All the components of a CRM must work 
to2ether in a cohesive archite_crure that suppons the business plans for both immediate success and sustainable, long 
te;;,, growth. Components of a successful CRM system include: 
~ Business intelligence systems to collect, transform. analy~e. and distribute information for better decision 

making and personalized customer interaction. 
• Analytical engines for understanding customer preferences and buying patterns . 
• Campaign management to facilitate personalized customer marketing promotions . 
• Multi-channel communications capabilities to make interaction convenient for customers. 
• Process~s -and systems for integrating customer information from sales, marketing, and services. 
• Workforce managemen_t tools to automate marketing. sales. and customer service business processes. 

Central .to the process of personalizing the customer service process and the development of CR.M is "customer 
profiling." which is a data analysis process that includes a wide variety of techniques. The purpose is to develop 
comprehensive views of customers. their buying behaviors. and their descriptive characteristics. Profiling includes 
customer segmentation and profitability. Segmentation refers to the subdivision of customer populations into more 
specific groups according to demographics that a·re important to the company. These groups are then targeted with 
specific marketing and advertising based on the characteristics. Profitability refers to measurement and ranking of 
customers based on their net profitability to the company.· Profitability is defined in terms of revenues versus direct 
product costs, indirect -acquisition costs; and operational costs . 

Successful CR.\1. according t_o Hahnke. focuses on three_ factors : Integration. Analysis. and Action. (3) 
• · · Integration focuses on collecting customer data from all operational depanments within companies. Customer 

data must be integrated and a~cessible by everyone in the company. While integration permits the development 
of summary acti\'ity repons. they seldom pro\'ide all information necessary to have successful CR.M. 

• Analysis focuses on development of critical customer insights that support CRM. The analysis is typically 
dimensional in nature. making online analytical processing (OLAP) necessary. Analysis also includes statistical 
and data mining tools to provide predictive models and forecasts . 

• Action focuses on utilizing the information developed from integration and analysis to effectively manage 
customer relationships. CRM strengthens relationships by using what has been learned about preferences and 
behaviors 'to improve customer e::,c.penences and perceptions of the companies. 

_DAT A l\lI~ING 
Kurt Thearling provides an introduction to the relationship between CR.M and data mining. He states that the 
methods used to interact with customers have changed in recent years . (7) These changes have resulted in the 
recognnion that compan_ies have to better understand theii: customers in order to be able to respond quickly to their 
requirements . Additionally. the time frame in which CR.f\1 is provided is shrinking. It is no longer possible to wait 
for signs of customer dissatisfaction before taking actions. "To succeed, companies must b·e proactive and anticipate 
what a customer wants." Thearling cites four forces that interact to make CR.M complex as well as important: 

•' • Compressed market cycle times decreases customer attention spans and loyalty. Successful CR.M reinforces 
values provided to customers on a continuous basis. The time between new customer desires and when 
companies must meet the desires is shrinking. If companies don't react quickly, some other company will. 
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Increased marketing costs impact price and profitability. CRM permits companies to compete on a basis other 
than price alone. 
Streams of new product offerings cause customers to constantly shop for new sources. of products and services 
that will satisfy their exact needs. Indications are that this trend will continue. 
Niche competitors are increasingly able to reach your current customers. The best customers also look good to 
competitors. They will focus on small profitable market segments that may include a significant portion of a 
company's customer base. 

Successful companies must react to all of these forces in a timely manner. Markets will not wait for companies to 
respond, and customers will seek new sources for their products and services. Customers and prospectiYe customers 
want to interact with companies on their own terms. Successful companies must consider multiple criteria when 
developing' CRM strategies. Thearling states that companies must automate the right off er to the right customer at 
the right time through the right channel 

Data mining must be relevant to business pr6cesses if it is to have a positive impact on CRM. The impact is 
dependent upon the business processes. not the data mining process. Data within a company are generated as a 
result of the process that defines how the company conducts its business. For example. the marketing department 
interacts with customers based on numerous factors such as direct marketing, print advertising. telemarketing, 
radio/television advertising, and other methods of marketing. Data are generated during each interaction. Data 
mining analyzes the data and looks for information that the company doesn't know exists. Relationships between 
customers and the process of marketing are what is being sought. and these unknown relationships are the .. gems" 
being sought. Most valuable is information about customer relationships that are counter-intuitive and provide 
information to enhance understanding of customers so that the appropriate CRM can be developed. 

Thearling' s identification of four CRM factors that must be automated proYides the focus for data mining. Data 
mining first identifies market segments and customers within the segments that exhibit high profit potential based on 
preYious buying behavior. It deYelops characteristics that can be used to develop marketing campaigns and CR.M 
strategies to maximize the future customer-company interface. Data mining can enhance CRM by identifying target 
markets more accurately. permining a bener alignment of campaigns to the needs. wants. and desires of customers 
and prospective customers. 

Data mining can be defined in terms of three facilities: applications. approaches. and algorithms. These three 
facilities ·•sit on top or· the raw data generated by the business. They analyze the data on a continuous basis, 
looking for current relationships and. more importantly. changes in relationships that indicate future shifts in CR.M. 

· Applications refer to sets of problems that have similar characteristics across different application domains. For 
example. marketing people can use customer demographics as a method of segmenting high potential customers 
from lesser potential customers . The segmentation process is similar regardless of the types of businesses being 
analyzed. Analyzing data from an auto manufacturer and a drug manufacturer will be similar in nature, and the 
results. while specific to the companies. will also be similar in nature . 

Approaches refer to the sets of algorithms used to extract information from databases. These approaches differ by 
the types of problems they are able to solve. 
• Association - addresses the typical "market basket'' problem. The goal is to find trends across large numbers of 

transactions that can proYide understanding and facilitate exploitation of buying patterns. 
• Sequence based analysis - is an extension of the Association approach that considers the sequential order in 

which purchases are made. In this an:ilysis an understanding of buying patterns is examined as well as the 
sequences in which the patterns occur. 

• Clustering - focus on segmentation problems. Customers are assigned to specifically defined clusters based on 
buying patterns and demographics . Buying habits of clusters are often compared to see if new marketing 
campaigns may be developed for other clusters. 

• Classification - uses a set of predefined examples to de\·elop a model that can be used to classify all data in a 
population. Fraud detection and credit risk applications are well suited to this type of analysis. 
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• Estimation - is a variati.on of the classification approach that generates ••scores" along various dimensions intne 
data. For <;redit risk applications potential clients receive a .. credit worthiness score" rather than be classified in 

a binary nature . 

. Algorit?ms refe_r to the specific analrsis methods utilized to analyze data. Algorithms generally fall into one ofrw0 

categones: . . . 
• Theory driven modeling tools such as correlation and regression. hypothesis tests. AN0V A. d1scnmmant 

analysis. and forecasting methods. 
• Data driven modeling tools such as cluster analysis, factor analysis, decision trees. and neural networks. 

Data mining is not without its drawbacks. The problems common to the algorithms currently utilized fall into three 
general categories: 
• Susceptibility to .. dirty data" - data mining tools simply take data presented to them and analyze it. They have 

no semantic structure, nor do they have any ability to identify anomalies or erron.eous data. Users must ensure 
that the data are .. clean" before sub"1itting it to analysis. 

• Inability to .. explain" re.suits in human behavior terms - the algorithms develop mathematical representations of 
relationships, but offer no suggestion about the nature of the relationships or why they exist. Why humans do 
thin es don't necessarily map accurately into .. if - then" rules. so results must always be interpreted by people . 

. • Dat; representation gap - codification of human actions may not be able to accurately be represented by data. 
Categori_zing continuous variable data may lose so much information that the analysis is no longer valid. 

ONLINE ANALYTICAL PROCESSING (OLAP) 
John Zicker offers· this observation about business today: •· ... almost all technology today is focused on compressin~ 
to zero the amount of tim(;! ·it takes to acquire and use information ... to make decisions. to initiate action. to deploy 
resources. to innovate. We have to·think and act in real time. We cannot afford to do otherwise." (8) 

Pendse states that ·speed is becoming the most imponant factor when considering CRM. (5) Companies that can 
· quickly pro\·ide high levels of customer service stand a better chance of keeping th~m as loyal customers because 
they won't be tempted to look for other solutions. Online Analytical Processing (0LAP) tools provide real time 
analysis capabilities that can provide information critical to CRM. The faster key information is available to support 
CR.M decisions, the more successful the CR.M efforts. 

Sarah Fo~sman of The OLAP Council defines 0LAP as. "a category of software technology that enables analysts, 
managers. and executives to gain _insight into data thr.ough fast. consistent. interactive access to a wide variety of 
possible views of information that has been transformed from raw data to reflect the real dimensionality of the 
enterprise as understood by the user." ( 1 ) 

0LAP functionalitv is characterized bv dvnamic multidimensional analvsis of data generated from business 
activities in order t~ support the decisfon ·making proc.esses of manager~. 0LAP fu~ctions include: 
• Calculations and models across dimensions 
• Trend ana_lysis over sequential time· periods 
• Slicing subsets for on-screen viewing 
• Drill-down to deeper levels of consolidation 
• Reach-through to underlying detail data 
• Rotation to new dimensional comparisons in the vi~wing area 

0LAP can also be defined in terms of functional characteristics that are expressed by the acronym FASMI: Fast 
Analysis of Shared Multidimensional Information. 
• 

• 

• 

Fas_t means that the system delivers most responses \\·ithin about five seconds, with the simple routine analyses 
. takmg no more than one second and the most complex analyses taking no more than nventy seconds. 
Analysis refers to the system's ability to use any business log_ic and statistical procedures that are relevant for 
the situatiof' and the user. and keep use easy enough for the target user. The ability for users to define ad hoc 
analysis queries is a_ requirement. 

Shared refers to the requirement that the system implement security to ensure confidentiality. Also important is 
the ability to manage multiple write ac~ess when needed. 
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Multidimensional means the system facilitates conceptual viewing of the data (graphicaHy or otherwise) on any 
number of user specified dimensions. This is the most important characteristic. Users must be able to specify 
analysi_s dimensions that facilitate understanding and the system must support these specifications. 
Information refers to quick, easy access to aH data necessary to complete the analysis. The capacity of the dat:i 
the system cari utilize during the analysis is an important factor in analysis performance and usefulness . 

Successful OLAP applications enhance decision making effectiveness and increase managerial productivity. The 
flexibility of OLAP means that users can become more self sufficient. and don ' t have to rely upon lnformatton 
Technology personnel to develop and modify data schemas. create joins. or import/export data. OLAP supports 
managers ' analysis of problems that would be impossible with slower. less flexible systems. As Mukherjee. et. al. 
state. "More control and timely access to strategic information equals more effective decision-making." ( 4) 

CONCLUSIO~ 
As use of the Internet to support business increases. the importance of CRM will continue to increase. Keeping 
customers is much cheaper and easier than getting new customers. Providing excellent customer service is the key 
to keeping existing customers. CRM is best managed through the collection of data from traditional business 
processes. then mining that data using the tools of data mining. Identifying characteristics of existing customers 
with high profit potential permits companies to .. personalize" the CRM function and proYide real value to customers. 
This in rum will increase their loyalty and improve profitability through lower customer acquisition costs. As speed 
becomes more important. and as more specialized and sophisticated analyses are required. OLAP tools will 
increasingly become necessary to support the CRM decision making process. 

The ultimate conclusion from this analysis is that the nature of business. marketing. and management has not 
changed. The internet pro\·ides a new. convenient. fast infrastructure that facilitates the application of tried and true 
business concepts. CRM focuses on keeping existing customers through increased knowledge of what they want. 
Data mining facilitates the collection and analysis of data in order to learn what customers want. OLAP facilitates 
faster. more sophisticated analysis of data to enhance the understanding of why customers want what they want. E
commerce of the future won 't differ much from traditional business from a conceptual managerial perspective. What 
will be different are the tools utilized to develop information to support those managerial concepts. 
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There is a growing. need. for corporations. government organizations, and net market makers to build long-term 
business relationships by offering dynamic online negotiations tools that can account for many quantitative factors, 
such as dynamic pricing as well as qualitative factors such as quality of goods and the long-term value of the 
relationship. 

in this paper, we present NEGOTL\ TE-ONLINE&', a fuzzy logic-based system that can bring together buyers and 
sellers to negotiate transactions online and in rea1-time. Online negotiations yield significant economic benefits, 
allowing both buyers and sellers to get more out of the exchange and to develop murually beneficial relationships 

Introduction 

At the current juncture of the Internet evolution. inter~ct-ion between parties to e-commerce exchanges goes little 
beyond simply bidding on pri.ce . Although this may be sufficient in Business-to-Consumer (B2C) settings. it is an 
entirelv different storv in the case-of Business-to-Business (B.:!B) scenarios. In fact. the failure of B2B Net Market 
Maker; to account fo~ most of the real-world business interactions has been a major hurdle to realize the potential 
growth in B2B e-commerce. This 1s clearly reflected in the stagnation of their corporate profits and market 
valuations. The fact that was overlooked by most. if not all. Net Market Makers is that in the real world, B2B 
commerce is founded on relationships not on transactions. Business relationships are almost always built on 
negotiations . 

B2B negotiations can incorporate other issues in addition to price and quantity. Such issues can include shipping 
schedule, payment terms. and quality of goods. NEGOTIA TE-O~Ll:\E ~ can be configured to consider any 
business specific negotiatton .issues. The need for. negotiation communication is often overlooked in price-focused 
B2B exchanges. The proposed online negotiation framework allows buyers and sellers to communicate so that the 
negottating parties can develop a business relationship and optimize their negotiation strategy. Another important 
factor that is often ignored in price-focused B2B exchang~s is the future value of the relationship. For example, the 
higher the perceived value of the relationship is to the seller. the more power the buyer has .. As the power of the 
buyer increases, the size of concessions ·from the seller is likely to increase as well . 

. · It is important for any B2B online negotiation framework to allow the Net Market Maker that brings sellers and 
buyers together to setup business rules that ensure fair and timely negotiations. The NEGOTIATE-ONLINE© 
framework allows the Net Market Maker to set business rules such as time limits on negotiations. 
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Dynamic Online Negotiation Model 

Online e-commerce negotiations. involve four basic entities; .. Buyer ..... Seller", .. Issues". a-nd .. Net Market Maker". 
The first two entities represent the parries to the exchange. The .. Net Market Maker" is a special entity that may 
enforce specific business rules on the negotiation process that "Buyer'' and .. Seller .. have little or no conrrol over. 
Toe dynamic negotiation process can be seen as a sequence of moves bv the parries involved. There are two types of 
moves. communicative and structural. Structural moves involve alternating offers and counteroffers while 
communicative moves modify specific negotiation conditions such as negotiator power. Net Market Maker moves 
are in the form of buying and selling rules. Figure 1 shows the four basic entities and the interaction between them. 
Buyers and sellers exchange communicative moves that alter specific properties of the negotiation process. Those 
propenies _are used to determine concessions resulting in strucrural moves. This process is repeated until an 
agreement is reached or the tune for negotiations set by the . ·et Market Maker expires. 

Selling Rul ·. 

Figure 1: ~EGOTIA TE-0:\LI?\E t Model 

Structural !\loYes (Offers and Counteroffers) 

nteroffer 

In the 'EGOTIA TE-ONLI).;E e' mode l. "Buyer" and "Seller" parameters will be used to determine their structural 
moves. i.e. offers and counteroffers. Durmg the course of negotiations. those parameters may be modified by 
communicative moves. Buyer and seller parameters fall under two categories. "negotiator power" and .. strategic 
profiles.'' 

Ne2ot1ator Power 

Power is the main factor in assessing the concess10n force actmg on the negotiator. the more power one has, the less 
the concession force is . In a B2B negot1at1on senmg. the value of the relationship determines the power of the 
negotiator. For example. the higher the value of the relationship to the seller. the less power he has in the 
negotiation. The proposed model considers each power property as dynamic. as opposed to static. and thus may 
change throughout the course of the negot1at1ons. Changes in power propenies may occur as a result of 
communicative moves . Those perceived propenies might include: 
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1. Loyalty: How committed is the buyer to a specific supplier once a relationship is established. 
2. Prospect for Follow on Business: What is the prospect for follow on business. 
3. Prestige: What is the value of having the buyer on the seller 's customer list. · 
4. Time Restriction: What are the time restrictions for the seller to liquidate the product. This could be the most 

imponant property ·in th_e case of perishable or high-tech goods at the risk of becoming obsolete. 

Pkir1. .. m> = {p1: Loyalty, p2: Follow on Business, p3: Prestige, p,.: Time Restriction} 

For negotiation situations where power parameters are imprecise, each property is assigned fuzzy quantifiers using 1 
linguistic quantification set {Very High (shape 1), High (shape 2), Medium (shape 3), Low (shape 4). Very Low' 
(shape 5) }. The fuzzy quantification set shapes are shown in figure 2. 

In addition. each property is not equally as imponant as the other. Each property has a we_ight {W q: q= 1 .. .5} . to 
represent the relative imponance of each property. The linguistic weighing set W contains the following values: 

W = {w1: Very Unimponant, w2: Unimponant. w3: More or Less Imponant. w4: Imponant, w5: Very Important) 

1.0 

0.5 

Figure<!: Fuzzy Quantification Set Shapes 

To determine the concession force, at a panicular negotiation session t. the fuzzy weighted sum of the properties is 
calculated first : . · 

· m 

S1 = L wq · Pk 
.i: =I 

The concessi~n force F 1, is inversely proponional to ·s1 •. Moreover. F1 is proportional to the difference between the 
Minimum Acceptable Offer on the issue with the lowest marginal utility. Mi.t and last demand. Di.t-t · We can write 
the relationship between F1 and S1• Mi., and Di.t- l as follows: 

The fuzzy division F, may be denoted as follows: 

m 

F, { (Di.t~l . Mi.1) / L Yk, 
k =I 

m 

(D,.1-1 - Mi_,) 1 y · 
....,.J 

Xk, 
k= I 

m m m m 

(Di.t-1 • Mi_,) L Zk l [(L Yk)(I Yk~ r · Zk)], 
k=I k=I k=I k=I 

m m m m 

(Di.1-1- ·Mi.1) L vk / [(I Xk) ( L xk- L Vk)] } 
k =.I k=I k=I k=I 
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Strate2ic Profiles 

"Resistance force·· represents a seller or a buyer 's natural unwillingness to concede while .. concession force" 
pressures him to concede. For example, a weak .. concession force··, will allow the natural tendency of a seller to 
resist concessions to prevail. As the .. concession force .. becomes stronger. he is more inclined to concede. The 
model addresses this problem by building strategic profiles for negotiators that are defined as therr .. resistance force· · 
for a specific strategy. A given .. concession force" can then be mapped against this strategic profile to detemune the 
neeotiator's structural move or offer. Strategic profiles can be built to reflect tough or soft negotiation strategies. 
When the negotiator changes his strategy he does so by altering his resistance force. in other words. deploymg a 

different strategic profile. 

In general. ,the negotiator concession will lie in the range of zero and (Demand - Minimum Acceptable Offer). A 
strategic profile consists of a series of linear fuzzy tactics on this range. Essentially. a strategic profile is a fuzzy 
logic representation of the "resistance force ... 

Communicative Moves 

Communicative moves may alter propenies of "Buyer·· and .. Seller". A comrnunicanve event takes place when the 
negotiator makes a move to communicate any type of relevant information such as preferences and power related 
information. NEGOTIATE-ONLINE© uses communication threads so that negotiators can easily communicate and 
assess each other"s power and preferences. The impact of communicative moves is modeled by altenng negotiator 
power and strategic profile. For example. a seller may increase the value for a .. Prospect for Follow on Business" 
from "Low" to "High'' based on comrnunicanon from the buyer thereby decreasing his power and increasing the size 
of concessions. 

Conclusion 

;-,iEGOTIA TE-O~LIKE't brings the powerful benefits of a comprehensive online negotiation solution: 

A unique Fuzzy-logic based negotiation engine which takes into account both precise and imprecise aspects of 
the negotiation scenario. 
Ability to customize business negotiation rules to meet the unique needs of the business or marketplace. 
It handles multiple issue negotiations that can incorporate both quantitative and qualitative terms . 
The user can specify ~inimum Acceptable Offer condttions for each individual issue as well as for the overall 
outcome. 
Time limits can be imposed in order to facilitate expedient negotiation strategies. 

NEGOTIATE-0. ·Lr--;E t unique solution meets specific online e-commerce negotiation needs and is being 
implemented m a web-based negotiation platform. 
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I~TRODUCTIO~ 
Half of the world ' s population. 3. billion worldwide. are either disabled or in direct contact with the disabled. 
According to some accounts, America is home to 50 to 55 million citizens who are either totally or panially 
impaired ~r disabled but who are gifted in other ways. Anyone can become disabled. eith~r permanently or 
temporarily. through injury. illness. or aging. Most of us will experience at least some period of disability ( e.g .. 
broken ann or repetitive stress syndrome). 

It is estimated that the disabled community in the U.S. has SI trillion in disposable income [Tillett 2001 ]. There are 
_ approximately 2.5 million people in the U.S. alone that consider themselves bhnd of which according to the 

National Federation of the Blind. 600.000 to 800,000 are legally blind [Wingfield 1999). Melanie Brunson, director 
-of advocacy and governmental affairs at the American Council of the Blind estimates that only IO to 20 percent of 
all web sites are accessible to the blind [Brown 2000]. Only IO percent of those disabled regularly go online 
whereas 30 percent of the rest of the population do so [Alexander 2000]. A recent Harris poll found that those with 
disabilities that ac~ess the Internet spend twice as much time online and using email as compared to people without 
disabilities [Solomon 2000]. Sadly, professional oppommities for these indi,·iduals haw been limited. Seventy-one 
percent of the 17 million people nationwide with disabilities of working age are jobless according to the Able to 
Work Consortium. a non-profit ad\'Ocacy group for the disabled [Alexander 2000]. In this age of labor shortages. it 
is wise 'ro examine this relati\"ely untapped \.\·ork force. panicularly when the only barrier to hiring a competent. 
excellent employee may be a piece of hardware or software that is not necessarily expensiYe. 

Disabled Americans clearly constitute a Yery large minority in this nation and the vast majority of the Web has 
arbitrarily excluded them. Disabled surfers find as much frustration online as they do infonnation. Most web sites 
would never intentionally exclude such a large group of people but many web developers wrongly believe that the 
disabled are only a small percentage of the popl,llation. Or when confronted with the idea of making their web pages 
web accessible for the blind for example. they react as if you asked them to create a hairbrush for the bald. Many 
designers of web sites and software applications are young people whose eyesight is 10-20. with dexterous fingers 
who believe that everyone loves and uses a mouse since· they do . Some visually impaired go as far as referring to 
these sighted web designers at retinal chau,·inists . Hence. much of the problem is one of educating web designers 
about why it is in their best intere.st to make their sites accessible to everyone and training them how to create sites 
that are usable by all. 

Even if web developers callously disregard the ethical imperative of web accessibility, it is in their best interests to 
create accessible web pages. In the real ·world. many of the accommodations designed for the disabled not only 
makes a building accessible to people with disabilities. but also makes its use more convenient for others as well. 
For example, curb cuts are enjoyed by bikers as well as those in wheelchairs. Ramps and elevators are appreciated 
by parents with strollers as well as the physically handicapped . There is good reason to believe designers that make 
their web sites accessible will see similar benefits to their non-disabled customers online. Sighted surfers with slow 
modems may choose not to display images if alternative· text is provided. Furthermore. a sm;ll but growing number 
of mobile devices are internet-enabled . There is great excitement in the disabilities community over wireless since 
web pages designed to be more easily accessed by these wireless devices better serve the needs of the disabled
furt_hering both the goals of mCommerce and web accessfbility. 

Accessible web pages work well with PD As and cell phones. Motorola is one of several companies attempting to 
deliver Internet services Yia wireless devices. Although many individuals that use mobile devices are not disabled, 
typing on tiny keypads and reading text on small screens (panicularly while driving) creates an opportunity to 
combine complex voice-recognition technology with wireless web-access service. One day, computers in cars will 
regularly download content from web sites ~esigned to be accessible by the disabled and output that content using 
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computer-generated speech - saving the driver the hassle of pulling over and reading the content on an output screen 
[Tillen 200 l). So. in this case. a web page designed with screen readers in mind would be easily accessible by both 
mobile devices that are voice-enabled and low speed devices. 

Web designers already examine web pages to ensure consistency across platforms and browsers. It is a relatively 
small step from there to comply with web accessibility standards. The blind use screen-reading software that 
converts text into either computer-generated speech or Braille on a refreshable display. Screen readers have great 
difficulty with graphics rich web pages since the content and the presentation of that content are intertwined. What 
desieners must do is separate the presentation of content from the content itself - storing content in XML formats 
rath;r than HTML. That allows the disabled greater control over how they access information. It also makes the 
content more accessible to mobile devices. 

CURRENT EFFORTS TO ELIMINATE BARRIERS: LAWS. REGULATIO~S A~D GUIDELI~ES 
Public Law l O 1-336 enacted the Americans with Disabilities Act (ADA) on July 26. 1990, and it covers any new 
construction of public accommodations and commercial facilities after January 26. 1993 under Title Ill. Reference 
28 CFR 36. The ADA prohibits discrimination against persons with disabilities and provides a private course of 
action to enforce its provisions. It mandates that "public accommodations" make their goods and services accessible 
to people with disabilities. unless doing so creates "undue burden." Among other things, it mandates handicapped 
accessible parking with ample room between spaces and curb cuts. handicapped entrances with wheelchair ramps 
and oversized doors. handicapped toilets. as well as appropriate signage throughout a building. 

Are web sites legally obligated to accommodate the disabled. just as ··public accommodations" such as shopping 
malls are under the ADA? Groups like the National Federation of the Blind (NFB ). along with state and federal 
officials. maintain that the ADA requires web sites to take reasonable steps toward web accessibility . However. the 
law has traditionally been applied to physical places like restaurants. hotels. and retail establishments. But the 
Internet is quickly transforming itself into the digital equiYalent of a "public accommodation.'· For example. the 
blind benefit greatly from online grocery stores such as Homegrocer.com. a site recent ly acquired by Webvan 
[Ti lien 200 I]. ~o one has yet gone to court over web accessibility and the ADA. Hence. an ongoing legal debate 
exists about whether the ADA applies to the internet. Lawsuits have been filed but fo r now. cases are being settled 
out of court. For example. the NFB. a 50.000-member advocacy group. filed suit against America Online (AOL) in 
~ovember 1999. It alleged that AOL was not complying with the ADA since its service did not work with special 
screen reader software used by the blind. ln July of 2000. the organization dropped its su it citing progress AOL 
made on making its sen·ice accessible to the blind. AOL agreed to make \"ersion 6 of its software compatible with 
screen readers: 

Most often companies are forced to act on web accessib il ity . Roger Petersen. whose , is ion is impaired. worked with 
the California Council of the Blind to negoti ate a sett lement with Bank of Americ::i to get talking ATMs and a web 
accessible online banking site [Soiomon 2000] . As of the summer of 2000. fifteen talking A TMs had been installed 
with 2.500 more scheduled for installation throughout California and Florida over the next three years. 

Medical transcriptionist Rose Combs is blind and surfs regularly . When she went online to vote in the Arizona 
Democratic primary, the first election held on the Web. her screen reader could not translate the Election.com web 
site [Solomon 2000]. With assistance from the NFB. Combs successfully lobbied to make the web site's online 
voting accessible to screen readers. Even though most companies are cooperative after.being approached by the 
disabled community. web accessibility needs a more proactive approach to ensure that the mote of inaccessibility 
does not prevent people like Combs from initially partic ipating in such important activities as voting. 

Many states have recently enacted policies similar to ~ew York St:ite's Technology Policy 99-3. The policy 
requires all New York State agencies provide unl\·ersally accessible \\"eb sites to enable persons with disabilities to 
access the sites. While this policy was passed on September 30. 1999. there are still many state agencies that have 
not complied. 

The Sutton Trilogy. three Supreme Court cases from 1999. narrowed the definition of a disability such that if there 
are mitigating factors, then a condition is not a disability from a legal perspective. For example, impaired vision 
may be corrected using eyewear. \\-'here does this leave those with disabilities? John Kemp, a fonner employment 
lawyer and appointee to the National Council on Disability, as well as the senior VP for strategy development at 
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HaltThePlanet.com (a web portal designed for those with dis~bilities) is not ~ure [Alexander :.oo_O]. He wears four 
artificial limbs and wonders legally if based on the Sutton Tnlogy whether his prostheses are m1~1g~tmg ~actors" 
under the ADA°. His artificial limbs allow him to walk and type much as eyewear allows th0se wtth impaired vision 
to see well enough not to be legally blind. Although obviously to the average citizen, John is disabled, according 10 

.the Supreme Court rulings i~ 1999, it is not clear to him whether he is legally disabled. 

While some faws have emerged to make web sites accessible. the web is still growing a~ ~n unprecedented rate witn 
many web page developers totally unaware of the need to make sites accessib~e. In add1t1on. many compam~s. 
primarily out of ignorance. are not interested in making their web sites accessible. _A fe~v hours of_surfing ,,·1th your 
browser set to not display images as well as havingjava and JavaScript disabled will qmckly con~mce you of how 
far designers have to go before the Web is accessible. Luckily. the federal government is anemptmg to change this 
through its enormous buying power. 

Federal agencies spend more than $30 billion on IT products and ser\"ices yearly making them collectively the 
largest purchaser of IT in the world [Tillen 200 l l The executive branch of the government is not covered by the 
ADA but rather by the 1973 Rehabilitaticm Act as well as recent amendments. The Workforce Investment Act of 
.1998, which amended Section 508 of the Rehabilitation Act, requires federal agencies to make in formation 

- t~chnology accessible to those disabled [Tillett 200 I]. It requires agencies to consider disabilities when buying or 
building technology (web design tools, photocopiers, e-mail software. kiosks, keyboards. databases, servers). As 
'these agencies demand technology from vendors that satisfy requirements of Section 508. companies such as IBM, 
Microsoft. and Oracle are incorporating accessibility features into their core products. Even though the private 
sector is nol r_equired to' comply \\;ith Section 508. accessible technology will benefit everyone since it ··would be 
ludicrous and overly expensive to create one product for the federal government and another. less accessible product 

. for the private sector [T-illett 200 I]." The Access Board. a small. independent federal agency responsible for 
drafting and implementing ·the new accessibility standards issued recommendations that federal sites must meet by 
mid-2Q0 1. The Congressional Budget Office estimates that the resulting improvements in productivity of the 
168.000 disabied federal workers from implementation of Section 508 will generate savings of up to S466 million 

.[Pressman 2000) . 

CATEGORIES OF DISABILITIES WITH RESPECT TO WEB PAGES 
W accessibility makes web sites accessible and usable by handicap or disabled users. Most people would expect 
that accessibility would be designed to help the blind. visually impaired. or deaf. However. web accessibility 
encompasses a larger -group of disabilities. It also includes cognitive disabilities. physical disabilities. age-related 
,·isual degeneration. and economical disadvantages. The following sections detail how each of these disabilities are 
affected by po'or web design_. For the detailed web· acce~sibility guidelines from the World \\"ide Web Consortium, 
visit hnp: //w\vw.w3.org:. 

Blind. Visuallv Impaired. Age-Related \'isu·al Deoeneration 
One group that has many complaints about being shut out from information on the Internet is the blind and visually 
impaired. Originally. the Internet was not laden with graphics and thus was hiehlv accessible to the blind. This 
group of indi"·iduals is very diverse in the varying degrees of those that fall int~ the visually impaired group. This 
group can be broken down further into those that are totally blind. Then there are individuals suffering from tunnel 
vision. which is a visual impairment that only allows the eye to see a portion of whatever thev view or a narrow 
scope. There·are individuals who suffer from color blindness. In addition. there are also tho~e who suffer from age· 
related visual degeneration, which happens when people get older and fine print cannot be read. 

One device designed for the· blind and visually irnpaired users to gain access to the Internet is a screen reader. A 
screen reader is the commonly-used name for Voice Output Technology that produces synthesized voice or Braille 
output for text displayed on the computer screen which includes icons. menus. text, punctuation and control buttons 
as well as keystrokes _entered on the keyboard. This dev-(ce would work great if all web pages had simple text with 
no ~x_travagant graphics. However, today when you visit a web site, you are met by pages filled with graphics. In 
ad~mon. many s_creen re~ders cannot interpret special formatting. _such as a change in color signifying a difference 
or importance or other visual cues that help a sighted person understand the information they are looking at. 
Another problem faced by screen ~e~ders is that it reads the content of the ·web page from left to right and then from 
top to bottom [Valenza 2000]. This 1s a problem when a screen reader is trying to read a chart or columns in a 
tabular format. Figure I · illustrates the pro~lem when a screen reader reads text from a table on a web page. The 
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screen reader does not know that it should read each column or cell. which is something a sighted user would know. 
and this again puts the blind or visually impaired user at a disadvantage. 

Fi re I. How A Screen Reader-lnte rets a Table 

What You See On a Web Page: 

The quick brown fox 
jumped over the lazy 

I dot!. 

The Screen Reader Says the Following: 

I 
Roses are red. violets 
are blue. sugar is sweet 

i and so are vou. 

I 
The quick brown fox roses are red, violets jumped over the lazy are 
blue. smrnr is sweet do!! and so are vou 

Screen readers cannot interpret images on web pages. Therefore. web designers need to include text descriptions of 
pictures or links. This is very- easy to do by using an ALT tag. Chans and pictures contained on web pages explain 
infonnation. but if you could not see the picture. you would lose that information. A screen reader cannot describe 
the picture. unless there is a descriptive paragraph to explain the chart's infonnation or what the picture is 
displaying. Many web designers do include the ALT tag to label the graphics. However. they tend to just list the 

· name of the picture or chan. which clearly does not give detai ls about the graphic . 

Also, a screen reader cannot interpret the colors. which is often used to differentiate items. If a user is reading a 
tutorial for teaching corporate finance. and red text signifies a wrong answer and green text signifies a right answer, 
the screen reader would only read what is wrinen and not indicate that the answer was right or wrong. 

Another adaptive technology for the visually impaired is screen enlargers or magnifiers . These devices enlarge the 
text for individuals with low vision so that they can read them on the screen. The user determines the amount by 
which the screen is enlarged. so the user can enlarge an entire screen. a cenain portion of the screen. or just the area 
surrounding the mouse [Ray 1998). This techno logy is great because the visually impaired user can now interact 
with the online content rather than printing out the in fo rmation into a largt!r font or Braille. Smee this technology is 

. fairly new. it still has problems relaying some infonnation to these users . Microsoft has added screen magnifiers to 
its latest releases of\Vindows :woo. Office 2000. Internet Explorer 5. and NetMeeting [Tillett 2001 ]. 

One disadvantage that is experienced is that when cenain texts are enlarged. the words and sentences might become 
fragmented as well as distoned. With thi s disadvantage. the user has to "mentally reassemble" the pieces to get a 
bener understanding of the content they are reading [Ray 1998). For some users, this might be very frustrating to try 
to remember what you just read and then connect it to what you are reading. The enlargers also distort the page so 
that the layout of the page is not clear and therefore creates difficulty when navigating the site. Another problem 
encountered is that some graphics cannot be magnified. This is the case when the graphic is too big. and only part 
of the image is displayed. as well as a distortion of the image or picture. With this problem. the user still cannot 
view the image and that information on the web site is not accessible to them. 

The two devices discussed. screen readers and screen enlargers. are only a small portion of the technology that is 
being created to make the Internet more accessible to the blind and visually impaired. They offer some hope to 
these users in accessing information that was once closed to them. but the barriers have not totally been broken 
down because web designs must be changed to take advantage of these technologies. 

Deaf and Hard of Hearing 
The deaf and hard of hearing population do not ha\'e as many problems interacting with the Internet. Their primary 
means of communication is through visual mediums. The Internet falls into this category. The one problem that 
these individuals encounter when on the Internet is with the use of audio files and video files that include audio. If 
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they are at a web site that utilizes audio files. they caMot hear it and_ th~refore. they h~ve loSt the information that 
was on the audio files. The solution to this is captioning. With capuomng for the audio files, deaf and hard of 
hearing individuals can see the words being displayed on the screen while the audio file is ~nning. This_ s?lution 
enhances their interaction when looking on web sites especially those that are based on music and advemsmg. 

· Cognitive and Phvsical Disabilities · . 
Imagine being a quadriplegic that has battled cerebral palsy since birth. Attached to your head ts a metal wand 

· designed to press keys on a standard keyboard. As you surf the ~et, you awk,vardly ~res_s hot keys and k~yboard 
shortcuts. You would like to use Microsoft's Internet Explorer or Netscape Commumcattons Corporation s 
Navigator. but although keystroke commands exist in both browsers. their key positioning layouts are too difficult 
and tiresome - literally it is a neck-breaking task to surf. Web accessibility not only affects the auditory and visualli· 
impaired but the physically and cognitivelyipsychologically handicapped find that unlike the typical web user. it is 
harder for them to surf the web. The cognitively and physically disabled population consists of people that "may 
have difficulty reading long pages and/or understanding text" or those that .. may not be able to move easily or use a 
keyboard or rrio.use when creating or interacting with the image" [Nielsen 2000, p.309] . The targeted groups are the 
elderly, quadriplegics, dyslexics, and physically immobile users. 

, In ·order to accommodate the physically handicapped population. there are several accessibility programs or 
· applications designed to help them view the Internet more effectively. For example, voice applications are used to 
enable surfers to browse the Internet using voice commands. In March 2000, the World Wide Web Consonium 
developed a voice program called VoiceXML. 

Although the physi~ally impaired will have the ability to complete various operations through a dialogue session 
using VoiceXML, there is still a need for software implementation. One of the disadvantages that the user faces is 
sequential formatting of the .software. This can become an inconvenience for some when retrieving infonnation. 
For example, the user could be look1ng up information on a search engine and recei\'e a tremendous amount of 
search results. VoiceXML will not selectively give the user the highlighted areas . Instead. the person will succumb 
to hearing the whole list before responding to the preferred request. So there is an urgent necessity for more 
adrnnced or implemented applications that will best fit the needs of impaired users. -It is also imponant to design 
··sticky" keys that the disabled can hit in sequence when executing a command rather than simultaneously [Tillett 
200 l J: The CTRL + C for copy is an example. Those with restricted mobility should be allowed to hit CTRL 
followed by C rather than being required to _hit both keys simultaneously. Emerging adapti\'e technologies do 
include foot-powered or head-controlled mice and keyboards . 

Economicall\' and Tectrnoloov Dfsadnrntaoed 
Economically disabfed users are often overlooked for the reason that they are not seen as disabled like a blind person 
\\:ould be seen. When a blind person go_es to use the Internet. they need special equipment as discussed previously. 
This web accessibility issue deals computer users who may use older technology and therefore issues may arise such 
as modem speed. 

More software designers are creating software designed to run on the relatively new computer systems. Software 
such as Internet Explorer 5.5 with the ne\\·est versions of Ja\'aScript can only run efficiently on a newer computer. 
If a user has an old computer which will not run theses scripts and applets including JavaScript and shockwave. then 
they are to be considered disabled in that sense. In order to make the Internet accessible to every user, a designer 
needs to incorporate the idea that users can be economically disabled also which ads another design aspect that 
many people take for granted. . 
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DESIGN TIPS 
No matter how advanced adaptive technologies become. web designers need to consider how pages are designed. 
Below is a list of useful tips that will help produce accessible web pages. 
• Limit the number of links on· an opening page. This saves time for a screen reader. 
• Design web pages that can be navigated by keyboard commands. not just a mouse. 
• Every nontext element should also have an alternative text attribute (e.g .. alt tag). 
• Offer alternative methods to identification by color. such as text labels. 
• Scripts. applets and plug-ins must be carefully used so they are intelligible to screen readers. \\'hen a page uses 

them to display content, provide alternative text content. 
• If vou include an image map. use a client-side image map and include text links. 
• Fr;mes should be titled with text that facilitates identification and navigation. Also use . OFRAMES with 

• 
• 
• 

• 
• 

pertinent content. 
Caption all audio and video clips . 
Provide descriptive words with link text. Do not use words such as "click here" alone . 
Provide an alternative method to online 'forms, such as a phone number or e-mail address . 
Since screen readers to not read tables correctly (described previously in this paper), post an Alternative 
Document Format Notice. 
If the user needs to download software that is not accessible by a screen reader. post an Alternative Document 
Format Notice that provides a way for the user to obtain the software (i.e., give a phone number for contact). 
Provide contact information for visitors to communicate problems with web page accessibility . 
Validate your pages for accessibility compliance - hnp:11 w\nv.cast.org 

CO~CLUSION 
~early half of those with disabilities say that the Internet has "sign ificant ly impro\'ed .. the quali ty of their lives. as 
opposed to on ly a quarter of those without disabi lities (Solomon 2000]. The bad news is that it is much harder than 
it needs to be for the disabled to use the Web. They just want the same independence and flexibility the rest of us 
enjoy. However. while many web pages are not web accessible. the Web 1s bener than most media. Thus, the good 
news is that it is relat1\'ely easy to make sites accessible. Ironically, since issues surround mobile computing and 
web accessibility for disabled people are \·ery simi lar. wireless applications for the \Veb may be the biggest boon yet 
for disabled surfers [Jach 2000]. Luckily for those with disabiliues. it is not a matter of if your organization will 
address the issue of accessibility. but rather when. 
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ABSTRACT 
On-line commerce has grown considerably over the past several years. However. this growth depends on _the abili~ 
of consumers to make use of Internet technology to achieve their purchase goals better than they can off-hne. 
Decision support systems that provide shopping assistance can provide services tha~ maximize t~e advantages of the 
Internet. This research investigates the development of algorithms for the presentation of shopping assistance data 
that supports user needs. An on-line shopping experience was created that simulates realistic e-commerce situations. 
Three formats for presenting assistance data were tested. The system that follows the satisficing strategy in which 
onlv a minimal amount of information is presented to match the limited information processing capabilities of the 
u~e~ was preferred and best satisfied panicipants of all demographic groups. 

INTRODUCTION 
Worldwide Internet retail sales have jumped from a mere $700 million annually in 1996 to almost $23 billion in 1999 and 
were expected tp double in 2000 (PR Newswire. 2000). Forrester Research predicted that this total would rise to $380 
billion by 2003. Ho~·ever, 'that prediction has recently been reduced. There are several factors that have been used to 
explain the slov.·dowi:i in the growth of Internet sales. including poor business models of the companies and privacy issues. 
However. one of the most important issue seems to be the lack of support on many sites for some basic product filtering 
tasks. 

According to a GVU survey ( 1999 ). the r'our most commonly reported reasons that consumers use the Internet for purchases 
are for convenience. the availability of vendor information. arn1dance of sales pressure. and time. However. just as one of 
the strengths of the Internet for commerce is the availability of hundreds of vendors for eac.h product. one of its challenges is 
this same availability. \Vhen a retail or business consumer uses the Internet to select a product. he/she needs to search 
through countless vendors and product choices. Presenting all of them at once would be information overload for the 
consumer. But if the products are filtered so that only a few are shown. the purchaser must feel confident that the choices 
are the best ones. An application that would satisfy ~hese two challenges must pro\·ide a filtering system that enables the 
purchaser to input the product characteristics that are most important to his. her search and present the results in a way that 
can be evaluated·easily. 

Consumer Decision ,1aking 
E,1aluation and selection of products has been investigated by marketing researchers and cognitive engineers for many 
years. According to Fishbein and Lancaster ( 196 7 ~- consumers define a product by a set of anributes. Consumers differ in 
their orientation towards these amibutes (Swait and Sweeney. 2000). Product selection is the outcome of comparing a 
personally derived set of criteria. Some criteria may be considered inore important than others. The values of all the criteria 
are integrated and a preference configuration is developed. Based on this configuration the consumer selects a product 
(Matsatsinis and Samaras. 2000). 

Several types of models of this decision making process have been investiuated. The ones that seem to describe consumer 
behavior most accurately are schema-based satisficing models. These models propose that consumer decision making is a 
tradeoffbetween trying to use as many characteristics as possible to find the best product and a need (or efficiency and 
speed because of time and information processing limitations. The satisficing decision making strategy maintains that 
consumers consider alternatives sequentially, companng the value of each attribute to a predetermined minimum level. The 
first option that meets all minima is selected. If no alternative: passes the cutoffs. more lenient levels are employed. The 
extent of processing will vary depending on the exact values of the minima and anribute levels (Simon, 1955) . 

. · Fora specific purchase. several characteristics are viewed by a particular purchaser as the most critical for that situation. · 
These characteristics chang_e as a function of the consumer and the purchase situation. For each characteristic, there is a 
minimum level of acceptability and products that do not meet this minimum can be eliminated from consideration 
immediately. This filtering effectively reduces ~he information processing demands by eliminating most pr:oduct choices. 
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Specific comparison of each o~tion i~ ~ot ~one until the set of ch~ices has been reduced to a manageable level. Individuals, 
trade imperfect accuracy of their dec1s1on m return for a decrease m_ effort (Bettman. Johnson and Pam~. 1990; Johnson ana 
Pavne, 1985). Due to this tradeoff. decision makers often select opuons that are sansfactory but sub optimal when 
alt~marives are numerous and10r difficult to compare (Haubl and T rifts, 2000). 

The weighted adding strategy assumes that the consumer can assess the importance of each attribute and assign a 
subjective value to each possible attribute level. Then the decision maker considers one alternative at a time. 
examinin12 each of the attributes for that option. multiplying each anribute's subjective \'alue by ns importance 
weight. a~d summing these resulting values across all of the attributes to obtain an overall value for each option. 
Then the alternative with the highest value is chosen (Frisch and Clemen. 1994). Weighted adding. however. 
potentially places great demands on consumers' working memory and computational capabilities and may not be 
used in many situations. Nevertheless, weighted adding is the decision model that underlies many of the techniques 
used by market researchers to assess preferences. 

Decision Support Svstems 
One form of managing highly intricate decision environments is to use decision support systems (DSS). A consumer is 
satisfied with a purchase when he believes that he has thoroughly searched the set of acceptable alternatives without missing 
an opporrunity (Gilovich and Medvec, 1995). When a consumer is using a DSS with an extensive product database. 
heishe is easily able to locate alternatives that closely match his/her preferences. This increases the likelihood that a 
set of alternatives that closely match the consumer's preferences are available. There is thus a smaller likelihood 
that the consumer will experi.ence a feeling of regret over alternati\'eS that were not considered in the purchase 
decision. This can lead to greater satisfaction with the decision process. A decision support system thJt assists 
purchasers in their product evaluation process by supporting the consumer's decision making process would be more 
effective than one that provides more information than the consumer can manage or less information than the consumer 
needs. 

Objective 
This study compared the ability of decision support systems based on three competing models of consumer behavior 
to support the decision making process. One corresponded to the schema-based model of consumer decision 
making. Another matched the common Internet practice of pro\'iding as much infonnation about all products as 
possible. The third reduced the information processing requirements by presenting only a few choices based solely 
on the opinion of an outside expert. The model that matched the product e\·aluation process of the consumer was 
expected to be the most effecti\·e in supporting product selection. the easiest to use by consumers. and therefore 
pref erred by them. 

METHODS 
Test Materials 
Scenario. A product purchase scenario was developed to simulate a realistic purchasing. situation. The scenario 
required the study participant to search for and select a gift for Mothers Day. The study was conducted just prior to 
Mothers Day to insure that the task was currently rele\'ant to the participants. 

Products. A survey was distributed to twenty-five random consumers to collect the important criteria for selecting 
a Mothers Day gift. Each respondent listed the attributes he/she considered to be important. The nine attributes that 
were listed most frequently were used in the pilot study. These attributes were the ones used to rate the products and 
to base the users' search criteria in the experiment. 
One hundred products were obtained from popular search engines to collect a range of potential gifts. Actual brand 
names and prices were US!!d for each product. Each product was scored on a five point Liken scale for each of the 
nine anributes that were identified in the initial sur\'ey. Three individuals performed a preliminary evaluation. Each 
individual assigned attribute \'alues to the entire set of products. Thi! \·alues were then compared and the final score 
was obtained by consensus among the group. 

Decision Support Interfaces 
An interface was developed to support consumer choice according to the each of the three decision-making models 
used in the study. 
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Comparison Matrix. The Comparison Matrix interface begins with a form for users to rate the importance of each 
product attribute on a five point Likert scale, where 1 is unimportant and 5 is very important. The form uses radio 
bunons for data input. When the user finished. he/she clicked on a SEARCH bunon that was located at the bottom 
of the screen. A query was submined to the product database identifying the gifts that met or exceeded the ratings 
provided. A new screen appeared that presented the twenty products that best matched the buyer's search criteria 

. (see Figure 1). l'he products were displayed to the buyer in a table format that listed information on the gifts' 
descriptions, prices. and scores on each attribute. The list was presented in descending order so the first product on 
the list was the one that most closely matched the buyers' ratings on the product attributes. 

Recommendation Agent. The Recommendation Agent interface began with the same form used for the 
Comparison Mat_rix system to eliminate variation based on data entry preferences. The query was submined to the 
product database to identify the gifts that met or exceeded the ratings provided and a list of the top t\venty gifts that 
provided information on the gift ' s description and price was presented to the buyer (see Figure 2). Additionalh·. 
above each product. a matching score was presented. This score was calculated by multiplying the product's · 
anribute value with the weighted importance provided by the user and summing these resulting values across all of 
the anributes to· obtain an overall score for. each product. The maximum score a product could obtain was calculated 
by using the weights provided by the user and the highest possible rating (5) for each anribute. The matching score 

, is the ratio of the actual score divided by the maximum score. The list was presented in descending order so the firs1 
. product on the list was the one that most closely matched the buyer's rati!'}g on the product anributes. The user had 
the ability to select a MORE INFO bunon, which popped up a window with the specific ratings for each anribute for 
that product (~ee Fi_gure 2). 

Expert Advice. Th.e Expert Advice system provided matching products based on anonymous experts' selections. 
These were obtained by ?Sing the respond.com web site, which provides this serYice commercially. The user was 
asked to complete a form where he!she entered in a written format and in natural lamma!!e the anributes he/she was 
interested in for this gift. This request was considered by the experts at respond.com: who identified the gifts that 
best met the criteria pro,·ided. Prior to the experiment. requests were submitted to the respond.com site using a 
variety of search criteria so that they could be presented to the user immediately in this study. The buyer was 
presented with a set of printed emails corresponding to their search criteria (see Figu,re 3 ). 
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Figure 1. Screen shot of the Comparison Matrix decision support interface 
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Figure 3. Panial screen shot of the Expert Advice decision support interface 

Consumers who \\ere searching for a gift for Mothers Day \\'ere identified and in \'i ted to participate. All participants 
had some prior experience shopping on line. The panicipants were recruited in the city of Miami. FL A total of 
fourteen participants were -tested. Participants agreed to panicipate free ly in testing: none of them were paid for 
participation. 

Procedure 
Before the commencement of the test. an initial screening took place where the prospective participant's eligibility 
to participate was determined. A pre-test questionnaire was administered to obtain basic demographics and 
detennine if potential participants met the prerequisites of experience with online shopping and a need to acquire a 
Mother's Day gift. Ineligible prospects were thanked and dismissed. 
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Participants who met the eligibility criteria were greeted and seated by the computer. The teSt adminiSrrator pro\'ideo 
general information regarding the study and explained the tasks and procedur_es to be followed. The teSt 

administrator answered any questions. The panicipant was encouraged to v01ce any comments ~nd concerns abou1 
the procedure. He/she was notified that it was the interfaces that were being tested rather than his or her 
performance. The panicipant was allowed to withdraw and discontinue participation at any time. After the 

. procedure was e~plained, a consent statement was fully read and signed . 

. The task to search for a Mother's Day gift using one of the decision support interfaces w~s expl~ined to the . 
participant. The task was subdivided into two subtasks. First. the participant rated the mne attnbut_es according to 
how important they were for histber product search. Second, the participant evaluated the product mformauon tha1 
was presented by the interface and selected a product that best met his/her criteria. The user also had the option to 
decide that none ·of the products listed met his/her criteria. A post-test interview was then conducted. Pamc1pants 
rated their satisfaction with the decision support interface. The experimenter recorded whether the participant could 
accurately determine which product was recommended by the system and if he/she selected that product as their 
preferred product. If the participant's choice did not correspond to the system's recommendation, the experimenter 
asked the participant to report the reason tpey chose an alternative. 

For the expert advice interface,. the procedure was slightly different. The participant typed his/her criteria in natural 
-_ language into a web form. The test administrator provided a printout of t~e responses that would have been received. 

The participant was asked to carefully read and analyze the responses. From this list, the participant selected a gift 
that met his/her criteria or to report that no gift met his/her requirements. 

After the administration of all the three interfaces. the participant was asked which interface he/she preferred and to 
pro\'ide a reason for this preference. The order in which the interfaces were used was selected for each participant 
randomized. This was do~e-to eliminate the effects of learning the task and to prevent a subjective preference (the 
participant may select the last interface because he was already familiarized with the method). No time limit for 
task completion was established. Since time was not a measure collected for the test. the participant was allowed to 
take as long as he1she required. At no moment was a sense of urgency present, permining the participant to consider 
all possible choices before making a decision. 

RESULTS 
User Satisfaction 
An Anaiys_is of Variance was used to test the effect of decision support interface type on satisfaction with the 
shopping process. A marginal significance was determined ( F=2 .526, p<0. l ). Mean satisfaction ratings on the five• 
point scale for the three systems w~re: Recommendation .-\gent (3.6-t ): Comparison Matrix (2.93 ); and Expert 
Advice (2.64 ). Post hoc analysis showed the difference between the recommendation agent and expert advice 
interfaces was the source of the stastical significance. 

Vser Preference 
A Chi-squared Goodness of Fit Test was used t6 test for a significant difference in user preference for the interfaces. 
There was a significant influence of Interface type on the Preference (X: = 6.0, p<0.05). Half of the users preferred 
the Recommendation Agent. - _ 

Accuracv 

A ~hi-squared Goodness of Fit test was used to determine whether participants could more accurately determine 
~h1ch produ~t was recommended b~ ~ach ~f the _three de~ision support interfaces. There was no significant 
mfluen~e of interface type on -the abiltty to 1dent1fy the recommendation of the system. Half of ~he people could not 
tell which product was recommended by any interface. 

Recommendation Effecth·eness 

A C~i_-squared Goodness of Fit test was ~sed to determin~-whether the interface type had an effect on whether 
part1c1pants acc~pted the num~er ~ne recommendation of the system or selected a different product from the list. 
_Interface type did not have a significant effect on whether the users' selection corresponded to the recommendation 
· of the system. Few users selected the product that was recommended highest by each system. 
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DISCUSSION 
The results reYealed some critical insights into the use of shopping assistants and how they should be designed to 
maximize their benefits to ecommerce. Widespread availability of electronically provided product information has 
the potential to significantly affect a_consum~r·s abili~ to cope ~ith a compl_e~ produc_t environment. :ne 
presentation of the product inform~uon can either fac1htate or_ ~mder the dec1s1on-makmg process. This study . 
employed three different presentation formats to test how dec1s1on support systems can be used to support on-lme 
product search and selection. 

User preference was measured because consumers generally revisit web sites that they enjoy using. This is 
particularly true for service sites such as search engines and shopping assistants. The results showed that users 
preferred the Recommendatio~ ~gent_, a personalized list of recommended alte~at_ives that ~on_veys the quality of 
the match with their search cntena usmg a total score. The schema-based apphcauon was significantly preferred 
over the other two applications by all demographics. including all age groups. education levels. and both genders. 
User satisfaction was also compared across all interface formats. User satisfaction has been shown to be critical to 
generate repeat use of a service site. The w~ak influence of the interface type on the user satisfaction may have been 
due to the limitation of the sample size (14 participants): increasing the sample size may be able to identify a 
significant difference. A trend was found that indicated that the Recommendation Agent elicits greater levels of 
satisfaction than the other two interface formats. Long term success of any service system will also depend on how 
well it fulfills the needs of the customer. The purpose of shopping assistance systems is to filter the vast number of 
products available and display only the ones that match the user's needs. The system needs to recommend the 
product that best fits the needs and expectations of the user. Furthermore. the user needs to be able to recognize 
which product is being recommended. Few participants in this study selected highest recommendation of any of the 
systems. This may not be the appropriate criterion to use to measure system effecti\'eness. If the user is satisfied 
with any of the visible recommendations. he,she can select it for purchase and achieve his,her objective. 

In order to be sure that the superior performance was due to the difference in support style rather than interface 
issues. users were tested to determine whether they recognized which product was recommended by the system. 
There were no significant differences in this measure. indicating that participants were equally able to use all 
systems. The differences in satisfaction and preference seem to be related only to the support style. 
Further research is needed to fully understand user interaction with on-line shopping assistance systems. The growth 
in e-commerce makes the pursuit of this research essential. Search and presentation algorithms that best suit the 
needs and expectations of users are needed to insure the success of on-ltne shopping assistants. As the development 
of electronic agents progresses. these algorithms can be applied to agent design J wel l. 
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ABSTRACT 
The Internet has become a powerful tool for information search and ecommerce. In a recent ~tudy ~twas ~eponed 
that the Internet and search engines are the most used resource to find information on any topic. Directones such as 
Yahoo and searc·h engines such as Google provide the ability to search millions of sites instantly for information or 
products to purchase. However, there are many challenges that reduce the effectiveness of_ ~earch engines and thus 
limit the abilitv of users io find information or engage in ecommerce. Specifically, each directory or search engine 
operates using a unique search algorithm. ordering scheme. and output style. They provide various char~cteristicsof 
the resulting pages. such as tide. description, URL. size. last date modified. and others. These charactensucs mtend 
to provide information about the resulting link. But there is linle empirical evidence that supports the inclusion of 
each of these characteristics. Some may support the user's se~rch task. but others may simply cluner the interface . 

. or even impede the search process. 

The purpose of this study was to identify how the most common fields used by search engines to display results 
affect users' decision·-making processes. confidence and expectations. Fifteen participants performed four different 
search tasks using a simulated search engine designed for the study. Each participant reported their confidence in 
their choice on a 10-poiJ!t Liken scale and explained why he/she selected it. The pre-click confidence (PCC) is a 
critical measure for lnternet·usabilitY because it has been shown to dri\'e user beha\'ior. Because of factors such as 
slow download times and a fear of ~etting lost. users often will not select a link unless their PCC reaches a cenain 
threshold value. Participants al.so e~·alua;ed the site characteristics that were presented in the search results and 
reported which one·s were most and least helpful in their task. Task critical characteristics led to enhanced pre-click 
confidence and were specifically requested by participants when they were absent. Participants did generally not 
notice characteristics that were not important for that task. Task description was universally important for all tasks. 
Other characteristics were more task dependent. such .as date of posting. Participants did not use advanced features 
such as keyword matches and similar pages. 

I~TRODUCTIO'.'-
The Internet has become. a powerfol tool for information search and ecommerce. There are two main purposes for 
using the Internet: publishing· information in an electronic forn1at for the world to search and review. and retrieving 
information about practically any topic (Lightner. Bose and Sal\·endy. 1996 ). The Consumer Daily Question Study 
ci)nducted during Fall :woo sho\,·ed that· Americans need answers to four questions per day and that the Internet and 
search engines led the list of information resou~ces used to locate answers to those questions (SulliYan. 2001a). 
Another study conducted from July 27 to August I. :woo by W,ebTop reported that on average. Americans search 
the web for information .13 times per month and 28~o search once or more per day. On average. Americans spend 
1.5 hours per week searching for information (Sullivan. 2001 b). Directories such as Yahoo and search engines such 
as Google pro\'ide the ability to search millions of sites instantly for information or products to purchase. Each 
month. oYer 50 million unique visitors use Yahoo alone. However. there are manv challenges that reduce the 
effectiveness of search engines and thus limit the ability of users to find informati~n or eng~ge in ecommerce. 
Each directory or search engine operates using a unique ~carch algorithm. ordering scheme, and output style. By 
using proprietary formulas or' algoriJhms. they determine which of the millions of pages in their: database relate to 
the topic (Zener. 2000). Since search engines are \'ery comprehensive. the\' include thousands of sites in the results 
listed. However. these lists often lead users to more confusion and frustration since, to the user. the results often 
seem completely irrelevant when they present sites that h.1\·e almost nothing to do with the topic for which he/she is 
searching (GYU. 1999). In the study co.nducted by Web Top. nearly 88°/o of users reported at least some level of 
frustration when getting irrelevant information while searching (SuUi\'an, 200 I b). 

Search engines pro\'ide various characteristics of the resulting pages, such as title. description. URL, size, last date 
modified. and others. But there is little empirical evidence that supports the inclusion of each of these 
characteristics. Some may support the user·~ search task, but others may simply clutter the interface; or even 
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impede the search process. !11~ objective of the search site should be to provide those charact~ristics that support 
effective searching and to ehminate those that slow down or confuse users. When t~e mechamsm for presenting 
search results is ambiguous. it is left to the judgment of the user to e\'aluate the qualny of ~e match. ~t the very 
least. this adds to the workload of the user. At the worst, it can prevent the user from locating the desrred 
information among the thousand of available hits. 

Background . 
Several researches have investigated online users' search behavior (Spink. Bateman and Jansen. I 999: ~a\'arro-
Prieto, Scaife and Rogers, 1999). Spink. Bateman and Jansen ( 1999) showed that users tend to perform successi,·e 
searches for the same search task when their first search does not retrieve a satisfactory set of results. Also. users 
appear to have very linle knowledge about how search engines work and reported having no interest in learning . 
Users expect search engines to understand their search strategies and automatically create effective queries. 
;avarro-Prieto. Scaife and Rogers ( 1999) investigated the importance of taking into consideration the interaction 

between the users, the task and the information presented. The study found that the representations currently used 
by typical search engines are the cause of m4ltiple problems regarding these interactions. Three different cognitive 
srrateeies were identified: the top-down strategy, the bonom-up strategy and the mixed strategy. each associated 
with the search task. In this study the strategies are charactenzed by the keywords selected by users for the specific 
search. Thatcher (2000) expanded the previous research to include the effect of user searching experience. Another 
studv. investigated the effects of Internet experience and domain-specific background knowledge in user's web 
sear~h behavior (Holscher and Strube. 2000). They concluded that nO\·ices are less flexible in their strategies and 
return to previous steps of their search process (such as returning to the same page of results) instead of trying 
another search engine. However, the effects of the inclusion of specific output fie lds on the selection of a 
satisfactory result has not been studied. 

The search process can be modeled as a problem-soh·ing process in which users must make a series of decisions . 
Searching is a decision-making process in a narural semng where making a decision is not an end in itself but rather 
a means to achie\'e a broader goal (Orasanu and Conolly. 1993). In order to make that decis ion. us~rs must select 
from a set of options the alternati\'e that 1s most likely to lead to successfully ach1e\'ing the goal (Balasubramanian. 
T\ochur. Henderson and Kwan. 1999). The searcher e\·aluates the options in terms of the search goals. It is 
proposed in this study that understanding users · strategies when e\'aluating search engine result pages will lead to a 
bener interface design that would help users in their decision making process. increasing the confidence in their 
decision while reducing frustration . 

Se\·eral fields of information (such as title) are commoniy presented in the results lists of se:uch engines. Typically. 
users searching using cenam keywordls I wou ld prefer to retne\'e only those documents whose title contains those 
keyword (s} (Shneiderman. Byrd and Croft. 1997) . Description is another common field included for each result. 
Studies have shown that presenting a field describing the content of the site will increase the probability that the user 
will select a more rele,·ant result because it pro\' ides more information about that web site ( Koman. 1998). The file 
size field provides searchers with a number that would help them approximate the down load time. It has been 
shown that users are more like I\' to abandon a web site that takes too much time to do\rnload in favor of another link 
that is smaller in size (\\"onnac~tt. 2000). Most search engines pro\'ide a field with the date in which the Web site 
was created or last modified (Hock. 1998). For some search tasks this detail mav be rele\'~mt for the decision 
making process and for others it is irrelevant. · 

Objectin 
The purpose of this research was to investigate how users interact with output fields used by search engines to 
display search resu lts . T~e objecm·e was to identif~ how the most common fields used by search engines affect 
users' decision-making pro~esses. confidenc-! and expectations. The study investigated users' reactions and 
preferences when interacting with search engine results . Seaich tasks were designed to simulate the way that actual 
searches are conducted. part icularly the presence of realistic task objectives. By understanding how users of search 
engines evaluate ·search results and by modeling the decision making process of search engine users using a schema 
based model. search engine designers will be able to improve th~ algorithms that are used to select search results as 
well as improve the usability of the input and output interfaces. 
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METHODS 
Participants . . . 
Fifteen panicipants were recruited to participate in this study, 5 females and 10 males. Panic~pan~s were ~equ1redID 
have a minimum exposure to the Internet of onc_e per month. At least a some self-repon~d _skill with on-lme 
sea_rching \\'as also required to panicipate in the study. Age, gender. and other charactensncs were also recorded. 

Materials 
Search Tasks . 
The task was to search for a web site that best fit the goals of an assigned search task. In order to perform the task, 
panicipants were given a simulated search engine output screen containing a list of results for predefined keywordt 
Four search tasks were created with their respective keywords and search goals (see Table 1 ). 

Table 1. The four search tasks used in the study 

Task Search Goals Kevword 

Search task # 1 
Find a cat shelter in Miami where you 

I cat shelter and Miami 
can adopt a cat 

I 

Find instructions on hqw to do the 
house training and 

Search task #2 housebreaking training of your puppy 
dog 

dog 
Find information about any country 

Search Task #3 
where the Y2K computer bug caused Y2K bug and 
the damage that was expected before consequences 

12 131 199 

Search task #4 
Find an on line tutorial for no\'ice 

I 
online stock tutorial 

in\'estors 

Search En{!ine Models 
· Sear~h Engine models \,·ere created to simulate the results page of a search engine. • The output was designed to loo~ 
different than any existing search engine but still contain a subset of the most commonly used fields. This 
eliminated the potential bias of prior use while testing a controlled set of fields. As with most search engines, the 
key\\·ords used for the search were iriclude_d in the outpu't in a text box above the results for each m·odel. 

A total of 16 models \\'ere designed for the test. each one representing a different set of output parameters. Eight of 
these sets were designed using combinations of the following design parameters: description. URL, category, last 
modified date. other keywords. similar pages. size and keyword count. These eight combinations are simple models. 
An example of a simple model is shown in Figure 1. The other eight combinations are the same simple models with 
:a directory added to the output. These are combined models (Figure :!) . When interacting with any of the combineo 
models. participants could either select a link from the categories in the directory or go to the list of results. The four 
search task topics described in Table l were used to generate results for each model. For each search task topic, two 
simple models and two_ combined mode_ls were created. for a total of four models per topic. 

Procedure 
Prior to the test. the facility and apparatus were prepared . Tests were conducted and evaluated in the Usability Lab 
at Florida International University. All testing sessions were approximately 45 minutes long. A ten-minute training 
session was used to show participants how to provide V!!rbal protocols. 

After the training session. participants were given one of the search tasks described in Table I. The topic of the 
search was explained to the participant in detail. They were given clear instructions on the objectives of the search 
task and were able to ask questions before performing the task. Each participant was asked to think aloud and 
verbalize every step of the process from the moment the instructions were explained to him/her until the link 
selection was made. The task was performed using one of the sea~ch engine models designed for that specific task. 
Each panicipant' was presented with a total of 4 search models. one for each search task. Panicipants used two 
simple and two combin~d models. For each search task. the panicipant was asked to select the link that he/she 
expected would provide the most accurate information according to the explained goals of the search task. He/she 
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had thr~e options; select a link from the list of results, go to th~ next page of results, or change keywords if he. she 
felt the keywords used were not appropriate. As soon as the lmk or acuon was selected the search task was 
fini .shed. The te,st administrator recorded the link selected. 

At this point, panicipants were interviewed in order to understand their decision-~aking process as well as th~ir 
confidence about the accuracy of the link selected. Panicipants were ask to exp lam w~y they selected ~e opuon as 

· well as to repon ·on a 10-point Liken scale their pre-click confidence (PCC) in that option. Other questions were 
included in the interview to better understand user preferences when interacting with the fields used by the search 

· model to display search results information. This process was repeated for all four search tasks. Finally. the 
participants were thanked and dismissed. 

RESULTS 
In general. the key factor that determined the PCC of the panicipants was the inclusion of a description of the link. 
When a description was present, 76% of the users reported a PCC between 7 and IO compared to only 40% when 
description was absent. Additionally, when a description was absent, 78% of the panicipants specified that one was 
needed. Link description was particularly important when no directory links were present. 

Th.e URL was less imponant. When it was included. 93% of the participants did not recall seeing it and 20% of 
- them reported that it could be eliminated without a reduction ih PCC. Size also did not significantly improve PCC. 
· When it was included. 92% of the panicipants did not recall seeing it and 51 % of them reported that it could be 
eliminated without a reduction in PCC. 

Some characteristics wer~ task dependent. When participants were gi\'en the task to search for information on the 
results of the Y2K ~omputer bug. 67% of the participants reponed that the date of posting improved PCC but only 
3 3 °10 did so for the group· as .a whole. 

Some search engines also present information such as the number of matched keywords or links to similar pages. 
The results show that participarits largely ignored these characteristics. When keyword count was included, 90% of 
the panicipants did not recall seeing it and 36% reponed that it could be eliminated. Similarly, 96% of the 
panicipants did not recall seeing the link to similar pages. · 

The lmvest PCC mean Yalue reported was 3.8 for the model that only contained description and size. Ninety-two 
percent of the panicipants reponed not feeling confident of their decision because of the lack of information 
pro\'ided. specificallydate. The topic of the search task for this experiment was "Y2K bug". 
After participan_ts interacted with the experiment th~t c_ontained all the fields in\'estigated in this study. they reported 
a mean PCC \'alue of S.6. This vafue was the highest PCC mean \'alue reported among the I b models. However 
there were no statistically significant differences between the PCC mean \'alues. Fir.ally, 14 out of the 15 
panicipants reponed to like the option of selecting prior to their search the fields that will be displayed in the results 
page. 

DISCUSSIO~ 
Research in Usability Engineering and customer sen·ice both ha\'e found that the ease of US!! of a web site is one of 
the main factors .in customer satisfaction and repeat visits . Designing search results so that they better support each 
user's needs would increase the success of these sites. enhancim.! both the site's success and the ecommerce that can 
follow. In order to do this. however. it is essential to understand the evaluation process through which users 
interpret and select results for further interaction . 

This study investigated user beha\'ior and perceptions of sear.ch engine results as well as evaluated specific output 
characteristics. The results suppon the use of a schema model to describe user behavior. Task critical 
characteristics led to enhanced pre-click confidence and ":ere specifically requested by participants when they were 
absent. Panicipants generally did not notice characteristics that were not imponant for that task. Task description 
was universally imponant for all tasks. Other characteristics were more task dependent. such as date of posting. 
Panicipants did not use ad\'anced f earures such as keyword matches and similar pages. However, it remains to be 

-·seen whether this is because they were not pan of the task schema or because users were unfamiliar with how they 
work or what they represent. Funher research is necessary to fully understand user search strategies. However, this 
study supports the use of schema models for this effort. 
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ABSTRACT 
Recent criticism holds that researchers in Marketing, a discipline essentially focused on the dynamics of exchange 
between the marketing organization and the consumer, persist in defining a monadic rather than dyadic perspecti\'e 
on ethical decision-making. An approach to teaching marketing ethics while acknowledging the interaction of 
multiple parties is described: Pending legislation regarding internet property rights is used as an illustration of the 
approach. which utilizes quali\ative analytical techniques to enhance student particip~tion and understanding of the 

- ethical environment. · 

INTRODUCTION 
Recent criticisms in marketing circles have identified potential flaws perYading the discussion of ethics as they 
relate to the marketing profession. · Marketing has typically been defined as all those activities which facilitate the 
process of exchange between producer and consumer~ as disparate as advertising. pricing. distribution and product 
design may seem. they a11 contribute to making markets .. and understanding the essential dyad of buyer and seller. 
The importance of this dyadic perspective seems to disappear, ho\J,'ever. when the issue of marketing ethics surfaces. 
The fundamental approach of marketing ethics has thrown out the dyad and placed the blame squarely on the 
producer side. focused on ethical situations deriving from the one_party and the resolution of these situations through 
normative prescriptions and corrective actions of marketer behavior. In other words:_ 

Despite the widespread agreement that the ontology of the marketing discipline is exchange. 
marketing ethics researchers have largely adopted a monadic viewpoint of ethical decision making 
(Pelton, Chowdhury. and \'itell 1999) 

\\.hile some re~ent studies have aneI11pted to correcl t~is limited perspective of market ethics (see for example 
.Singhapakdi. Vitell. Rad. and Kurtz 1999. which studies-the differences in personal moral philosophies and ethical 
perceptions among multiple parties in the marketing channel. especially including marketing professionals and end 
consumers). the pervasiveness of the monadic viewpoint can be witnessed throughout the literature. For example, in 
their review of research in marketing ethics. Laczniak and Murphy ( 1993) deri\·e a meta-definition of marketing 
ethics as ··how moral standards are applied to marketing decisions. behaviors. and institutions." an explication that 
clearly situates moral and ethical marketing standards .as embodied in the producer sector. Echoing this result in his 
review of marketing ethics research. Gaski ( 1999) states that ··all the standard ethical prescriptions in the field of 
marketing can be reduced conceptually to either a) obey the law orb) act in your own self interest, i.e. do what is 
•right' because if you don·t. it'll be damaging to your interests in the long run"-- again placing the marketing finnat 
the root of all potential ethical good or e\·il. 

This monadic viewpoint is also very evident in the teachi·ng of marketing. In most pedagogical tools. the goal is 
describing commercial ethical wrongdoing and outlining. potential fixes . A review of a handful of popular college 
marketing-oriented textbooks will illustrate this point . Kotler and Armstrong's Principles of .Marketing, an 
introductory best-seller. concludes its ethics chapter with .a case concerning the introduction of Redux, a new diet 
pill; throughout the case. we are encouraged to question the de\'elopment and promotion of.such a pill, but nowhere 
are we asked to review the motivations of consumers and their desire to solve their problems -- in this case, a likely 
outcome of their dysfunctional consumption of food -- with a product. In Arens' Contemporary Advertising, ethical 

.-considerations arc decidedly more complex: in marketer-consumer dyads, the perspective is monadic (e.g. 
discussions of promoting to less-empowered consumers such as children. women, and minorities, or examples of 
deceptive advening). In interorganizational contexts within the channel (i.e. producer-retailer, or wh~Jesaler-
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retailer), however, dyadic perspectives pervade discussions of client-agency relationships, and the subtle diff erence:i 
between imitation and plagiarism. Even in consumer behavior textbooks. where the focus is ostensibly the 
consumer, ethics are dealt with from a monadic perspective. For example, Hoyer and Maclnnis' Consumer Behai·ior 
deals with ethical issues only in tile context of reviewing the negative impacts of consumer -research: inadequacy of 
domestic techniques in revealing foreign behavior. threats to privacy. and creating potentially-higher marketing 
costs. In short, we are teaching our students to believe that marketing is based in exchange unless something 
ethically or morally goes awry, then it's a unidirectional business process. 

It is the aim of this paper to suggest that the dyadic perspective be introduced into the teaching of marketing 
practice. to acknowledge and incorporate multiple perspectives into the discussion of ethical situati~ns in the 
marketplace. It is also suggested that in acknowledging these multiple perspectives and the expectations of all the 
players in t~e market. we will create a more consistent picture of exchange as the driving mechanism behind 
marketing activity, and emphasize the resolution rather than just the identification of ethically conflictive situations. 
An approach to incorporating the dyadic perspective is given. 

CONSIDERAT1O1'S IN FINDING AN APPROPRIATE EXAMPLE 
Incorporating multiple perspectives in the teaching of marketing ethics requires careful consideration in the choice 
of an example. Scenarios involving obvious fraudulent activity. deceit. or other wrongdoing on the part of the 
marketing organization are easy fodder for students to comprehend and resolve. but rarely are ethical situations in 
the marketplace so clear-cut. Good examples should exhibit particular qualities: 

Importance to all parties. It's best to identify a conflictive situation with important ethical 
implications for the marketing organization and its consumers alike. A situation where one party is 
highly inrnlYed and the other couldn't care less about the outcome leads to superficial discussion 
a!1d simple resolution. and may cast the lesser-invoi\·ed parry as the \"illain. 

Issue Complexity. The situation described should be complex enough to support multiple 
perspectives and detailed argument for all sides. A viewpoint resting on a single argument will 
rarely provide ample discussion. 

Real and current. A real scenario will often pro\·ide the necessary complexity. and will come 
with its own history and adequate context. which is difficult to provide for fictional scenarios. 

Unresolved. Ideally. the scenario would be as-yet-unresolved legally. A legally-resoh·ed issue 
would spur little discussion. as the weight of the law may be too much for some students to argue 
against. 

Highly resonant The chosen scenario should be highly resonant with the student's own 
experiences. A case inrnl\'ing a business-to-business transactton would have limited appeal for the 
students. and they would have limited experience from which to draw in casting their arguments. 
Yet all students would have experience as a consumer. so choosing a scenario involving an end 
consumer as part of the dyad (i .e. producer-consumer. or retailer-consumer dyads). It should also 
involve a product or sen·ice most students could be expected to have experience with -- fashion 
items are better than power tools. for example. 

OUR EXA,JPLE: HR 5~75 
The example drawn upon for this paper. as \\·ell as being utilized as the central ethics case for a Fall 2000 Marketing 
Research course. is the issue of ownership of technolog1cally-reproducible goods as exemplified in the text of House 
Resolution 5275. HR 5275 concerns the on-going debate over ownership of music and the forms it may be legally 
available on the internet. Known as the "Music Owners' Listening Rights Act of 2000''. this pending legislation 
would have far-reaching effects well beyond its currency in the 1\apster and MP3 cases: it has the potential to shape 
the delivery of technological product well into the future . In the \\'Ords of the resolution. HR 5275 would add a new 
section to the copyright law such that: 
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it is not an infringement of copyright for a transmitting organi=ation that transmits a !'ersonal inreracrii-r 
performance to make or cause to be made phonorecords or copies of a s~und recording and any n~n
dramatic musical works embodied therein if such phonorecords and copies are used by the transmming 
organi=ation sole~v in connection with the transmission of personal interactive performances (MP3.com 

2000a). 

In simpie langu~ge, a consumer wh~ lawfully owns a work of music. such as a CD, can store it on the Internet and 
then download it for personal use. In essence. the proposed statute supports the rights of the music consumer again~ 
those of the artists and producers of that music. But that right, according to the sponsors of the bill, has its 
restrictions and limitations: 

This t~chnology makes it possible for people co go from one place to another without carrying their record 
collection with them. They can turn on a computer or other Internet connecrion device and gain immediate 
access to their music through the services of an Internet music provider. The consumer, under this bill, will 
be required to show proof of ownership in some way. to protecr against the porenrial nonpaymenr of 
legirinzare royalryfees. Consumfrs would not be able to transfer music to someone else or use the music.for 
commercial purposes under the provisions of our legislation (MP3 .com 2000b ). 

Referring back to the previously established criteria, how does this issu_e perform? 

Importance to all parties. This issue, of course, is notoriously conflictive and complex. as well as 
being a .staple of media news coverage. If you listen to the complaints of MP3, Napster, web heads. 
recording artists. and the recording industry. the word "survival" comes up a lot. That this 
legislation and its numerous side issues will shape the way the recording industry operates is 
beyond debate. 

Issue Complexity. That the parties listed above have positions on the issue is inevitable. That 
there are innumerable. subtle differences among their p_ositions makes this complex. Add to the 
mix that this legislation has bi-partisan support only confuses the maner: this cannot be easily 
reported as a conservative vs. liberal -~ or big-business vs. the little guy -- conflict. 

Real and current. The legislation was introduced three weeks into the Fall semester. necessitating 
.some timely work to incorporate it into the lesson plan. But the freshness of the issue only spurred 
more interest and creativity among the students. 

Unresolv~d. :A.t the typically glacial pace of the House of Representatives. no vote had taken place 
by the end of the semester in question . This left students who would nonnallv be inclined to side 
with authority no alternative than engaging as active participants in the disc;ssion of the issue. 

Highly resonant. As both music ana computer technology are typically a passion of the younger 
generation. this issue's resonance is predictably high. In an informal poll of the students in several 
of the authors' classes. approximately eighty percent reported that they had visited Napster, MP3, 
or similar websites. and half of these were regular visitors and users. One student stated that she 
"hadn't gonen any sleep" since th_e restraining order against Napster had been reported. so 
desperate was she to down.Joad as much free music as possible in the limited time remaining. To 
these students. this was not remote or abstract goings-on: this was vital and interesting. 

Now that an appropriate issue is identified. what's next? 

THE .PROCESS 
The students in the Fall 2000 marketiryg research course were given two week's lead time. to complete their end of 
the exercise. Students asked to access-two webpages for background material (and told to consider the .source of the 
material, since both were posted by an interested commercial party): one which provided the full text of the 
resolution as it was presented to the legislature (see the website address of MP3.com 2000a), and another which 
presents the text of a letter introducing HR 5275 and elucidating the intentions behind the words, written by the 
sponsors of the bill (see the website address of MP3.comb). 
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Each student was then instructed to open a Word document and provide the following information: a code name for 
identifi~ation. their gender. their age. and answers to two seven point Likert questions, "I am politically 
conservative" and "I spend a great deal of my free time on the internet". They were then asked to write TWO 
position statement .essays, one taking the perspective of the online music consumer regarding HR 5275, and the _ 
other taking the perspective of a marketing organization involved in the matter. They were asked to be very clear m 
each essay to state agreement or disagreement with the bill, and following the essays to indicate which of the two 
position essays came closer to their own true position on the matter. An example portion of one of these position 
essays is the following: 

PRO-MARKETER: As [a marketer of music}. I srrong~v oppose [HR 5275). This is in direct 
conflict wirh our copyright laws. Consumers will be able ro access music without paying.for it. 
Th'e Acr says thar they can control who accesses the site. bur can they really? Hmi· do the_\.· k11ow 
that people will not share their pass,,.mrds or secret access codes? In addition. the governme11r 
will no longer have any way ofcontrolling or accounting/or who is accessing this site ... (Dorothy. 
23. F, Internet 3. Consen,ative 4) ' 

Note that the excerpt is delimited by the source. her gender. age. and self-report score on the two Likert items. At the 
end of the second week. these documents were collected by the instructor and translated into the rich text format 
acceptable to an ethnographic database program called QSR NUD*IST NVivo [Note: NVivo is a richly-featured and 
highly advanced program for handling qualitative analysis research projects included textual and graphical contents: 
for the purposes of this exerc'ise. simpler software capable of text-only organization would suffice] . Each document 
was included in a single file. and each document was coded as to the age. gender. issue position. and Likert question 
values of its respecti\'e author: author names were disguised in this file. which sol\·es most issues revolving around 

. peer criticism and argument ownership. 

Depending on the topical orientation of the class and the amount of class time aliened for the exercise. coding of the 
documents can be done anywhere on the continuum from entirely beforehand to entirely in class. For the marketing 
research class in question. only objective codes deriving from the questions asked lgender. age, responses on the 
Liken questions) were coded beforehand. As a week of class time was devoted to the ethical issue and manipulation 
of qualitative data. more. elaborate codes were developed in class. The coding of the documents in this searchable 
database file then drives the discussion of the components of ethical issues and the natural conflicts in interpretations 
of the different panies in\'olved in the marketing dyad. 

Discussion can· range from simple distinctions ( e.g. the mean number of distinct arguments in pro-business vs. pro
consumer essays) to more complex ones (e.g. the use ofp:micuiar types of arguments. drawing analogies to historic 

· situations. situational factors. evidence of external vs. internal locus of control. e\·idence of situationist vs. absolutist 
arguments. focus on means vs. outcomes,. and comparisons and contrasts of each of these by gend_er. age. etc. 

For example. discussion can be initiated by the instructor asking a mundane question of the class such as, "What is 
likely to make someone side with the people from Napster or MP3?" Some students might venture the notion that 
males are more anti~establishment than females and would agree with the downloaders. Properly coded, the database 
can reveal the answer. Others might guess that age or political conservatism may impact a person's stance on the 
issue. Again. reference to the searchable database answers the question. ln this panicular case, there were no 
discernible differences by gender. age, or political co11servatism. 

The instructor can then take the discussion to the next le\'el. by asking questiom that provoke the construction of 
argument typologies like: · 

"What type arguments are likely to be ernked by either side?" Does one side rely on legal 
issues, on historical data. on reference to similar snuauons with comparable products? Does the 
other side make accusations of deception and fraud? Or 

"What makes a quality argument?" Are details in terms of length convincing? Or details in 
terms of the number of independent arguments in a gi\'en opinion? Or the number of strongly
evocative adjectives used? 
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For each question. codes can ·be developed and subsequent answers ~ound through ~erusal of the datab~se [Note: the 

instructor shoulcj caution students about using small, non-representative databases hke these to generalize answers to 
complex problems]. Then the process repeats itself with every question: check it against the data set. 
The ensuing discussion serves multiple purposes.'Attention to detail in argument forces acknowledgment of details 
and accounting for them in any final judgment It reveals differences and similarities of the two conflicting 

· perspectives.Ana these two things taken together lead to an understanding of potential resolution. For example, the 
endpoirit of discussion in the fall marketing research class focused on the potential compromise in the form of 

· licensing agreements between the web companies and the recording industry. similar to those compromises being 
floated in real life at the time of this writing. 

BROADER APPLICABILITY OUTSIDE MARKETING 
This dyadic approach need not be constrained to the discipline of marketing. Most professionals answer to some 
client or customer. In the arena of finance, for example. we might balance the financial officer· s duty to the 
shareholder or the financial officer's ethical position to deliver positive cash flows against the shareholder's 
potentially unrealistic expectations of gain under given market conditions. Or in engineering. it might be the 
perceived duty of the engineer in meeting "client's expectations in terms of specification against potentially 
unreasonable specifications set. by the client. In any discipline, ethical situations will involve multiple parties. It's up 

-. to educators to realistically involve each pany while teaching students about ethical conduct. 
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ABSTRACT 
We develop a methodology for managing large team projects which require ongoing. semester-long collaboration 
and cooperation among several student teams in academia. We assess the usefulness and limitations of this approach 
using case studies from the School of Business and Industry at Florida A & M University. 

INTRODUCTIO~ 
Several business schools have embraced ~he concept of "learning by doing" long advocated and practiced 
successfully by several progressive engineering schools [ 1 ]. This paradigm often entails student teams working on 
semester-long projects under faculty supervision. This approach works very well for traditional courses in which 
projects have a well-defined scope. are relatively independent of each other. and are executed by small student 
teams under close faculty supervision. However, projects that explore new business themes are often not well
structured and require ongoing collaboration among several student groups working as part of a large student team. 
For these projects. success requires the adoption of new strategies for project planning and control and a redefinition 
of the role of faculty. 

The several approaches adopted by progressive companies to manage large teams in industry can provide guidelines 
. for managing large team projects in academia. These include the use of self-managed. self-organizing project 
teams. the, use of pro_1ect management software to improve project planning and control [2]. the use of the Internet to 
facilitate intra-team communicauon and inter-team collaboration [3]. and a clear foc us on proj ect deliverables to 
minimize schedule slippage. [4). 

In this paper. we describe a methodology developed to manage large team projects which require ongoing, semester
long collaboration and cooperation among several student teams in academia. \Ve illustrate the application of this 
methodology using case studies from the School of Business and Industry at Florida A & ~l University and discuss 
the benefits and limitations of this approach. 

LITER..\ TUR£ REYIEW 

· Project :\lanaoement Strategies 
Effective project management requires the definition of the resources. methods and too ls to be used in the project 
[5]. A good project management strategy can provide the basis for the project" s organization. selection of the 
project manager. choice of people to inrnh·e. selection methods and too ls to be implemented. and timely resource 
acquisition. It should address risks and provide a moderate le,·el of detai l. while maint::iining flexibility to deal with 
changes in plans. 

Strategies are often developed through collaboration between the project manager and members of the project team. 
Project managers play a unique role and. in most cases. have total responsibility for the outcome of a project. An 
important task for project managers to complete is fol low-through. A proactive stance can help in identifying 
problems as they arise by tracking estimated versus actual progress and enabling initiation of corrective action 
where required. · 

Penner [6] argues that ownership among the project manager. project team. and the end users is the most important 
factor in detem1ining a project's success or failure . This process entails understanding the needs of the product users 
and the effects of the project on those users. obtaining buy-in from team members and establishing their level of 
panicipation: and balancing individual with group recognition. Acceptance of this approach should contribute to the 
goal of achieving project success in academia. 
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Project Management Software . . . 
Project management software can provide planning. tracking. analysis, ~ost. sche~uhng and reporting suppon 10 

project managers. Badihl [7] describes several "generations" in the evoluu_on of pro3ect management software from 
the complex and difficult to use programs of the pre-1980s to today's simple~ . . more powerful and ~ser-friendl)· 
systems. Today's integrated .project management packages have extended tradlti~nal network .ana.lysis to include 
graphics. report· generation. spreadsheets, and cost analysis and incorporate real-ume commumcauon. networkin~ 
and artificial intelligence. 

According to Lientz (2000) [8] technological advances in project management software have several advamagei, 
including I) improved price performance and reliability, 2) greater standardization. 3) integration and easier 
interfacing, and 4) reduced learning curves for professionals. Furthermore, project management software allows one 
to link multiple projects together, produce graphs and reports. conduct critical path analyses. extract or filter data for 
reporting purposes. and importiexport data for use in other computer applications [9l Most recently, the 
emergence of the graphical user interface (GUI) has greater enhanced the functionality of project management 
software packages while the addition of~eb-based features expands the scope of applications. 

Examination of software pro~les in a recent IIE software survey [2] confirms the availability of a wide range of 
- project management software. Some popular packages include Artemis, Primavera·. Milestone, Microsoft Project 
· 2000, Time line, and Project Scheduler. These software packages offer a variety of reporting tools including: 

• Ne~ork diagrams which allow the creation of project schedules using PERT (program evaluation and 
review techniq~e). PDM (precedence diagramming method). CPM (critical path method), or ADM (arrow 

· diagramming method). 
• Task Detail1Work Breakdown Structures [10] allow one to identify tasks that need to be completed. 
• Resource Histograms allow one to see the usage of a specific resource over time. 
• GA!'\TT charts provide a graphical display of the output on a time scale 

:?.3 Proiect \1onitorin° and Control 

Oveniew 
To monitor or control any project, there must be an initial project plan with a clear project scope. a work breakdown 
structure. a project schedule with identifiable milestones. and a project budget. Without these. project monitoring 
and control become impossible. These tools alone will not ensure that a project is carried through to completion
project managers must constantly monitor and e\·aluate the progress of the workplan. Control of time. budget. and 
performance ca.n be accomplished .through both forma.l and informal approaches. While formal reports/meetings are 
typically time consuming and rigid in structure. informal control methods such as surprise visits and status checks 
enhance the project manager"s visibility. allow for immediate feedback on progress. and enable the project manager 
to learn more about project progress [7] . 

Project Monitoring 
Monitoring is a process of information collection. which allov,s the project manager to determine the status of the 
project and to address specific issues. Changes may arise as a result of this information. which may alter the project 
plan. Other issues. s~ch as those dealing with the team members. can only be dealt with by the project manager and 
cannot be solv_ed by simply altering the schedule. In this case. it is the project manager's duty to resolve these 
issues. thereby decreasing project risk.and providing greater assurance of the project's successful completion. 

Several types of monitoring. methods can be used. These include but are not limited to selectively requiring 
management approval: ··management by exception." in which a project manager places his/her.complete trust in the 
team and only asks for updates when there are problems: frequently examining the work being done and other 
related acti\·ity: and requiring reports on progress in schequling, performance. and cost. [JO] . 

There are several benefits and drawbacks to these methods. Rosenau [IO] argues that the best approach is direct 
control through frequent examination. This is based on the organizational behavior principle of .. Theory Y," which 

•· assumes that empioyees will try to do a good job. Management by exception is only effective if team members are 
able to recognize and clearly communicate problems in a prompt manner. Reports may be inaccurate, and it may be 
difficult to measure the project's actual progress because of ambiguity. Finally, while discretionary authority may 
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be inappropriate for an inexperienced team or on a difficult project, it is generally appropriate for very sm:ill 

projects. 

Project Control . 
Several project management tools have been used in industry to enable schedule. perfonnance and cost conrroL For 
schedule control, these range from simple techniques such as the GANTT and milestone charts to powerful pro_1ect 
management software which allow project managers to track several areas of scheduling. including days of work 
planned \·s. actual number of days worked. budgeted vs. actual cost. and percentage of completion [7] . 

Perfonnance control is very difficult because perfonnance problems may not arise until the completion of a project. 
However, there are clear signs that warrant alert. such as poor communication betv.'een project team members and 
the project .manager. vagueness of status reports. and poor anitudes [5]. Other factors that must be examined m 
analyzing performance include the reasonableness of the project scope. accuracy of documentation. requirements for 
the project's completion, quality assurance. and functionality of the end product (7). 

Cost control requires anention to factors such as costs estimation. cost accounting. cash flow. labor. overhead. 
incentives, penalties. and bonuses. Cost control techniques should incorporate balancing time. resources and cost: 
justifying project costs: clearly communicating project requirements. constraints and resources: and evaluating 
budget depletion versus the project progress (Bahiru, 1995 ). 

Project Management in Academia 
Although universiues are increasingly moving towards team-based classes. projects. and assignments. the literature 
on project management in academia is very limited. In the School of Business and Industry at Florida A&M 
university. almost every class incorporates a significant component of team-b:ised work which has :i direct impact 

. on students ' grades. In this em·ironment. effective project management is essential. Examination of the well
document~d strategies successfully employed by progressive companies can identify best practices suitable for 
adoption b. academia. Because of increasing student enrollments experienced by SBrs programs. the approaches 
used to manage large project teams are of particular relevance. Pro_iect success in these cases requires the careful 
selection of appropriate strategies for proJect planning and control and the judicious use of contemporary project 
management tools and techniques to enable successful project implementation. 

CASE STVDIES FRO'.\I ACADEi\lIA 

Project ,1anagement Strategv 
In developing an effecm·e ProJect Management strategy to man:ige large team projects which require ongoing. 
semester-long collaboration and cooperation among several student teams in academia. we included the following 

· best-practices adopted from industry: 
• use of self-managed. self-organizing project teams 
• use of project management software to improve project planning and control 
• use of the Internet to facilitate intra-team communication and inter-team collaboration 
• a focus on project deliverables to minimize schedule slippage . 
• use of a range of techniques to facilitate project monitoring and control 

Case Studies 
The Project Management strategy outlined above was adopted on several semester-long projects conducted at the 
School of Business and Industry. Florida A & M University with class sizes ranging from 27 to 90 students, 5 to 12 
teams. The projects all focused on formulating and evaluating Methodologies for Selecting Applications Software 
in the areas of Supply Chain ~lanagement. Online Purchasing Softw:ire. Project Management Software, and Data 
Mining Software. Table l. provides a profile of these four case studies. 

In all cases. Microsoft Project 2000 was the Project Management Software used to develop and distribute a project 
plan to all student teams. This included a task list for the project ~\·ith task durations and precedence relationships; a 
network diagram summarizing the logic to be used to guide implementation; a Gantt Chart providing a visual 
~ummary of the schedule for project implementation. Student teams were assigned specific responsibilities 
mcluding: 
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Devel~p a Project Pian _ to identify the tasks and schedule required to ensure successful project completion. 

Literature Rev.iew - to review recent software surveys to identify software trends, product leaders, innovatiw 

corporate leaders. 

u; b · D I to develop and deploy a web site to facilitate intra-team an inter-tea"' . Project "e site eve opment 111 

communication· and collaboration. 

Supplier Survey_ to develop a database of software products based on information solicited from suppliers 

Software Selection - ·to formulate a methodology for software selection and illustrate its application in a range of 
scenarios. 

Writte,~ Report- to coordinate the recording of the work done by the teams and document· the project's findings. 

Oral Report- ·to coordinate _presentation _of the project's major findings to interested faculty and students . 

. A wide range of tools and iechniques were used to facilitate project monitoring and control. These included: 
- Project Web Site. Project Management Software. Email. Telephone. Small Group Meetings. Large Class Meetings, 

Oral Progress Repons. Written Progress Reports. At the end of the semester. a survey was conducted to assess the 
·students' perception of the usefulness of the various project monitoring and control techniques in facilitating project 
communication and-tim~iy project completion 

DISCUSSION 
Students benefited not only by participation in a large team project which mimicked the real business world but also 
from an increased knowledge of the particular applications software examined. As shown in the project profiles in 
Table 1. the methodology resulted in all cases in on-time. within-budget project completion and in the preparation of 
quality written repons and oral presentations. Table 2 s_ummarizes the students' perception of the effectiveness of 
-the project management tools and techniques used in the projects conducted during Fall :woo semester. Examination 
of theses results indicate that although all of the project management tools and techniques used contributed to 
project success. the most effective project monitoring tools were Email. Telephone, Small Group Meetings, and 
lntra".Group Collaboration. This highlights the imponance of small-group work on a large project. IT-based tools 
i.e. Project ~1anagement Software and Project \Vebsite were less effecti\'e. This suggests that more thought is 
required in adapting · these tools for use in academia. The least imponance was accorded to Large Class Meetings 
and Written Progress Repons . These traditional _techniques for monitoring project progress seem less suited for 
promoting the· time_ly responses required in academia to address pressing problems which inevitably arise during 
project implementation. Consideration should be given to adapt these techniques to better fit the needs of academia. 
However. other factors such as . team . size. t_eam composition. work distribution among individuals and teams, 
effective e\'aluation methods. accountability of individuals. clearly contribute to the fa~ilitation of learning and 
overall project success in academia. 

CO~CLUSIO~ 
Strategies which have been effectively employed in industry to manage projects can be adapted to provide a 
framework for managing semester-long projects in academia which require ongoing collaboration and coordination 
among large student teams. Succes~ requires a clear specification of the roles and responsibilities of the several 
student teams. development of a reaiistic project plan using appropriate project management software, and the use of 
the wide range of a\'ailable _techniques to assist _ in project monitoring and control. This approach has been used 
with very positive results in se\'eral Management Engin_eering and Global Logistics classes in the School of 
Business and Industry at Florida A & M University. However, more thought is required to identify the appropriate 
role for a project website to enhance intra-team communication and inter-team collaboration. Funher work is also 
required to expand the scope of traditional project man~gement software to enable collaboration in virtual student 
teams. 
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a. Focus 
Case #I 

i Supply Chain 
i Management 
: Software 

Case #2 

I 
Online 
Purchasing 

I Software~ 

Case #3 
I ProJect 
I Management 
I Software 

Case #.J 
Data Mmmg 
Software 

1 
b. Deliverables Wrinen Repon ! Wrinen Repon Wnnen Repon 

1 
\\.nnen Report 

I I Oral Presentation ; Oral Presentation I Oral Presentation I Oral Presentation 
I c. Schedule: - Duration I l 2 weeks 1 12 weeks 12 week 12 weeks 

. - Semester I Summer 2000 1 Fali 2000 1 Summer 2000 Fall 2000 
1 d. Projec,r Organi:,ation 1 I 

Level ; Graduate i Graduate 
Personnel I 6 teams : 6 teams 

I -l5 students 

I e. Results: - Time 
! - Cost 
; -Perfonnance 

! 36 students 
i 

1 On Schedule 
! Within BudQet 
I -

Excellent ( A- 1 

1 On Schedule 
'. \\"ithm Bud2et 
1 

Good (B- ) -

I if. Project Management I MS Project 2000 
l Software 

f\1S Project 2000 

g. Most Effectfre 
Project .\fonitoring 
Tools 

j 1. Small Group 
: .\1eeungs 

1. Intra-Group 
Collaboration 

l 2. Telephone 
I 

! ~ EMail 
I 
I 

I 3. B-1ai l ! 3. Small Group 
: · Meetings 
1 

4. Intra-Group ! 

1 Collaboration ; 4 . Telephone 
! i 
I 

·; _5. Project ; 5. Project 
I 

WebSite i WebSne 

I 
1 

Undergraduate 
I 5 teams 
j :7 student 
I 

: On Schedu le 
, Within Budget 

Ex cellent (:\- ) 

; L ndergraduate 
I 12 teams 
1 90 students 
! 

On Schedule 
1 

\\" ith in Budget 
I Good (B- ) -

\1S Pro_i ect 2000 1 !\1S Project 2000 

i l. Small Group i l . Small Group 
i i Meetings i rvteetmgs 

2. Telephone 

3. EMail 

, -l . Intra-Group 
Collaboration 

4. Project. 
\\'ebSite 

l 
2. Telephone 

3. EMail 

4. Intra-Group 
Collaboration 

6. Inter-Group 
\ Collaboration 

Table 1: Profiles of four Case St_udies in Academia 
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Courses 

Mean (Class 1) 

Rank 

Mean (Class 2) 

Rank 

Mean (Class 3) 

Rank 

Project P . t Small Large Oral Written Intra- lnter-
M roJec T I Group Class Prog- Prog- Group Group Project 

anage- Web EM ·1 e e- C 
ment 81 phone Meet- Meet- ress ress Collab- Collab- . OOrd-

Software Site ings ings Reports. Reports oration oration inator 

'3.13 
8 

3.15 
7 

.2.70 3.63 4.17 

10 5 2 

2. 7 4 3.85 3.93 
10 3 2 

4.23 
1 

4.22 
1 

2.67 

11 

3.04 
9 

3.27 

6 

3.46 
6 

3.49 3.55 3.98 3.59 3.80 2.95 3.48 

6 5 2 4 3 9 7 

3.00 
9 

3.04 
8 

2.89 

10 

3.97 

3 

3.65 
5 

3.77 
4 

3.69 
4 

4.05 3.39 

1 8 

3.19 

7 

2.15 
11 

Scale: 1 - Minimally Ejfectzve 3 - Moderately £1Jec11ve 5 - Exrremezr Ejfec1ive 

Table 2. Effectiveness of Project Monitoring Techniques (Fall 2000 Semester) 
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ABSTRACT 
An instructor facing students in a classroom always wonders how many of them would succeed in learning the 
material to ~he fullest of their ability. Behavioral, psychological. and educational research strongly suggest that in 
Jeamine. like in any other activity. the key factor to success is motivation. The author shares his three-question 
questio;naire. which helps students to keep focused . 

WHY ~IOTl\'ATIO~? 
Last twenty years in pedagogical research brought us much bener understanding of the learning1teaching processes. 
Some of well-known factors effecting learning results are leamingtteaching styles. level of mrnlvement 
Jempowennent. student motivation. etc. Motivation. as one of the important ingredients of an effective learning 
environment. has received anention from many researchers here in U .S and abroad. (Ho) 1. 1977. McKeachie. I 986. 
Georne. 1987) \Vhat is then motivation? Here we follow the definition of motivation after Merriam-Webster, 1997. 
as th; act or process of motivating: the condition of being motivating: a motivating force. stimu lus. or influence: 
incentive: drive: something (such as a need or desire) that causes a person or student to act. Similarly. the 
American Heritage Dictionary. 1976. gives the following definition of the verb "motivate": to stimulate to action; 

· provide with an incentive or moti,·e. 

Moti\'ation is an abstract concept and can ' t be seen directly. -....;,.;e can make inferences about it based on behavior. 
(Zimbardo. 1992) Through history there were many attempts by philosophers. political theorists. military leaders. 
writers. etc. (Socrates. J. Cesar."!\ . Machia\'elli. ~apoleon Bonaparte ) to understand human nature and its behavior. 
In modern times. motivation has been studied by many disciplines such as dynamic psychology. education, 
business. and kinesiolog):, to name a few. for various area-specific reasons. 1any researchers have investigated 
human nature and causes for activity . Politicians. business managers. and educators alike would like to know how to 
moti,·ate people. Abi lay to motivate others has been recognized for long time as an essenual ingredient of a 
leadership. (Peale. 1956. Hill. 1960. ·ewman. 199-l) 

. Williams (::!000 ). gi\·es a comprehensive literature synthesis of key ingredients impacting student motivation: 
student. teacher. content. methods process. and environment. It seems that the knowledge how to motivate student 
more effecti\·eJ:y was expanded after learning teaching styles ,, ere defined and their imponance man educational 
process was better understood . Regarding learning styles. Felder-Sih·errn:m ( 1988) model cbssifies students based 
on the way they learn as sensing or intuitive. visual or \'erbal. inductive or deductive. active or passive, sequential or 
global learner. 

Thus. today. an instructor. equipped with the pedagogical knowledge and. on many occasions. having high-tech 
educational tools at hand. should face students with even greater confidence hoping for a successful outcome of an 
educational process. Why. then. on many occasions instructors witness failures. and in many instances are frustrated 
by mediocre results . No adequate le\'el of prerequisite knowledge and low leve l of personal motivation on part of a 
student seem to be the mam culprits . Con\'ersel). it seems. that students with the highest motivation level overcome 
difficulties and will be successful in reaching their educational goal irrespective of the subject matter. 

But un iversity and colleges do not exist in a vacuum. They must respond to political and societal pressures. Soaring 
costs and cuts in funding force universities to restructure . (Farrell, 1993, Gapinski et al. 1998) Instructors are 
seeking ne\,. ways of improving teaching/learning effectiveness by adopting new pedagogical methodologies and 
technologies . (Gapinski. 1998. 2000) Thus there are internal and external reasons why we should look at motivation 
as a vital issue in learning process. 
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. FOCUS ON GOALS TO KEEP YOUR STUDENTS MOTIVATED 
Pedagogy strongly suggests that instructors who have ability ~o motivate their students the most achieve usually th: 
best results. How, then to motivate your students? Any experienced teacher would answer that there are many wa!1 

to do it and that it is an .. art more than science." 

One way to stimulate yo~r students is to innovate a learning process by trying_ non-conventional a_pproac~es. R. 
Moses, founder -of the Algebra Project, a national program that teaches math literacy to rural and mner-c1ty studen~. 
uses new approaches to teach algebra. (Henry. 200 I) Moses tries to bring the abStr~ct concep_ts down_ to Eanh with i 
five-step model that mimics the natural learning process observed in children: physical experience. p1ctonal 
representation. use your own words to describe it, putting it into proper English and then symbolic representation. 

Author. in order to motivate his students and to keep them focused on their educational goal asks students to answer 
three q~estions at the beginning of a semester in written form. The questions are as follows: 

The main reason for the following questions is to give you an opportunity to perform a self-assessment of your shon 
and long-term goals. 

I . Where you are ., 
3. 

Where you want to gQ 
What it takes to get there 

Shortly answer the following three questions: 

1. . What.does "success" mean to you? 
2. \\ihat are your goals for 1. 5. and 20-years ahead? 
3. How do you plan_to assess I measure your progress towards these goals? 

In addition. from time to time students are asked about more course specific sub goals in a form of 3-5 minutes note. 
As one can expect the answers I've gotten from students do vary quite significantly but also there was common 
denominator. In general students did not give much thought to planning ahead. especially many years into the 
future . Their goals tend to be much more pragmatic. rather materialistic than idealistic. In their answers there is no 
specific timetable for reaching goals and students usually do not have an idea how to assess their progress. 

The above remarks suggest that an instructor foremost should motivate his,her students and worry about transfer of 
kno\vledge only as a secondary issue. Maybe that fact explains the reasons of many failures . where instructors focus 
almost exclusivelv on a transfer of knowledee neelecti.ne soft-issue of human anitude. Thus. an instructor should 
play a role of a m~ntor and a friend. who en~ourages. m~tivates. and empowers his/her students. Students who see 
a teacher who cares for them usually give extra efforts ·in a coursework. 

CONCLUSION 
Through history human nature became a subject of investigativ~ inquiry. Philosophers. psychologists, politicians, 
and educators alike wanted to find a key to human mo.ti\'ation. Last fifty years brought a lot of new insights into 
what drive us. Today, it seems that we are a linle bit closer to understanding of what motivates us and how to apply 
this knowledge on individual basis in teaching/learning process. To improve teaching/learning effectiveness, 
instructor should create environment in \Vhich a student feels empowered as a partner on an educational journey. 
Students should be challenged in a friendly. non-threatening environment. By reminding frequently about objectives 
and goals ahead of them. instructor can help students to oyercome temporary setbacks and frustrations. 
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ABSTRACT 
The environment and·expectations facing graduating engineers have changed dramatically in the past decade. 
Graduate engineers are expected to contribute immediately in competitive environments with system engineering 
skills. information technology skills, and soft skills in addition to traditional engineering fundamentals . The abi liry 
of engineering education to produce graduates meeting these market demands will dictate -its prominence and 
viability in the increasingly competitive technical education market. This paper describes the development and 
educational inteeration of the NC A&T State Department oflndustrial and Systems Engineering .. Virrual 
Enterprise.'' Th; Virtual Enterprise (VE) is a full scale manufacturing supply chain. integrated using infonnation 
technology. and producing actual product. Departmental laboratories are organized as business departments within 

_ ·the enterprise. The structure and development process for the, VE is described as well as the curriculum integration 
of its learning modules. Potential problems in implementation and means to overcome them are presented. 

BACKGROUND 
The nature of engineering practice has changed significantly over the last three decades . The pace of change. driven 
by increased comP.etitive pressures. has been particularly intense over the last decade. However. engineering 
education has not changed appreciably over that period. The growing gap between traditional engineering education 
and the result of many year·s of evolution of engineering practice have caused engineering school constituents. 
especially industry. government. and graduates. to question the effectiveness of the programs [Lang 1999]. 

Enoineering Graduate Requirements 
Recent literature intended to survey industry nee~s for engineers produces strikingly similar results . The skills often 
found lacking in engineering graduates may be divided into three categories: skills to systemically approach 
complex design and management problems. skills to appropriately apply information technology tools, and skills 
needed to function effectively in an organization. 

A recent survey of engineering pra~titioners sponsored by the :\ational Science Foundation found that the primary 
work acti\'ity mentioned by engineers was design (66~-o 9f respondents included this task ) and the tertiary activity 
was management ( 49~o of respondents included this task) [Burt l 998]. Engineers have shifted from the traditional 
role of deve loper to an integrating_ role as designer. In cases where corporations have outsourced engineering. the 
skills needed may be more those of a technical ·manager than a designer. In either case. workforce changes have 
created a demand for eneineers who can inte12rate technical, managerial. svstems. and financ ial skills. Svstem 
design objecti\'es are m;re complex having t~ consider a number ~f strategic. practical. environmental , legal, and 
time constraints. Engineers need a "breadth of knowledge to handle complex objectives and multidisciplinary 
functions. to understand non-engineering· issues. and to perform systems engineering in a loosely bound 
en\'ironment" [l\forg ·I 998] . This requirement is well-established among Industrial and Systems Engineers. Former 
university of Michigan Depanment Head Dr. John Birge states "Employers want someone to be able to take a 
systems \'iew of things. to look from a broad perspecti\'e and to be able to isolate the essential parts of a system. 
Systems integration is an e\'er-increasing focus for a lot of firms today. People are trying to get systems to do more 
things for them. They are try'ing to build intelligence in the systems they already have. Industrial engineers are 
well-prepared for that because they are trained to take a systems view" [Sobo 2000] 

The second most cited activity from the NSF sponsored su~ey was computing [Burt 1998] .. The impact of the 
information technology explosion is wel_l-documented and very visible . This explosion has tremendous implication 
in tem1s of demand for and responsibilities of engineers. The Bureau of Labor statistics project that the United 

. States will require· more that one million new computer engineers and scientists over the next 1 0 years [Cotp 1998]. 
· Two organizations that are of primary importance to the practice of Industrial Engineering have emphasized the 

importance of information technology [EAC 1999, SME 1995] . Both these organizations emphasize that all 
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engineers deal with four "langua~es" and should therefore be very well prepared in these ~angua~es. The four 
languages are English. mathemattcs, ~ph1cs. ~nd computer sof~·are. Relattve t~ Industnal Engm~ers and . 
infonnation technology, Birge states. "mformauon technology skills are another important emphasis for lndusmal 
Eneineers, we want our students to be familiar with systems. but also in terms of diagnosis; ability to lay out a 
svs~em, define procedures and processes." Businesses continue to rely on information technology not only to 
i~crease individual performance, but as the primary tool for integration to the supply chain or enterprise level. If 
the primary responsibility of engineers will be systems design and integration. information technology will ~ertainly 
be the primary tool. The technology used for information systems has consistently outpaced the soph1st1cat1on and 
fluencv of its implementation. The key to successful information technology implementation is not in the 
techn;logy itself. bur rather in the ability of engineers to manage its implementation As a result. systems 
engineering and information technology are intricately linked as supporting the success of each other. 

The last skill area includes those "soft" skills such as wrinen and oral communication. presentation skills. leadership 
competence and the ability to work on multidisciplinary teams. These skills support the ability of the engineer to 

function effectively within the business enterprise. 

Traditional En°ineering Education 
Traditional engineering education was developed during a time of heayy goYemment funding of research and 
deYelopment. The research and development function stresses engineering science and theory over engineering 
practice [Lang 1999]. The format is the traditional classroom lecture where the instructor is actiYe and the student is 
passive. Leaming is achieved through abstract conceptualization rather than concrete experience. Application is 
implicitly determined through reflective observation rather than explicitly determined through acti\'e 
experimentation. The transition from engineering student to engineering practitioner is rapid and disjoint. Few 
activities resemble engineering practice prior to graduation and few actiYities resemble engineering theory after 

. graduation. This style of teaching. perhaps sufficient for teaching engineering "fundamentals" is grossly inadequate 
for teaching systems skills. information technology skills. and soft skills. Furthermore. traditiona l approaches 
ignore learning styles of large segments of our popubtior.. inhibiting recruiting. retention. and di\'ersity efforts. 

The traditional focus tends to reduce problems to a manageable size for application of analytic methods. The 
problem is isolated from many highly re lated issues. This decomposition approach is usefu l for research and 
de,·elopment. but inadequate for practice in a complex world. A typical curnculum consists of fairly isolated classes 
( except for maybe two or three course successions) \\·ith ltttle OYerall integration. Systems thinking considers the 
impact of related issues. L:nderstanding of such issues 1s often better experienced or learned through example: it is 
difficult to aniculate and ineffecti\·ely taught in J kcrure en\'ironment. Traditional engineering education minimizes 
the impact of information technology in terms of teaching and subject nm:er. lnfomiation technology is viewed as 
too transitory to teach . Engineering design of information system::; 1s not included in many curricula. Faculty 

· members themselves are often undersk ilkd in the application of infom1:ition technolog~ . Finally. traditional 
engineering education ignores soft ski lls as inferior topics. Facu lty act1\·ities do little to encourage development and 
use of these skills to impro\'e engineering educatton . 

Engineering Education Ad,·ances 
It is unfair to contend that no trends in engineering education ha\'e sought to recognize the changing requirements 
for those in engineering practice. The recogn ition of the desperate need for change has been a prominent topic in 
recent engineering education literature. Attempts to consider the systems approach have led to attempts at course 
integration: and increasing use of information techno logy has introduced new teaching methods and allowed 
students access to software used in practice. 

Integration is primarily \'isible in the form of capstone senior design projects common in most engineering schools. 
Curriculum designers are increasing ly more aware of de\'eloping courses that corr.bine skills from several prior 
courses to practice systems design . Especiall y inno\·at1ve approaches introduce students to systems thinking early 
and continuously ~hrough their program. stressing both engineering and business issues [Pani 1997] . Programs that 
have sought to emphasize this approach ha\'e ranged from small-scale graduate programs [Cher 1993]; to 
departmental [Pard 1993]: to large-scale multi-institutional efforts [Lama I 997]. Successful programs supplement 
traditional engineering science with practical experience in solving real problems. Though the contributions of these 
efforts are significant. none really addresses the problem of developing a base model for a holistic engineering 
curriculum. 
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Perhaps the most significant demonstration. of the changes being expected of engineering education is the revisio . 
the accredi.tation process. tenned ABET EC 2000. Under this accreditation process. engineering programs will bn~ 
expected to borrow techniques established by engineering practitioners in Total Quality Management (TQM) to e 
develop an assessment process based on outcomes rather than activities. W~th t~e extent o~ existing faculty loadani 
the natural resistance to change, it is questionable whether these changes will yield appreciable educational refonn 
without the developmerit of model curricula. Without proper planning and forethought, changes will be made ina 
piecemeal man~er; lacking any examination of the motivation for change, the factors that have resisted change, or 

the unintended consequences of the changes being considered [Gold 1996). 

VIRTUAL ENTERPRISE 
Introduction 

EHP 
A lneluatnal& 
& Syatema 

I T En91nwnn9 1 

I 

The NC A&T ~tate University Department of Industrial and Systems Engineering Virtual ., 
Enterprise (VE) is a full scale manufacturing supply chain. integrated using information 
technology. and producing actual product. Depamnental laboratories are organized as 
business departments. The VE serves to teach students about systems engineering and 
information systems through visual learning and practica.J experience. Labora·tories 
previously used for isolat~d tasks now function as different departments within an 
information system-integrated enterprise. Students understand the data and process 
models used as the basis for the integration. Students lec\rn the svstemic elements of 
business as the laboratories manufacture products (initially clocks · _ _ see Figure I and i 

~isposable cameras) and perform services (initially freight. warehousing, and ~ 

transportation). Specifically, laboratories will be converted to teachin1? centers with the 
described fun.ctions. · The VE departments. their function. and conceptu;l structure can be 
seen in Figure·~ wi_th the physical structure and equipment shown in Figure 3. 
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Figure 2: Virtual Enterprise Conceptual Structure 
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Each student learning interaction with the virtual enterprise is termed a learning module . Each undergraduate course 
will ha\·e at one or two learning module(s) . Learning modules are perfonned in teams. Learning modules are 
in\'olved with the following steps: 

I . Learning ob_iecti\·es - The module starts with a listing of module learning objectives. the basis for student 
evaluation. The objectives are wrinen using Bloom ·s Taxonomy to encourage higher le\'eling thinking . 

.., Functional training - The next step is to have the student team perforn, the laboratory exercise focusing on 
the related iunctional area. This step is where most laboratory experiences begin and end. with the student · 
left to make all inductive conclusions. 

3. Data . process model - The student team will review and analyze the data and process models associated 
with integrating. The student will learn how to use the virtual system interface. ( Students will learn how to 
understand data and process models early in the curriculum.) 

4. Economic i value issues - The business issues involved in this function are described with student teams 
producing a tradeoff analysis . 

5. Other design issues - The student team is introduced to additional systems issues including (where 
appropriate) social. safety. global. political. and regulatory concerns. 

6. Indi\'idual e\'aluation - Each student is eYaluated to ensure learning in steps 2 and 3 above. This evaluation 
is done by a test of skills learned in step 2 and the ability to write appropriate database queries for step 3. 
Case study - Finally the team demonstrates the ability to synthesize all information learned from steps 2-5 
by performing a case study . In the case study. each team member will take on a different role (production 
manager. engineer. accountant) to assist m collaborative learning. The case study encourages problem 
solving and higher level thinking skills . 

Instruction regarding the learning modules will be implemented in Web-based format to enhance portability and 
enable asynchronous learning. The overall curriculum has been modified to enhance the student experience by 
having three IT courses in the first rv.·o years, three seminar classes teaching soft skills, and a systems engineering 
course in the senior year to enhance the capstone design project. 
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Table 1: Initial Learning Module List 

I Module Title !Labs !Classes !Class Title ---., 

Industrial Engineering Programming 
Introduction to Virtual Enterprise 
Custom Manufacturing 
Computerized Performance Tracking 

!
Activity vs Standard Product Cost 
Decisions 

!Enterprise Data Modeling 
I Enterprise Web Database Interface 

1416 McNair Hall !GEEN I 02 I Computer Programming for IE 
IAII IINEN 246 !Manufacturing Processes 

1206 Cherry Hall IINEN 246 !Manufacturing Processes 
I 102 Graham Hall IINEN 255 I Methods Engineering 
309/311 Cherry Hall IINEN 260 !Engineering Cost Management 

1416 McNair Hall IINEN 280 Information Technology 
1416 McNair Hall IINEN 280 !Information Technology ~-

Team Decision Making Using Information 1309/311 Cherry Hall IINEN 289 !Engineering and Teams 
Technolo2v I 
Statistical Process and System Control 1206 Cherry Hall IINEN 325 !Quality Control 

I Inventory Le,1el Optimization 226 Graham Hall · IINEN 330 Operations Research I 

---

--.. 

!Manufacturing Execution I 04 Graham Hall IINEN 346 Automation and Production Systems 
Process Reengineering/ Improvement 
Production Scheduling and Control 
Distribution Planning and Tracking 
tv1aterial Handling and Control 

I 
Enterpr~se Operatpr Interface 
Development · 

!Vinual Enterprise Simulation 
tProduct Redesign and BOM Maintenance 
!Process Planning and Tracking 
IVinual Enterprise Business Functions 

Potential Obstacles 

104 Graham Hall IINEN 346 Automation and Production Systemi 
104 Graham Hall · IINEN 355 Production Control 
226 Cherry Hall IINEN 355 Production Control 

1203 Cherry Hall IINE]'; 365 !Facility Layout and Material Handlini 

1102 Graham Hall IINEN 370 !Ergonomics 

1309 '31 l Cherry Hall IINEN -l l 5 !Simulation 
:203 Cherry Hall II~E:\ 424 iCADICAM 
i203 Cherry Hall INEI\ 424 \CAD 'CAM 
1309.'3 l l Cherry Hall IINE;\ 485 !Systems Integration 

Effective implementation of the VE faces several obstacles. the initial one being the technical issues of equipment, 
proce~s. and IT integration. Even after successful physical integration. curriculum integration presents several 
challenges. The first challenge is securing faculty acceptance and panicipation . All faculty ha\·e been involved in 
the decision process to ·c::hange the nature of our laboratories. To further encourage participation. faculty members 
associated with each undergraduate.class will be im:olved in the development of the learning module substance. 
Faculty will be trained to: (a) .understand the developed modules in the context of the vinual enterprise; (b) develop 
teaching module substance within the context of the standard delivery mechanism. 

In .addition to inadequate faculty training. another potential problem in implementation is poor lab preparation for 
module execution and poor lab maintenance to ensure repeatability. The VE uses standards for all modules to 
promote preparation and maintainability . These standards impact both the learning module and delivery 
mechanism. The maintenance structure d!!fines needed tasks and the roles of faculty, technicians, graduate students 
and undergraduate students. The standards and the structure are hi!.!hlv interrelated. The Web-based nature of some 
portions of the learning modules also assist in imprO\·ing accessibility.· 

Evaluation 
The effectiveness of the virru~l enterprise approach to engineering education will be assessed with respect to the 
project objectives. The objectives and associated measures are listed below: · 
1) Attracting students to engineering · 

a) Increase in number of freshman students opting f?r Industrial Engineering due to VE exposure 
b) Increase in number of students who transfer into the Industrial Engineering program due to the VE 
c) Retention rates of students in the program attributable to the virtual enterprise 

2) Preparing engineers for the workforce 
a) Employer· feedback on graduate preparedness to practice engineering 
b) Alumni feedback .on their ability to practice as engineers 
c) Faculty evaluation of students' system integration ability based on capstone design project 
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3) Acceptance by faculty 
a) Percentage of depamnent fac1,1lty using a one or more course modules 
b) Percentage of course modules incorporated into the curriculum 
c) Faculty feedback on usefulness of the teaching modules 

4) Dissemination.to other programs 
a) Number of other programs that receive curriculum notes or teaching modules 
b) Number of visitors to web site 

Survevs and other feedback instruments are developed and administered to a representati\'e sample of each target 
popul~tion. Positive trends in the measures should anest to the value of the proposed approach. The project will 
also be e\·aluated through a longitudinal study of a randomly selected cohort. The cohort will be tracked O\'er fhe 
years to gam insight into the achievement of the above objectives. 

CONCLUSIONS 
The Virtual Enterprise is based on proven educational techniques. Effective pedagogy in engineering education is 
based on teamwork and cooperative learning. interdisciplinary nature of problems. active participation in learning. 
open-ended projects that allow communication among students. computers treated as a means and not an end. and 
knowledge content and its application being interrelated. The virtual enterprise supports each of these notions of 
effective pedagogy. Each learning module allows the student to learn through experience in a "real world" 
environment. Learning modules are de\'eloped around explicit instructional objecti\'es to encourage higher level 
learning. Students learn collaboratively. Each learning module is designed to bener reach active, reflective, global. 
visual. and inductive learning styles. The proposed project is different from traditional engineering education and 
from disjoint anempts to address needed changes through class content changes and integrating design classes. The 
VE should meet its goal of systems engineering. infonnauon technology. and soft skill development. In addition. 
the \'E helps students bener understand the interrelationships between courses. enhances student recruiting and 

. retention. and enables a smoother transition to the profession upon graduation. The developed results can be easily 
shared with others to yield a high le\'erage result. 
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INTRODUCTION 

-. The topic of education and training in business and industry is omnipresent in professional and trade literature. In the 
name of efficiency. plus making such education and training available and convenient to all prospective students. the 
idea of using on-line (Web-based) training and education programs has gained a great deal of publicity. The publici~· 
has come und-er the heading of on-line education/learning. Web-based education. distance education. distributed 
education. and ·a host of other names. Here. we will use .. on-line leamim!°· or ·•distance leaminQ·· in a £?eneric sense 
covering all these tei=xns. apd covering education. learning. and training. with the realiz.ation that le~ed ar~ents could 
be mounted about the differences between them. 

The aim of making education available to anyone. an~ere. an)time. is very seductive and attractive. The military has 
invested many millions of dollars in the pursuit of allowing its members the opportunity to further their education 
whenever they are not engaged in military actions._ including when they are sining in tanks. on ships. etc. Industry has 
tried to go outside the traditional university education system to make education more available to its employees who 
want to increase their credentials. and to make it available outside the normal fifteen-week semester timing and outside 
the classroom. To this end. industry has founded a large number of corporate universities. and funded a nwnber of 
projects allO\,\ing universities to design and deliver programs via non-traditional means. In many cases. these. too. have 
found their way ~o various designs of on-line learning sl·stems. 

In concept. the idea of on-line learning has many advantages. Among those claimed are 

(1 )·it is convenient (students can log on whenever they please). 

(:!) it is cost-effective (professors don't have to be available :!4/7 in order for students to take advantage of their 
expenise). 

(3) it is location~insensitive (students can be almost in the middle of nowhere and still further their education), 

( 4) it is keyed to the student· s speed of comprehension ( the content can be replayed as man.· times ac; necessary for 
the student to understand). · 

(5) enter your own list from the literature and from your experience. 

To a large extent. all the above advantage~ are true and (again) they are very seductive. Indeed. on-line learning has 
sold very well. One source (FORTUNE ) says --E-learning promises to be a huge market __ not just in America. but 
abroad. •More than 70 million people worldwide received some form of education via the Internet in 1999,' notes 
~~1:"e~ia Weggen. ~esearch ~alyst at the ~vestment firm of WR Hambrecht & Co. ·we believe this represents just the 
iruttal impact of onlme learning on education. training and information exchange. In the not-too-distant future. training 
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for virtually every professional job should be available on the Internet.•·· Yet. some nagging questions concerning on
line learning that continue to be almost lost in universities' rush to claim their involvement in on-line learning and degree 
programs, and these are over and above ~ancial concerns ~ut cost-effectiveness (Bowen. 2000). ~s list of 
questions is at least as long as the list of churned advantages. an~ its c.omponen~ are on ~th a macro and_ nucro le~e_l. 
In theory, the macro q~estions should be answered before the uruvers1ty delves into the nucro-level quesnons. but 1t 1s 

our impression this often doesn't happen. 

EXPECT A TIO NS, REALITIES, QUESTIONS, AND ISSUES 

Macro and micro questions and issues 

Chief among ~e questions and issues that should be addressed before a university leaps into on-line learning include 

Whv is it being done? At the macro level. a key decision in any distance learning effort. and one that must/should be 
made up front, is !!1!f the effort is going forth. ~ome possible answers are 

a) To stretch the Department's/College's/University's resources to offer more courses to more students with the same 
number of professors 

b) As a money-making effort (i.e .. to add funded FTEs) 

c) To serve students who could not otherwise be served at all 

d) To serve students who would be better served by learning experiences offered on some basis other than the 
traditional. fifteen-week. three semester hour design. 

Whichever one or more of the reasons is used (and we believe it unlikely a university would mount a distance learning 
effort for only one of these reasons). a needs assessment must/can be used to tell if the effort is feasible from the 
standpoint ofresources needed and outcomes expected. No matter which reason(s) is/are used. there are likely to be 
.. stranded costs .. and the amount of these stranded costs may be different depending on which ··why .. is used. In 
addition. they must be at a level that can be absorbed (if need be) by the university without disaster. 

How is it to be done? Once the question of .. why .. is answered. and the decision is made that the answer to the ""why .. 
question is valid. there is another question or set of questions that need to be answered before the university jumps into 
distance learning. This concerns the level at which the distance learning will be attempted: i.e .. answering the .. how .. 
question. Grossly. we might place the efforts into three broad categories. These are 

1) .. Traditional .. Distance Learning - This approach suggests that learning should be done on a non face-to-face basis. 
but without the use of the Web. Learning is supposed to take place through the students· use of videotapes. responding 
to assignments in written form (but without class time) in the usual home study format. or a hybrid of such methods. 

2) Web-Based- This approach allows the use of materials placed on the Web. interactive (to some degree) assignments 
and responses. links to additional Web materials not placed on the Web by the offering professor. and a host of other 
possibilities. Learning is supposed to take place on a non face-to-face basis. but the design makes use of [specifically] 
the student using a computer·s VDT as the interactive medium for learning. 

3) Web-Enhanced - This app.roach. rather than utilizing [only] Web-based materials. melds Web time with face time 
in a setting that has some traditional as well as some non-traditional ( even non-distance learning) elements. 

Essentially, the decision embodied in the above three dingbats answers the traditional question of ··how" when 
evaluating alternatives . It is our contention that universities often go into distance learning without adequately 
addressing either the ·-why .. or .. how .. questions. 
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Gathering some limited, but finthand, information 

A professor who is one of the coauthors took an on-line co~e at his ~versity to get th: stu~ent_ vie':". ~us. he has 
. been exposed to both sides of the picture. Some of the questions and issues that have an~en m his ~d either while 
he was teaching a course \\jth some distance learning components (Web-enhanced). or while he was taking the on-line 

course (W eh-based) as a student concerns such items as 

(I) Many on-line courses have a bad design. Too many .. courses~· just put boring narrative on the Web for the 
students to read, call it on-line education, and wonder why the students don't seem to learn. In face-to-face courses. 
professors stop every few minutes and pose questions of the students. How many on-line courses have this type of 
answer/response built into the instruction? 

(2) Students have different learning styles. How are these taken care of within on-line learning? This has always 
been a question in the classroom. How is it to be answered in distance learning? · 

(3) If students hit.a mental stump, of whom do they ask questions, and how are they answered? Who encourages 
them? · 

(4) With traditional courses (i.e.,' face-to-face) professors can manage their time commitments through time in class, 
through office hours, etc. With on-line courses, expectations· are the professor will be there and available all the time 
for the students. After all. it is supposed to be available when the student wants it. Anyone who sends e-mail expects 
it to be answered within N ,minutes. even if he or she is normally willing to leave a telephone message and wait for an 
answer. Thus, the professor can't m~age students· expectations oftime. 

(5) If a student is going through the course or module and needs to do a review or look-up. flipping the electronic 
pages in a manner convenient to the student is almost impossible. There is not enough bandwidth to do it efficiently 
in real time. 

(6) With on-line courses, it is difficult to do course counseling. In face-to-face classes. or face-to-face student 
meetings. the professor can set up an --eye contracf"·with the student. With on-line courses. there is no .. eye contract." 
That is. it is easier for students to claim a large effort on their part and a lack of understanding if they are not looking 
the professor in the eye. 

(7) There are large irivestinents of professorial tim~ in learning the software that is to be used in distance learning 
efforts. If there is a softw¥e charige. ·there must be an abnormally large investment in the time requirement from the 
professor. There must ·be unlearning and relearning on the part of the professor akin (hopefully smaller) to changing 
from the qwerty to the Dvorak keyboard layout. For instance. if the professor learned WebCT. and the university 
chaJ:1ges to Prometheus. it is not just the university' s investment in the software that costs money. The professor's time 
should be charged as well, when evaluating ·a pos~ible change. 

The above list comprises only a small portion of the questions arising about on-line learning. The authors are willing 
to wager the readers can add at least that many more questions to the list. 

One topic we have not seen addressed, but one which is integral to.all the discussion above. is that of--stranded costs' 
a la the electric power industry (Hewett, 1996). With the very volatile atmosphere of both hardware and software, 
changing of capabilities of computers and their concomitant chips. the changing of software so it will only run on the 
latest chips (i.e .. software will expand. to fill available memory), and the continual improvement of distance learning 
hardware, universities run the risk of ending up with a significant· amount of the educational equivalent of stranded costs 
in their distance learning efforts. In educational technology. '1$ with any other technology. it gets to be a very expensive 
proposition not only to keep the technology updated. but also to do it in such a manner that ( 1 ) the students are exposed 
to the latest in technology (perhaps mirroring what they will see on the .. outside·· (2) keeping the professors using the 
latest in technology (both hardware and software)~ technology knowledge that will be valuable if they go to a different 
university, and (3) e university does not have a killing exposure to stranded costs. 
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A "Practical" Eumple 

perhaps the best method to bring out a number of issues in on-line learning is with an example from the authors· own 
department. The following points are pertinent to the example. 

1) Suppose a professor who teaches courses with an enrollment limit of 45 elects to teach a section of the same course 
at two different locations fifty miles apart via 2-way audio/video ( distance learning is, after all. being heavily 
encouraged). But, there is a catch (perhaps several) 

2) Each wired classroom can accommodate 20 students. due to microphone and other equipment limitations 

3) To provide ~e experiential element of the course. the professor alternates locations; thus. mileage must be paid every 
other week. 

4) for any week, at least one paid facilitator m~t be available at the end where the professor is absent. This assumes 
the professor is knowledgeable enough about the equipment to be his/her own facilitator at the location where he/she 
is present (a fairly gross assumption) 

So, what have we gained? We have not recruited any new students or offered the course to students who could 
heretofore not be served. We have traded an enrollment limit of 45 for one of (2)(20) = 40. We are paying mileage for 
a professor to make two-one hundred mile round trips every other week, and using N hours of the professor· s time for 
driving/travel. We are hiring at least one facilitator at each location; working a few hours every other week. and perhaps 
hiring one at each location working every week ( depending on the professor· s experience with the technology). Again, 
what have we gained? Since we are serving no new students. we are serving fewer students, and it is costing us ~
why are we doing it? 

"Wh,·," Again?? 

The authors have attended a number of technology-oriented. distance learning-oriented conferences over the last several 
years. and have not heard any university claim to be making money. Some must be. or they would not be in the 
business. Yet, it is not by charging State tuition. One person who was from the Texas university system. presented a 
paper concerning Texas· efforts at distance learning throughout the State. When asked if it were economically 
advantageous. he replied if the State of Texas had not previously installed and paid for high-speed communications 
throughout the State, there would be absolutely no wa) they could touch the project. 

If. in fact. technologically-enhanced learning has so many negatives (and we have tried to be deliberately agnostic), 
why are we doing it? They are a number of possible reasons. including 

a) ··Everyone·· is doing it many universities are reputedly doing better than we-are; thus. they must be right and we are 
in danger of being left behind. 

b) As a learning tool a la the first generation of PCs versus now. That is. in the beginning of PCs, many were sold by 
telling conswners they could put their check registers. recipes. etc .. on the PC. Most were arguably a waste oftime; yet, 
the gained knowledge paved the way for a generation of PC t.sers who were comfortable using the improved spreadsheet 
and other software that came along. It is likely much the same can be said of distance learning tools and software. 

c) It f!l!! do a nwnber of the points from the Introduction section from page 1, albeit with perhaps reduced goodness 
of instructions. That is. it is probablv convenient, mar be location-insensitive. and mav be designed so it is keyed to 
the student· s speed of comprehension. 

Even ifit agreed that one or more of the points. above.justify the distance learning efforts. we still need to be wary and 
not go full-bore to distance learning to the exclusion of other modes of instruction. In a story from the Dallas Morning 
News. Crayton Hamson notes ... Expert says e-leaming alone can't satisfy training needs:· He quotes Pete Weaver, 
senior vice president and chief technology officer for Digital Dimensions International. as saying .. With soft skills -
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leadership, conflict resolution, how to manage; skills that are more · about humans -: e-l~g • s not ~ough... "The 
approach needs to be more blended learning, combining e-leaming with other types of instruction. There s always going 

to be a place for the classroom.~ (Harrison, 2000) 

There are a plethora of iss1,1es raised by some new. ventures into distance learning that challenge some of the very 
foundation assumptions of traditional learning. For instance, we think in terms of classes having a starting date or place 

. (place in terms of content), the instruction itself, then an ending date or place so an evaluative grade can be assigned. 
Is this necessary; or do we need to rethink the way we offer and conduct our instruction? For what real reason dowe 
teach? Does it have to end with a series of evaluative grades leading to a degree or certificate? Speaking specificallv 
in terms of e-leaming, Mr. Weaver is quoted in the Dallas Morning News as having said ··rve seen studies that say th~t 
anvwhere from 50 to 90 percent of e-leaming programs aren' t finished; · -~And"that brings up a valid question -if 
~ployees got what they needed from the course. why should they finish them?"" (Harrison. 2000) Thus. a major 
question confronting universities offering distance learning --courses·· may be whether they \\ill try to force students to 
take the courses, paying traditional tuition, on the traditional schedule, with a traditional [graded] outcome. if they are 
not, in fact, traditional courses that require a traditional outcome. 

SUMMARY AND CONCLUSIONS(?) 

As discussed above, toward the end of making education and training available to anyone. anywhere. and anytime. much 
investment has been m~de in on-line (Web-based) education: Yet, significant questions remain about its reason for 
being. as well as its effectiveness. 

It has always been true that students have different learning styles. different motivations. and different needs as concerns 
face-to-face interaction. We see no reason why distance learning should cause any of these to go away. Has the sitcom 
generation of young people ~hanged the way in which we .should teach? We doubt it. A colleague of ours always 
conducted his classes in such a manner that he had a defined number of minutes of insouction. then a different activity 
to break up the routine. etc. He did this in the 1970s, when in theory the generation of students had not yet been reared 
on thirty-minute sitcoms. · 

We contend that although some changes in expectations has come about. and perhaps some changes in learning attitudes 
have taken place. basically the same wide variety of students and learning styles still exist. There were some students 
who did not take well to sitting in three. fifty-minute classes for fifteen weeks. then getting a grade upon the completion 
of all our defined requirements. Some of those studepts who did not adapt well to traditional learning means might have 
excelled m a distance learning environment where they could have managed their own time and effort. Those people 
who do well with a structured environment utilizing eye-contracts with the professor are most likely to fail in a distance 
learning class where they don't have to look the professor in the eye upon missing a date when an assignment is due. 
Thus. we have the epitome of ··Toe more things change. ·the more they remain the same:· We believe the learning 
environment was and is situational: ·we need to have a potpourri of modes and styles of learning environments to 
accommodate the same potpourri of students. Distance learning is neither good nor bad: it is just different. 

Thus. we believe universities· efforts at distance learning should be approached in much the same manner as any good 
organi:z.ation approaches ~ decision that has the potential to change the basic way the organiz.ation does its business; 
i.e .. carry out an investigation including the ·-whys .. and ··hows .. and. when these and other basic questions are answered 
satisfactorily. move forward. 
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INTRODUCTION 
The Internet revolution will bring together people and information, in a virtual global companies and institutions. It 
will determine which institutions and organizations will develop and survive and which will be left behind .. and who 
will participate in the second industrial revolution. Changes and exchange of information that took place in industry 
over two to three decad~s will know take place in one to two years. Accordingly, the impact will change every 
country, institution individual and the education system around the world. Education changes are essential because ii 
allows people on a global basis to participate in the second industrial revolution. 

The three main equalizers will be for competition in the new revolution is infrastructure in the following: 
-Regulatory system 
-Highways, roads, rail roads, airports and h;:irbors 
-Education system · 

1nstitutes with the right supporting, government will be able to compete i~ the second industrialized revolution, 
however, institutes, w}:iich will be unable to compete, will not be able to survive. 

The education process is a major issue of concern in the Middle East and Egypt. In an era of rapid technological 
adYances: organizations around the world are constantly upgrading the changing human resources skills and 
knowledge to enhance skill. competitiveness. Rapid changes in computing infrastructure spurred by multimedia 
computing and communication and development of virtual educational system ( 1-4 ). but the implications are 
re\·olutionizing it. Technology is changing the learning and training rapidly and dramatically. Organizations to 
remain competitive and innovative need the most advanced skills and up to date equipment and training. 
The tremendous progression of the Internet has set the ground for rapid development of distance learning on the 
Web, so that many universities, colleges, and private companies through out the world is developing courses in this 
new medium. The context has several characteristics that make it very favorable for the construction and fine-tuning 
of the Web courses: 

• The computer and net\vork technology is available and should be tested and exploited 
• We~ courses fulfill a rapidly growing demand for distance learning because of their greater accessibility 

and flexibility · · 
• Web courses have_ to offer much more than traditional courses to be fully justified 
• There is ongoing competition between the training .institutions for deYeloping Web sites and courses in order 

to maintain the share of the market both locally and.internationally 

The consequence is that the Web courses are getti_ng and more sophisticated, and course designers are geared 
towards integrating several technologies for presenting text. soun_d, images, animations and video in sites for 
multimedia interaction. That trend has a direct impact on the scope complexity and cost of projects such as: 

• The comp_lexity of building a Web course remains high 
• There are no guidelines and procedures on what should be done on the Web and if the Web is appropriate at 

all, for different combinations of context. content. student and level of students 
• There is no theoretical background for supponing the development of a Web courses; 
• The impact of the Web on learning is still unknown 
• The advantages and disadvantages of Web courses are not clearly establishes and are dispersed throughout 

the different publishers and the human expertise to build good-quality Web course is rare 

As a consequence. the institutions that are currently investin:g in this new domain lack basic information to make 
enlighten decisions. This work is diYided into two from these problems: · 

• It reviews th_e concept model for distance learning and Web courses and the application of distance learning 
views some of ~everal key issue about distance learning on the Web 
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• The cost evaluation ad the commercial solutions available for the building Web courses Aim at helping 
course designers and managers to make better decisions in this new domain Applications of distance learning in 
project management training 

'EDUCATING PROJECT MANAGERS 
The development ofDL for continuing education for project managers constitutes what can be defined as a "target 
market group". That is, project managers are considered to be an area of the market potential for DL. Project 
managers are the total of that group that manages projects. However. no known estimate that addresses the real size 
of the total target market of DL for project managers. As a minimum, however. it is several times the total of the 
combined membership of the professional organizations. 

Another attribute of project managers as a "target market group" target group is that those expected to want a formal 
education. These are individuals who in all probability have been managing projects in the past but have not decided 
to build their careers in the field of formal education. Thus project management becomes a path in career 
development of those individuals interested in developing this training and education. 

Traditionally, universities have had difficult time providing an education to project managers. The difficulty has not 
been in creating the curriculum, but rather in identifying and reaching this target group. We should recognize that 
there are several specific issues to deal with in providing a program for project managers. Individuals generally learn 
about project management after they have left college and been employed for several years. A few individuals see 
the opportunity to build a unique, very interesting, and rewarding career developing new products, services and 
skills in project management. 

A closer review of a typical project manager's job also points out that the traditional classroom-based-training model 
l~arning is largely irrelevant to the working project manager. In most cases. the project manager's job requires a 
great deal of commitment to\\ ork. Projects tend to be high stress high-pressure employment where the project 
manger is responsible for meeting detailed schedule budget and 
Performance specifications on the day to day basis. The project's manager must visit owners. vender suppliers, and 
other project stack holders on unpredictable schedules. 

Distance Learning Conceptual Model 
The old model of teaching is in development and transitions with the advent of new classroom and distance learning 
technologies . This proposed model is in transformation is characterized by moving the trainer to a more learner
centered model (5). The model will be designed and constructed in which a '\·irtual" classrooms are being 
implemented and interact with the instructor at real-time. Accordingly. implying technologies designed specifically 
for distance learning. The distance learning will be as follows : logging to a PC and using audio and video and all 
interactions with instructor and having course material appear on a PC. 
The structure of the model is shown in Fig 1 which is as follows: 

• IMS (Interaction Management System) which is installed on a LA at central management system. Its 
function is to: 

-Manage voice and data 
-Support several studios 

• Teaching studio, which contains all the equipment necessary for producing, and transforming and 
transmitting live lessons for high quality broad band video. The instructor can mange the lesson alone or with 
the assistance of a technician 

• Teaching center; in the core of the training and distance learning center. It contains the communication hub, 
system servers. administration tools and teaching studios 

• Software lets the individual student view instructor. the course material outline. and interact with the 
instructor by asking and answering questions, making comments sending mail which may be connected to a 
LA ' . 

Accordingly. by combining video, audio, text and computer generated graphics, the courses deliver dramatic 
flexibility, and improved productivity and cost effectiveness. The training material is stored on a media server, 
giving end users access to "virtual library" of training courses. With this open architecture, all forms of data, 
including the most demanding full motion video, images, graphics, digital audio and text, can be stored, retrieved 
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. b f · ltan usly by media server. Networked computer services provides the hi~h-and delivered to a num . er o users s1mu eo . k ii . ~ 
· · · 1·nk th t 11 the training to be delivered directly to the des top computer or trainees . . speed comnmmcat1ons 1 a a ows . 

· ·d d . · b ' h'gh speed widearea networking, centralized data storage, end user 
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skills upgrading are achieved. 
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Figure 1 Conceptual framework for DL (Distance learning) 

The main advantages of the above mentioned are: 

•. Online access to self paced, self-directed learning 
• Saves time and money; that is. the technology reduces reduces the need to travel while increase availability 
. to teach. · · 

• Just-in-time learning, flexible scheduling, trainees are easily tested and all progress is tracked 
• Easily adds new material and use, knowledge and incorporates users 
• Accelerated learning and retention _level 
• Consistently higher caliber content course content may be achieved 
• Industry leading installation services and network ability 
• International standards, Expand_s enrollment 
• Access is controllable-you can direct and monitor who receives web training -when, how many times and in 

what sequence 
• Billing options; that is, you can bill-and collect on that bill through Net distribution 

Accordingly, one positive .solution and consideration is dev_t! lopment of interactive distance e learning options. The 
system m will enable the university instru~tors to conduct live lessons for teaching studies and broadcasting 
classrooms and lessons are broad cast with high quality video. enabling full voice and data interaction between 
teacher and student .as shown in Fig. 1 

The system architecture will be as follows: 
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• 
• 
• 
• 

The above system will be based on two way satellite communication infrastructure 
Entire distance learning network 
Setup support team 
Training instructors 

There are several distinct advantages and disadvantages of designing, developing and delivering Web-based 
training. By careful weighing your trainees and training content against this list of advantages and disadvantages you 
should be able to better judge if what you have in the mind is right for the Web dissemination which are as follows : 

The main disadvantages are as follows: 
• Bandwidth/browsers limitations may restrict instructional methodologies; that is, constrained by the 

technology. If the content relies on a lot of video, audio. or intense graphics and audience isn't on an IT 
line tne system will be very slow for training 

• Limited bandwidth means slower performance for sound video and large graphics. Know the band 
width available to your audience 

• The maintenance of the web server access. control usage and bill users 
• Time required downloading applications; that is, the download times and we still recommend looking 

at delivery options considering a very high speed modems if you are delivering a training program to an 
external audience or over the Internet. 

• Student assessment and feedback is limited. It makes it harder to assess some typos of student 
feedback and informati_on. 

• Many if not most, today's web-based training programs are too static, with little if any interactivity 
• Cannot design and develop robust multimedia courses; that is, the band width limitations of the Net 

constrain what can be delivered effectively 
• Webbased training has high fixed cost-some people assume that since you don't need a CD-ROM 

dri\:e, you ha\'e no additional costs. Not so. it's important that you consider doing a pilot before proceeding 
further into distant learning that worked well. and identify the cost (6). 

THE COST EVALUATION OF PRODUCING WEB COURSES 
Table 1 shows the break down of cost from the University of British Columbia in Canada for producing a university 
course on the Internet, which are as follows : 

Fixed Costs 1997 1998 1999 2000 Total % 

Subjects experts 8200 2700 1200 16300 2700 16300 30 
Iniemet specialist 1400 1200 1200 1200 5000 5000 9 
Design 820 200 0 1020 1020 2 
New Procedure 4100 0 0 4100 4100 8 
Marketing 2100 2100 2100 2100 8400 15 
Server 200 0 0 0 200 0 
Overhead 4200 1500 1500 1500 8200 15 
Library 680 0 0 0 0 1 
Copyright 500 500 500 500 2000 4 
International tutors 2000 2000 2000 2000 8000 15 
Total 24200 10200 10000 10000 540000 

However. the above values don't take into consideration the virtual library. on-line registration, admission, 
payments, and online registration (7) . 

The main criteria of a new Web course is difficult to e\·aluate precisely, the three main requirements are: 
-Capital cost such as equipment and support .services 
-Fixed cost tutoring and administration cost and the variable cost an~ the students enrolled. 
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In .this respect, as compared to traditional course, the development of a Web course generates extra costs pertaining 
to p~oduction, the diffusion and ihe updating of the product. However, the absence of physical infrastructure allows 
the savings as compared with a traditional course. 

The minimum costs to. build a Web course are: 
Purchase ·of Pt:d~gogical material 
-Use of video techno.logy 
-Additional copy writes fees $enerated by the use of the web will make them increase 

A comparison between multimedia functions to a course can double production cost (see Figure 2). These number 
do not take into account the expenditure made by the institutions to manage the academic programs. of the fees paid 
by the students to access the system. The purchase or location of the computer. the costs of the software and the 
telephone services fees are difficult to evaluate bec_ause they vary a lot with origin of the students. The cost of a Web 
course may easily climb to $120.000-250.000 US with animations an interactive program. The costs don't include 
the cost_ of academic programs, fees paid by students, purchase of a location of a computer, the costs of software, 
and the telephone services fees because they vary a lot with the location and institution. 

THE PERFOR1\1ANCE OF DISTANCE LEAR~ING ON THE WEB 
In the meantime,·there are, no a_vailable data on the perfomJance of distance learning and most of the information is 
subject. However, there are multiple problems in these studies: 
-The performance of students is often poor, student groups are built up artificially 
-The students groups are small and the classification in terms of age. education etc 
-The assessment of the human reactions such as anxiety is neglected 
-Connectivity such as bandwidth constraints is a key to trainers trying to deliver Web-based e-learning tools 
-Out of site out of mind; i,e., tracking effectiveness of online training and monitor trainees participation 
In this respect the instructors have to consi.der the limitations when designing the needs for a Web course. 
Figure 2 

Figure 2 A comparison between multimedia functions to a course can double production cost 

CONCLUSION 
There is a trend among training institutions for building distance learning courses on the Web. This due to the raid 
progression an impact of technology. In addition. several institutes are in process are implementing the distance 
learning technology in order to acquire experience, master ·and exploit technology; also, to be more competitive and 
productive and improve he market share and maintain quality of education. However, very little data and procedure 
and standards are available about this area, and the development of Web courses is still made without the solid and 
_complete justifica ion. 
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finally, as discussed of the disadvantages of the Web cour~es, the Web may be valuable for few courses only in 
training programs, which needs distance education such as continuing education programs in project management or 
engineering management 
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ABSTRACT 

In this paper, we present a near optimal buffer allocation plan (NOBAP) specifically developed for a 
remanufacturing system with finite buffers and unreliable servers. In order to analyze the system we propose 
an algorithm that uses an open queueing network, decomposition principle and expansion methodology. 

· The buffer allocation algorithm distributes the given . number of available . buffer slots among the 
remanufacturing system stations to optimize the system's performance. 

Keywords: R~manufacturing; Recycling; Disassembly; Open queueing network; Expansion methodology; 
Decomposition; Throughput; Throughput approximation; Buffering. 

1. INTRODUCTION 

Manufacturers in industrialized countries are changing their attitudes and emphasis towards recycling and 
remanufacturing of post consumed products. Recycling is a process performed to retrieve the material content of 
used and' non-functioning products. Remanufacturing is an industrial process in which worn-out products are 
restored to "like-new" conditions. Thus, remanufacturing provides quality standards of new products with used 
parts (at reduced cost). 

Remanufacturing is one of the many desirable options of product recovery. Remanufacturing operations tend to 
have significant variability in processing times at various ~hop floor operations. The uncertainties surrounding the 
returned products further complicate the modeling and analysis of remanufacturing. As such, forecasting the 
quantity and the quality· .level of used products is difficult. There are two different types of uncertainties that affect 
the remanufacturing process; internal uncertainty apd external uncertainty. Internal uncertainty comprises of the 
variations within the . rentanufacturing process such as the quality level of the product, the remanufacturing lead 
time, · the yield rate of the prQCess and the possibility of system failure. External uncertainty comprises of the 
variations originating from factors outside the . remanufacturing process which include the timing, quantity and 
quality (reusable rate) of the returned products, the timing and the level of demand, and the procurement lead 
times of new parts/products. The results of the aforementioned uncertainties include undersupply or obsolescence 
of inventory, improper remanufacturing plan and loss of competitive edge in the market. 

The optimization of a remanufacturiilg system's performance is of great importance because of the above 
mentioned uncertainties and complexities. It is always possible to reduce the effect of uncertainties on the system's 
performance by increasing the number of buffers at the station that exhibits these shortcomings. However physical 
constraints and many other real life circumstances impose an upper limit on the number of buffers that can be 
accommodated in the system. For instance, as the number of buffers in the system increases, the mean processing 
time and the WIP inventory through the system also increase which directly affects the system's operating costs 
and due date performance. While the throughput rate, the . work-in-process (WIP) inventory and the mean 
processing times are typical performance measures in ~ditional production lines, for the remanufacturing 
systems, the performance measure representing the average expected total cost is equally important because of the 
mythical perception that the remanufacturing system is more difficult to justify economically. Therefore, one of the 
critical problems is. to allocate a given number of buffer slots among the remanufacturing stages in a way so as to 
minimize the total cost of the system. As mentioned previously, unknown conditions of the returned products lead 
to different routings and highly varied processing times within the remanufacturing system. Together, the variation 
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in processing times and the allocation of limited buffers play an important part in the system's performance. Buffer 
allocation problem has to be solved in the presence of many conflicting objectives including minimizing the 
remanufacturing costs and processing times and maximizing the throughput rate. The serviceable inventory level 
coordination between remanufactured products and the new products, which are procured from outside, further 
complicates the op~tion of the· system performance. 

2. LITERATURE REVIEW 
In this sectio~ we present a brief review of the literature in two areas viz., remanufacturing and buffer allocation of 
both reliable and unreliable production lines. 

There· are many factors that enhance remanufacturing and recycling activities. Examples include: ease of 
disassembly, modularity, material selection and compatibility, material identification and efficient cross-industrial 
reuse of common parts/materials. The first crucial step of product recovery is disassembly. Disassembly is a 
methodical extraction of valuable parts/subassemblies and materials from post-used products through a series of 
operations. After disassembly, re-usable parts/subassemblies are clean~ refwbish~ tested and directed to the 
part/subassembly inventory for remanufacturipg operations. The recyclable materials can be sold to raw-material 
suppliers and the residuals are disposed of. The problems associated with disassembly and scheduling have been 
investigated by Brennan et al. (1994) and Gupta and Taleb (1994). Gungor and Gupta (1999) review the literature 
in the area of environmentally conscious manufacturing and product recovery. 

Although the buffer allocation problem has not been reported in the remanufacturing literature, numerous 
attempts have been made to address this problem in production lines. Because of the computational difficulties, 
many researchers have resorted to simulation or heuristic techniques for the buffer allocation in production lines 
(see for example, Conway et al., 1988; Vouros and Papadopoulos, 1998~ Hurley and Whybark, 1999). Harris and 
Powell ( 1999) develop a simple search algorithm that utilizes simulation to obtain the throughput of unbalanced 
but reliable production lines. 

Only a lµmdful of algorithms have been developed for the buffer allocation problem with unreliable production 
lines. Hillier and So ( 1991) use an exact analytical model to conduct a detailed study of machine breakdowns and 
interstage storage that affect the throughput of a manufacturing line. Their work was based on characterizing the 
optimal buffer allocation pattern and was limited to short production lines. Seong et al. (1995) modeled the 
problem as a multi-objective functio~ which maximizes the throughput rate and minimizes the WIP inventory. 
The paper focused on the -unbalanced production line in which the mean processing time of each machine is not 
identical. Vouros and Papadopoulos (1998) proposed a knowledge-based system, which detennines near optimal 
buffer allocation plan, with the objective of maximizing production line throughput. The proposed system operates 
in close cooperation with a simulation model, which provides the performance measures of the production line. 

In this paper we consider the operations from the disassembly of the returned products to the reselling of the 
remanufactured products including the stochastic remanufacturing job shop operations and dispositions of the non
usable items. The objective of this paper is to model the remanufacturing system with an open queueing network 
and to analyze the system's perfonnance by means of the expansion methodology to obtain the optimal allocation 
of the given nwnber of available buffer slots. 

3. THE MODEL AND METHODOLOGY OF INVESTIGATION 

The optimal buffer allocation problem for remanufacturing systems consisting of I stations can be expressed as 
follows. 
Min. E(ICJ 

1 
subject to L K; = N 

i=I 

K; ~ I and integer ('t/ i = I. 2, .. .. I), 

where N is a total available buffer space and K; is the job holding capacity of station i. 
We analyze the-remanufacturing system by monitoring the estimated total cost (TC) of the system. The analysis 

here is based on the steady state behavior of the remanufacturing ~stem. 

E(/'C)=c,,E(RP)+c£(D)+c,E(1)+cd;,E(Dis)+c,E{R)+c,,,E(OP)+c,.,E(lnv)+c£(Ls)+c,,fi(Rej) 
where: 
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c" : disposition cost/item. 
Ct1u : disassembly cost/item. 
c,., : inventory holding cost/item. 
c1 : lost sales cost/item. 
c,,, : outside procurement/manufacturing cost/item. 

c, : ptl(Chasc cost of cores/item. 
c, : . testing cost/item. 
c,. : remanufacturing operations cost/item. 
crrj : penalty cost of rejected returned products from the system/item. 

E(RPJ: expected number of returned products. 

E(D): expected number of disposed products. 

E(F): expected number of tested products. 

E(Dis): expected number of disassembled products. 

E(RJ: expected number of remanufactured products. 
E(OP): expected number of products procured from outside suppliers . 

. E(IJ: expected number.of on hand inventory. 

E(Ls): expected number of lost sales. 

E(Rej}: expected number of rejected items from the system. 
We utilize an open queuing network (OQN) with finite buffers and unreliable servers to model frt 

remanufa~g system. A remanufacturing system can be modeled as a collection of various service areas whCR 

jobs arrive at different rates and demand services with unequal processing times. The remanufacturing system 
considered here consists of three modules, viz., a te~ng module for returned products, a disposition module f01 

non-reusable returns and a remanufacturing module (Fig la). The remanufacturing module consists ofvariousjoo 
shops to accomplish the distinct operations required by the variations in the returned products. After Im 
remanufacturing operations, items are directed to the serviceable inventory from where the demand is satisfied. 

3.1. Model Assumptions 

In this paper, we assume that the demand rate .r is greater than the product return rate 2,. Thus, outsi~ 
procurement is needed to supplement any additional demand. It is assumed that when the demand is not satisfied,! 
lost sales cost is incu,rred. Similarly, when the. demand is less than the inventory level, an inventory holding costu 
incurred. We assume that both the return and the demand processes are independent. Inter-arrival times for return! 

(core) and demand are exponentially distributed· wi~ rates 2..,. and r respectively. There is one server at cad 
station and the firute buffer capacity of each station _is represented by B,. The service rate A for each operation~ 
exponentially distributed and the service dis~ipline is First Come First Serve (FCFS). The breakdown rate a, aoo 

the repair time rate P; for broken machine at station i are also exponentially distributed. In a finite buffer 

queueing network, the flow of jobs in the system becomes dependent on the availability of spaces at the buffers of 

the destination (downstream) node. This leads to the 'blocking' phenomenon in the system. One of them~ 
frequently encountered blocking mechanisms is 'blocking after service' (BAS). In the BAS mechanism, if the 

buffer space at the · destination node for the serviced job is full, the service node gets blocked. A blocked job~ 
released to the downstream station when a space becomes available in its buffer. Here, the only exception is whena 
used product first arrives to the first. station from outside. In that case, if the returned product finds the buffer of the 

first station full, it cannot ~nter the remanufac~ng ~stem and is considered lost to the system. However in thil 
situation, because of the potential loss of recoverability_ from the returned product, a penalty cost is applied 
Remanufactured units are instantly directed to the serviceable inventory from where the demand is satisfied. Alri 
shortage is supplemented with outside procurement of ~e new products. 

_Note that the assumptions in our ~odel differ from the typical production line models reported in the literature 
that consider the finite capacity queues in series ( Figure la and lb). A typical assumption in the production line 

models is that the first station is never starved and the last station of the line is never blocked. However, in our 
model, since the returned products arrive at the remanufacturing facility according to a Poisson arrival stream, it~ 
possible for the first station buffer to become empty which could lead to starvation at that station. In addition, since 
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there is a limited buffer capacity at the last station (serviceable inventory) and the demand follows a Poisson 
stream, the buffer at the last station could fill up, blocking the upstream station. 

,.. 

IH•••c" ~ • .. • .. •••ctw••t ••t11•••ln•d ·,..,.,r~ ~~ .......... ~Med 

•• l :'roducta ---+ LLl.1J . ..... .. . ..... , 

L .. ,,, ........ 
....... ry 

e••••"•" 

Figure la. Remanufacturing/manufacturing system representation. 

3.2. The Algorithm 

V 
Figure 1 b. The i-server production lirie. 

Due to the combinatorial nature of the buffer allocation problem, it is not practical to search all combinations of 
buffer allocations for the given number of available buffer slots. Although the remanufacturing network in Fig. la 
is not large, it is enough to show the complexity of the problem in terms of the possible buffer allocation 
combinations. The number of possible · ways of allocating N available buffer slots among I stations can be 
determined by using the following expression: 

(N +i-1)) 
The explosion of the number of possible ways of allocating N available buffer slots among I stations can be 

demonstrated as follows: 

I 3 5 7 
N 5 7 9 6 8 10 8 10 12 

No of possible 
allocations 21 36 55 210 495 1001 3003 8008 18564 

The approach taken in this research avoids having to evaluate all buffer allocations by utilizing a controlled 
search. The methodology to obtain the near optimal buffer allocation plan (NOBAP) for remanufacturing systems 
with finite buffers and unreliable servers has the following steps: 
Step 0: Read in the values of the following system parameters and cost variables: 

A...,., N, r , Cd , Cd;, C,u, G, c,.. , cp, c,., c, , en} . 

and a; , P;, A 'Ir:/ i (i = 1, . . . , I) . 

Set j = 0 and BA = { } . 

Step 1: Allocate buffers to stations. Initial allocation of buffers (k0 ) to various stations can be generated by a 

number of different strategies. One of the strategies is considering the efficiency of each station and associated 
buffer's priority in the remanufacturing line. The efficiency of station i ( ,r; ) can be expressed as (Jeong and Kim, 

1997): 

µ i p i 
, 'ii (i = I. . . ., J) . 

(a; + P;) 
1!; 

Then the priority of station i 's buffer (PR;) is defined as follows: 

PR; = L s11(iJ x r" r;J + L sdf1J x rdf ;J 

:Ii) 1(M(I) 'tri) 1( d{ i) 

where Sur;; and sdfiJ are the number of buffers connected to upstream and downstream stations of buffer i 
respectively. ,r "r;; and tc .dfiJ are the efficiency of upstream and downstream stations. rur;; depicts the routing 
probability from the upstream station to buffer i and r d(iJ depicts the routing probability from buffer i to the 
downstream station. Since in our sample network each buffer is connected to the single station, r .r;;= 1. 

To obtain the initial buffer allocation vector (k0 ) , the priority of all stations are normalized and total number of 

available buffer slots (N) are distributed as follows : 
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l PR- j K;,o = Nx-1-'-

"'I:,PR; 
i=l 

Vi (i=L ... ,I), 

K;,o ~ L 'vi . 
. ~here Lr J denotes the largest integer less than or equal to x. 

. r := ko and k0 is appended to the BA list, 

where f• is the optimal solution. 

The remaining buffer slots, if any, are assigned to the first station to reduce the rejection rate of the returned 
products from the system. 
Step 2: Calculate the system performance parameters, expected total cost, throughput . of the each station aoo 

system throughput (TC, TH;, TH) at ki by utilizing the decomposition principle and the expansion 

methodology (Gupta and Kavusturucu, 19_98; 2000; and Kavustunlcu and Gupta, 1999). 
Step 3: Determine the difference between the buffer capacity and the average queue length at each station to move 

_ from the current buffer allocati'on to a new one ( ki ➔ k1+1 ) as follows: 

· <5 . . = K - -- L- - Vi 1; = L . . . I). 1,J 1,J 1,J . ~ 

Identify Ma#;.J) and Min(o;,1 ) V = L . . . I). 

Step 4: Select a new buffer allocation fi+l as follows 

At the station with.Max(o;.1), set K;,j+t = K;.i -1. . 

Similarly, at the station with Min (o,.i), set K i,i+I = K;,1 + 1 . 

Step 5: If TC(kj+I) .< TC(k.) and kj+l E BA Q! 

if TC(ki+I) = TC(k•) and TH(k1+1) > Tlf(k•) and ki+I EBA, 

then set f• := ki+I and J := J + I , 

and include kj+I in the BA list and go to step 2. Othe~se. go to step 4 and consider the next Max.(oi,j) and 

tranSfer the buffers accordingly. 
Stopping Rule: · . . · · · · 

If the existing optimal solution ~•) cannot be improv~ ~er certain number of iterations (predetermined), STOP. 

4 . . PERFORMANCE EVALUATION 

In this section we test the near optimal buffer allocation algorithm (NOBAP) on the sample remanufacturing 
network which is depicted in Figure la and compare the algorithm's performance against the results obtained from 
exhaustive search. The unbalanced remanufacturing system . used in this analysis consists of seven stations with a 
single server in each of them. These servers are allocated in the following modules of the system. One server each 
is assigned to the. disassembly (s1) and the testing (s2) st.ations, one server for the disposition station (s3) and four of 
them are assigned to the remanufacturing shop operations (s4, ss, s6, s7). Due to the unknown conditions of the 
returned products; retrieved parts from the used p_roducts follow probabilistic routings inside the remanufacturing 
shop. These probabilistic routes are;-p4s=0.S, p4?0.4, p41=0. l, Ps?0.8, p57=0.2, p67= 1. The cost variables are as 
follows: cr5, c,;s=6, c,.,,=l, CFS, cm=25, cr=S, c,,,=5, cp=4, ·c,=l. Two cases are considered. The associated data 
and results of the two ~s are given in Tables 1 and .2 respectively. In the first case, we consider only one 
bottleneck station in the network with ~e breakdown rate of a 5 = 0.8 and a;= 0.2 for all other stations. In the 
second case, we consider two bottleneck stations in the network with service rates of µ

1 
= 2.0 and µ 4 = 2.0, and 

µ, = 1.5 for all other stations in the network. Since there is a bottleneck in the first node of the network, it controls 
the inflow of the returns to _the system and put an upper bound on the system throughput. 
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In Tables I and 2, column I depicts the total number of available buffer slots, columns 2 and 5 give respectively 
the total cost and the buffer allocation obtained using NOB AP, columns 3 and 6 give respectively the total cost 
(TC) and the optimal buffer allocation obtained using exhaustive search, and column 4 gives Dn;%, the absolute 
percentage difference between re· and TC, i.e. Dre% =(ITC• -TCJ) I TC• x 100. · 

Table 1. 

N 
8 
9 
10 
11 
12 

lar = 0.9, r = 0.6, µ; = l.S, a; = 0.2 (i .t S), ft; = 1.0 (i = 1, . . .,7) 

TC 
32.728 
33.224 
33.225 
33.286 
33.287 

Bottleneck is on the fifth station with a 5 = 0.8 
TC- Pre" NOBAP 

32.728 0.000 (1-1-1-1-2-1-1) 
32.730 1.509 (2-1-1-1-2-1-1) 
32.m 1.367 c2-1-1-1-3-1.1) 
32.730 1.699 (2-1-1-1-3-2-1) 
32.905 1.161 (2-1-1-1-4-2-1) 

Opt. Allocation 

(1-1-1-1-2-1-1) 
(1-1-1-1-3-1-1) 
(1-1-1-1-2-3-1) 
(1-1-1-1-5-1-1) 
(1-1-2-1-3-3-1) 

Table 2. . lar = 0.9, r = 0.6, ·µ; = 1.S (i ~ L 4), a; = 0.2, P; = 1.0 (i = 1, .,7) 

Bottleneck is on the first and fourth stations with µ 1 = 2.0, µ4 = 2.0 
N TC TC- Dre" NOBAP Opt. Allocation 

8 28.649 27.936 2.552 (2-1-1-1-1-1-1) (1-1-1-1-2-1-1) 
9 29.062 27.938 4.023 (2-1-1-2-1-1-1) (1-1-1-1-3-1-1) 
10 30.166 27.940 7.967 (2-3-1-1-1-1-1) (1-1-1-1-4-1-1) 
11 30.683 28.686 6.962 (2-3-1-2-1-1-1) (2-2-1-2-2-1-1) 
12 30.654 29.962 2.310 (3-2-1-2-2-1-1) (2-2-3-1-2-1-1) 

The results of the experiments show tha~ in both cases, the error percentage (Dre%) is well within the 10% 
range, considered satisfactory in studies of this nature reported in the literature. 
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ABSTRACT 

This paper presents a multi-criteria model for the information and product flow in a disassembly
t~rder environment We assume that the used products are retrieved from the last user and/or 
collector and are disassembled in .order to satisfy a certain demand for products, parts or materials 
while achieving various financial and "environmentally benign" goals. 

INTRODUCTION 

As a result of irresponsibfe consumption and usage of natural resources we have reached a point where landfilling 
of products at the end-of-life (EOL) is no longer a desirable option. Many countries have passed new rules and 
regulations to avoid the dete~oration of the environment. This is especially true in Europe and Japan, where the 
landfills and natural resources are scarcer and EOL laws are strictly enforced. The rapid changes in technology 
make this situation even more threatening because, the customers are now more demanding and are more likely to 
embrace the latest products, making the relatively old but still functioning products obsolete. This fact requires an 
efficient and environmentally benign EOL strategy. The idea behind the EOL processes is to regain the value of 
products by performing various operations on them. The desirable EOL strategies include recycling, 
remanufacturing and reusing. Most EOL processes require disassembly. Even the products, which are subject to 
disposal, may be disassembled first in order to, for example, separate haz.ardous materials. Disassembly is a 
complicated operation and could be costly because of its labor-intensive nature. What makes disassembly complex 
is that it is not the reverse of assembly. 

. . 
Zussman (1995), claiming that the most ecological way to treat EOL products is recycling, suggested a two-level 
disassembly planning approach. The author considered both the recycling network and the disassembly process. 
Zussman and Zhou (2000) presented a methodology for design and implementation of plans and processes using 
Petri Nets {PN). Moore et al. ( 1998) also used PNs and proposed an algorithm for automatic disassembly sequence 
generation. The algorithm can be used for products that ~ntain AND, OR, complex AND/OR, and XOR 
relationships. Lambert ( 1999) focused on disassembly sequence generation (DSG), involving recycling and reuse 
activities. Huang _et al. (2000) addressed the DSG problem using a neural network. The authors used a real world 
example to demonstrate the application of the algorithm. Gungor and Gupta ( 1997, 1998) addressed the problems 
of disassembly processes and disassembly sequence planning. For more information on disassembly and product 
recovery see Gungor and Gupta (1999).· 

PROBLEM DESCRIPTION 

There are major differences between disassembly and assehibly. A disassembly system may. face serious inventory 
problems because of the disparity between the demand for certain parts or subassemblies and their yield from _ 
disassembly (Brennan et a/.,1994). The flow processes of the two systems are also different. In an assembly 
environment, we deal with a "convergent" flow process (many parts converge to a single product), whereas in 
disassembly, the flow process is "divergent" (a single product is broken down into many subassemblies and parts). 
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In the disassembly case, we also have to deal with a high degree of uncertainty in the structure and the quality of 
the returned products. In an assembly environment, where the parts undergo several quality checks before arriving 
at the assembly line, the level of uncertainty at the assembly stage is almost nonexistent Ho-wevcr, in ~mbly, 
the condition .of the products received is usually unknown; sometimes they are in good shape and relatively new, 
while at other times they are old, nonfunctioning items. This paper examines a disassembly-t~rder system with 
its product and information flow, where EOL products arc gathered from the last users or collectors, and are 
subject to disassembly for the retrieval of their demanded parts. The objective is to satisfy the demand in an 
environmentally benign manner. 

The Complexity of Disassembly Process 

The nature of a product structure directly influences the complexity of disassembly. As the number of possible 
disassembly operations increases, the difficulty in finding the optim~ near optimum or even feasible disassembly 
sequences also increases. The complexity is highly dependent on the number of items and the connections (fixtures 
and joints) in the product. 

In order to illustrate the complexity of the disassembly process, consider a four-item combination. Some 
combinations of the product structure are exhibited in Figure 1. As it is seen in the figure, even though there are 
only four components there can many combinations in which they are arranged. 

~~ 
~~ 

p.-c:,,ai 9-(c,,D) 

~~ 
IB...CI 

Figure 1: The Combination Samples of a Four-Item Product 

The combinatorial complexity increases as the number of components in the combination increases. The total 
nwnber of options for separating one item from a four-item combination is 36. 

More generally, the number of possible options can be calculated using the following formula: 

where, n represents the number of items in the combination. Please note that equation ( 1) reflects only one, two 
and three components disassembly. If n > 4, a set(s) of additional (n-1) item disassembly combination(s) should be 
added to the expression. 

When multiple products are considered for selective disassemply, the problem becomes even more complex. 
Component multiplicity, component commonality between and within the products and the lack of information on 
the product structure are some other issues that further add to the complexity. In this paper, the multiplicity and 
commonality under the well-defined product structure assumption are considered. Figure 2 exhibits the information 
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flow and-Figure 3 exhibits the product and iteJD flow in such a disasscmbly-uH>nler system. 

Model Fonnulation 

When.calculating the cost of a _disassembly-to-onler system, the consideration is not limited to just the disassembcy 
_ cost After. detaching the demanded items from the EOL produ~ the rest of the product must be Processed in an 

environmentally benign manner. Thus, the EOL processes may add additional cost or perhaps profit to the 
disassembly equation. Some of the notation used in connection with the items and the products are given below. 
Other notation will be introduced as they are encountered. 

li,.;,i,r,, is a general notation associated with an item, where, 

r: X ➔ if item is subject to resale, R ➔ if item is subject to recycling, -
V ➔ if item is subject to storage, W ➔ if item is subject to disposal, 

b: characteristic of the item, (0: component, l subassembly), 
J: specification number of the item (e.g. for keyboard/= 2), 
i · product number where the item is placed, 
r:_ recurrence factor (e.g. if the item is the only item/ in the same product r = 0, otherwise r = l,2 ... ). 
q: . recurrence code (e.g. when m = 3, q= 2 represents the 2nd item/ in the product). 

For exampleXo.~1.J.2 represents a demanded component (e.g. since/= 2, a cable), where 3 identical units of the 
same cable existfo p~oduct 1, this being coded as the second item (cable). 
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Figure 2: Information Flow of a Disassembly-to-Order System 

General notation associated with a product is defined as r; ~ where. 

r: P ➔ On hand inventory, 
Y ➔ Disassembled (used) products. 
V ➔ Stored surplus products, 

. W ➔ Disposed surplus products. 
i: product number. 

The variables associated with the data needed to perform the necessary calculations are given in Table I. 
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Figure J: Product and Item Flow of a Disassembly-to-Order System 

Table 1: Financial and Structural Initial Data for a Disassembly-to-Order System 

Data Tvoe Variable Unit Data Type Variable 
Acquisition cost of each product QC; $/unit Real Demand for each item D,. 
Storage cost of each product h; $/unit On hand inventory PP, 
Disoosal cost of each product W; $/unit Real on hand inventory P; 
Resale revenue of each item rv,. $/unit Space occupied bv each item a,-
Recvclim~ revenue of each item Cr; $/unit Space occupied by each product a; 
Recvclin~ cost of each item re, $/unit Occupied Stora~e Space TS 
Disassemblv cost of each item dcb.i.i r a $/unit Component multiplicity Qb ,; ro 

Disoosal cost of each item w,. $/unit Shelf lives of each item s/,-
Demand data for each item DD, unit Recvclable percentage crp,. 

ECONOMICS OF THE DISASSEMBLY-TO-ORDER SYSTEM 

Unit 
unit 
unit 
m

2/unit 
m2/unit 
m

2/unit 
m 2 

unit 
period 
percentage 

The products brought to the disassembly facility are disassembled for their items that are resold, recycled, stored or 
disposed of properly. Thus, even if an item is not demanded, it is disassembled for one of the reasons just 
mentioned. Hence, the total cost is the sum of all disassembly activities. The disassembled items form families 
(subsets) depending in the final fate of the items. Disassembly family (DF) is a subset of all the products while, 
items to be resold form the resale family {RF), items to be recycled form the recycling family (CF), items to be kept 
in the inventory form the storage family (VF) and the items to be disposed of form the disposal family (WF). 
Similarly, YF represents the ·resold product family, SVF is the stored surplus product family and SWF represents 
the disposed surplus product family. Mathematically~ 

(Alli and})::, DF::, (RF and CF and VF and WF). (2) 

Hence, the total cost of disassembly operation, with the multiplicity involved can be formulated as: 
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(J) 

Similarly, we can calculate all the cost and revenue functions in the system by multiplying each unit cost/revcnt 
factor by the corresponding quantities ·of items/product. Thus, 

Profit from recycling (PRC), 

PRC= L L ((re J - er/ ).Rb,JJ,r,q) 
i VjeCF -

Profit from resale (PR), 

PR = L L ((rv J )X b,J:i,r,q) _- L (ac; .P;) 
; VJERF 'flie.YF 

total disposal cost (ITC), 

ITC= L ((~J) .Wb,J,i,r,q)+ L ((w1) .W;) 
Vj~WF . · - , ie~ 

Total inventory cost (TIC)., 

TIC = L L ((h 1 ).Vb,1:;.r,q) + L ((h; )Y;) 
i "ljEVF iESVF 

- Total number of recycled items (NRC), 

NRC = L (Rb,J,i,r,q) 
VjeCF 

Total number of stored items (NJ), 

NJ = L L (Vb,J~i.r,q) + L (V; ) 
VjeVF · -ieSVF 

(4) 

(5) . 

(6) 

(7) 

(8) 

(9) 

Note that, the items and products belonging to 5'orage family (VF for the items and SVF for products) are the only 
ones associated with positive shelf lives. Mathematically~ 

If; e SVF ~ s/i>O and If J e VF<:> s~> O. 

Total number of disposed items, 

ND = L (Wb,J.i.r,q) + L (W;) 
VjeWF _ ieSWF 

(10) 

Hence, total profit (TP) function can simply be written as: 

TP = PR + PRC - TDC -TIC -TTC (11) 

~_oal Programming (GP) Model 

In order to construct a decision-maker centered disassembly-to-order system we propose a GP model (Table 2). 
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Table 2: Goal Programming Algorithm for Multi-Period Disassembly-to-Ordei: System 

Descri tion 

Evaluate results, 

CONCLUSIONS 

This paper presented a GP model for the information and product flow in a disassembly-to-order environment. We 
assumed that the used products are retrieved from the last user and/or collector and are disassembled in order to 
satisfy a certain demand for products, parts or materials while achieving various financial and "environmentally 
oenign" goals. 
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ABSTRACT 
In this paper, we consider. a system with two discrete production lines where either one can satisfy the demand for 
the same type of product. An example to this case is the hybrid-manufacturing environment, where a company 
manufactures new products and remanufactures returned products to meet the demand. The interarrival times for 
demand occurrences and service completions are exponentially distributed i.i.d. variables. We_ model this system by 
using a single stage pull production control with a single type of 'K' kanbans and a routing probability 'r' to 
distribute the detached kanban when a demand is met 

INTRODUCTION 

In many industrialized countries, · recent laws and regulations geared to preserve the environment have limited the 
total amount of End-Of-Life (EOL) disposal of products by banning or ·making the disposal costs unattractive. 
These costs force manufacturers to find alternative ways of dealing with EOL issues. Therefore, remanufacturing 
has recently become a .very real alternative for production planners. Many companies are involved in retrieving used 
products since _it _ is more profitable to repair, refurbish, upgrade and sell them than to dispose them off. Such 
production systems use both the parts retrieved from returned items and new parts as the input for the products they 
produce. Since traditional proquction and inventory contrnl mechanisms do not take returns into account, they are 
not adequate to address such systems. Therefore, new mechanisms are needed to minimize production and inventory 
costs in a remanufacturing environment. 

So far most of the models developed to address such problems have dealt with the modifications of classical 
inventory techniques with control policies such as· (s,S) or (s,Q). It is generally assumed that the return and 
demand processes are mutually independent. A single . echelon inventory system with this assumption was first 
modeled using an M I M I l l N queue by Heyman [4]. The objective was to determine the optimal inventory levelN 
that minimizes the total inventory cost. The· model did not consider the lead times. A subsequent paper by 
Muckstadt and Isaac [9] ·considered lead times but ignored the disposal activity for a continuous (Q, r) policy 
inventory model. The resul;s obtained· from the single.:echelon model were applied to a multi-echelon model. Laan 
et. al. [6] added the disposal option to the single-echelon model in [9]. Their study included a comparison between 
inventory policies with and without disposal that showed· disposal is a necessary action for cost minimization. Laan 
et. a t_ [5] compared several inventory'control polic•ies with disposal option and showed that a four-parameter control 
policy was optimal. Subsequently, Laan et. ai. [8] ~howed that the pull control strategy was more cost effective than 
the push control strategy for inventory systems with return flows . A further study by Laan and Salomon [7] verified 
these results while adding the disposal option to the earlier model. A more detailed overview of such systems is 
given by Salomon et. al. [10] and Gungor and Gupta [3]. 

In this paper, we approach the problem from the production control point of view. We first assume that the system 
produces both manufactured and remanufactured products on two discrete production lines to satisfy the demand. 
We also assume that used items _are restored into 'as_ good as new' shape. Thus, we have two different sources that 
are capable of satisfying a single type of demand. We model this system by using a single stage pull production 
control with a single type of ' K ' kanbans. In order to properly trigger the production process we use a routing 
probability 'r' to distribute the detached kanban when a demand is met. We assume that we have an infinite supply 
of raw and used materials for both production lines. We then model this system as a queueing network with a 
general manufacturing process that supplies a synchronization station as defined in [2]. At the third step, we 
perform the Markov Chain analysis for the control mechanism [12]. Finally, we estimate the total throughput of the 
hybrid production system by defining a two dimensional Markov Chain with given throughputs for each production 
subsystem. 
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PROBLEM DESCRIPTION AND MODEL 

We define a hybrid production system with two mutually independent processes where one of them manufactures 
new products from raw materials while the other remanufactures returned items. Supplies for both raw materials and 
returned items are assumed abundant. At the end of the process, the products are stored in the finished goods 
inventory P. The demand for finished goods occurs following a Poisson distribution with mean ).0 . At the 
occurrence, the demand is satisfied by a product from P. If the demand is not satisfied. it is backordered and placed 

in queue D. 

The General Single Stage Kanban Control 

A production process with a single stage kanban mechanism (as shown in Figure I) may be generalized by looking 

p 

-+-,~•el,! • ~ ~ -

---2. D ___. 

Figure 1: The General Single Stage Kan ban Control 

at the total t~roughput i.P ( n) of the system. It is assumed that an infinite amount of raw material supply exists. 
When a demand is satisfied with a product in P, the kanban attached to it is released and sent to the beginning of the 
production process (PP) to pull a new part to the process. Thus. the total number of parts in PP and the inventory P 
always equals to the total number of kanbans 'K'. 

The throughput of PP is gi,,en as ).P ( 11 ). Here. it is assumed that the PP consists of either a balanced network of M 
machines in tandem or a single server with b parallel machines of the same speed. Hence. the throughput rate is 

I..D ).,D ).,D }.'D }.,D AD 

------ - ----------4 . -------- . -- ----- - ------,. _,, ------<- ~ -,..,--......_. ,,,..,--... -y ---· -. .. 
K K-1 1 0 i 

- "'-✓-- ---

... ______ .. ______ ··-----.,, ______ / . ... - -- · ·--------- . ----- .,, --------
}.P (I) }.p ( 2) i.P ( K - 1) ).P( K) i.p( K) i.P ( K) }.,P (K) 

Figure 2: The Birth-Death Process of the General Single Stage Kanban Control. 

calculated using either ).P( n) =nµ / (n +M-1 )[ 11] or }.P(n )= {nµ.n<b;bµ.n~b } . respectively. The system 
may be modeled as a closed queueing system with K customers. Its behavior is defined using a birth-death process 
with state i representing the total number of parts in queue P minus the total number of backorders in queue D 
(Figure 2). 

Let, P,.: (x, ) denote the stationary probability of state x, with K kanbans. When, }.0 / ).P ( K ) < 1 these probabilities 
exist and are given as. 
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• 

(l) 

Here, since the total number of jobs in P and in the production process is K, the marginal probability P/ (x,) 

~hould give r: .. oP/ (xi)= 1, where P/ (xi)= PK (xi ),0 <X1 5c K and P/ (0) =_ Lx,soPK (x1). Similarly, the 
marginal p_rdbability, PK - ( x1), gives Lx, so PK - ( x1) = 1, where PK (Xi)~ PK (Xi) , Xi < 0 and 
PK - ( 0) = I:, _

0 
PK ( x

1 
) • Hence, we give a simplified representation of a synchronization process defined b~ 

Dallery in [ 1]. 

A Kanban Control with Dynamic Routing 

The major difference between a remanufacturing/manufacturing process (RMP) from the above PP is that in RMP 
there are two parallel processes instead of one as given in Figure 3. We are interested in the throughput, ).P ( n) of 
the network. Note that there is a control variable r that triggers either the remanufacturing process (RP) with the 
probability r or the manufactur~ng process (MP) with the probability 1- r . Hence, ~ ( K. r) pair is sufficient to 
control the RMP, where K is the total kanban size of the system. 

RMP 

RP 

Figure 3: The Remanufacturing and Manufacturing Sub-Processes of RMP. 

We assume that the system has an infinite supply of raw materials as well as remanufacturable products. We also 
assume that a remanufactured product is as good as a new product. Thus, we have two different sources to fulfill the 
demand. As soon as the demand is satisfied by a product. the kanban detached from it triggers the remanufacturing 
pro<;ess with the routing probability ~- or the mam:ifacturing process with probability ( 1-r). 

Let us define a two dimensional state space with ( x,, xR) where x1 gives the total number of parts in queue, P, 
minus the total number of backorders in . queue, D, and xR gives the total number of work in process in the 

remanufacturing subsystem. We define the corresponding Markov chain as given in Figure 4. 
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Figure 4: The Markov Chain model of the RAIP system, 

The balance equations for this stochastic process are as follows: 
Xi =0, l,,.,,K 

· !P,, ( x, + l ,x, -.I )}.0 r + P,., (~,, +_ 1,x, )A0 p-r) + 

' (. . ) P,.: _,(x, -l,xRk,11 (max{K.K-.r. 1 +l}-.r.R)+ 
P,.: _,(x,.xRJ 1.0 +1.M (K-x1 -xR)+}.R(xR) = • 

l
~K -~(x, -1. -:R_+ 1)1.R (xR + 1) , 
XR - 0.1., .. K x, 

-x: :s; x, < 0 

PK .r ( x, + 1. x R - 1 )) .. Dr + PK ., ( x, + 1. x R ) AD ( 1 - r) + 

( ) 
PK .r ( Xi - l , X R p.M ( K - X R ) + 

PK .r ( XI ,XR) }.,D + A_\f ( K - X,11) + }.R ( XR) = 
PK ,r (xi - l,xR + l)).R (xR + 1 ) , 

XR = 0,1, .. .K -} 

P,.: .r (xi. K)(}.D + AR ( K)) = PK .r (xi + 1,K -1 )Aor + PK .r (x, + l,K)Ao 

(2) 

Here, note that there is a one. sided direct communication between states ( x 1 , K) and ( x 1 -1, K) , for x 1 $ 0 . In 

order to go to state ( x1 , K) form state ( x1 -1, K) a manufactured part has to be released to queue P. However, all 

the kanbans are taken by the remanufacturing process. Thus, the system can only move to state ( x1 , K -1) from state 

( x1 - 1. K) . On the other hand. when a demand arrives x, can always decrease further. Hence, the system moves to 

state ( x, -1, K) from state ( x,, K) at rate ) .. 0 . Therefore, in order the system to be stable, A0 ( 1 + r )/ AR ( K) < 1. 

We can write a similar stability condition for states ( x, -1, 0) and ( x,, 0) ( x, $ 0) as A0 ( 1- r )/ AM ( K) < 1. Thus, 

a general stability condition can be defined for all states (x,, xR) ( x, $ 0. 0 < xR < K) as A0 / AM ( K - n )AR ( n) < 1. 
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Using these inequalities, we find the stability condition for the given Markov chain as: 

. · · . A.D
2K[(l-r)rJ-'(r2 -1) <I 

K 
(3) 

Il )~R ( n) ).M ( K - n + 1) 
,rsl 

CALCULATION OF THE TOTAL THROUGPUT FOR RMP 

· Assume that the total throughput Ap ( n) is known. Then, the whole problem reduces to ~~e. ~eneral single stage 

kanban problem with the Markov chain in Figure 2. Here, we see that, PK ., (x, = i) = I:•:t·"-'· PK ., (i.11,). Using 

this property with (I) and .(2) we get, 

K -i PK r (i. n R ) . ) . 
Ap(K-i)= L · . (AM(K-1-nR)+AR(nR) ,ze(0,K) 

nR sO PK ,r ( l ) 

~ pK _,(i,nR)( ( ) ( )) . Ap ( K) = ~ . . AM K -nR + AR nR , 1 :5 0, 
nRsO PK,,(z) 

(4) 

) .. ,\{ (0) = 0,AR (0) = 0. 
Since· we can determine the throughputs ).M ( n) and AR ( n) qf the sub-networks MP and RP, respectively. the 
throughput estimation problem reduces to the determination of the conditional probability distribution of 

. PK .r (i,nR) 
PK _,(nRlx,=1)= (·) . (5) 

PK.r l 

On the oth~r hand, the total work in process in the system is given as n .... = K - x, . x, ~ 0 and as 11,. = K. x, < 0. 

Hence. the probability" of h~ving 11, parts i:.:, ~::: :h(e;
1
~: Ja:~. ;;_P~:~ -~: 

1 
RMP is. (

6
I 

llR 

Here, the following equality holds~ 

. {P ... (nRIK-i),0:5i~K 
PK ., ( 11 R I l) = p ( j K) . Q 

..,. nR , l < . 
(7) 

Using these results in (4), we find the total throughput of the -system as: 

).{' (11 ... ) = I p(nR In .. )(}.R (11R )+}.M (n .. -nR )) 
nR=O 

·_ ~ (n .. J ."R . (<-nR) · • ) 
- n~o~nR , (1-1.) (J.R (nR )+.1 .. M (n .. -11,.,). 

(8) 

Thus. by calculating the total throughput ; .. P (n) of RMP (Figure 3), we deduce the problem to the general single 

stage kanban control problem as given in Figure l. Therefore, the Markov chain given in Figure 2 is adequate for 

calculation of the steady state probabilities of the RMP control problem with two control parameters. Here, after 

calculating the probabilities PK (x1 ) using the balance equations (l), we use the relations (5), (6) and (7) to find the 

steady state probabilities of the Markov chain for the RAf P given in Figure 4. Using the same relations, we obtain 

the expected work in process as WIPK _,(x,.x,)=WIP;:_,(x,), the expected on hand inventory as 

I" ·' (x, .xR) =I"·' (x,) and the expected· backorders as B,_ _, (x"xR) = BA .. , (x,) for the RMP system. We also find 
that the expected work in process in the RP as WIPt, (x"xR) = r WJP,_., (x,) and therefore the expected work in 

process in the MP as W/Pr (x, ,·xR) = (1- r) WIP,_ _, (-~,) since WIP,_., ( x,) = WIPL ( X/'XR) + WIPt~ (x/'xR). 

A NUMERICAL EXAMPLE 
Consider an RMP with ( K , r) = ( 7, ¾) . The_ remanufacturing·. subsystem consists of a balanced tandem network with 
Al = 3 machines and the manufacturing- subsystem has a single station with b = 2 parallel machines. The . 
processing time of a job follows an exponential distribution with µ = 0.5 for all machines. The demand arrives 
according to a Poisson distribution with ) .. D = 0.4. We first calculate the throughputs of both subsystems as: 
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AR (n) = 0.5n/(n.+2) 

( ) {
0.5n, 

· ) .. M n = 
l, 

n < 2, 
n = 1, ... , 7. 

n ~2, 

By substituting these throughputs in-(8) we get the total throughput of the system as: 

{
0.5n +0.5n/2 + n, n < 2 

) .. P(n)= (0.5n+0.5n/2+n)a+(1+0.5n/2+n)b, n~2 

where, a= I_;:: ( f) n (fr' ( t Y and b ~ ~~- .. -i (f )(fr' ( t )'. Ne~t, we use this throughput~~ ~olve the balance 
equations .in ( 1 ). !he steady state probab1lmes obtamed here can give the steady state probab1ht1es of the two 
dimensional Markov model when we substitute them in the equations (5)-(7). However, as was explained above. it 
is not necessary to solve the two dimensional Markov model. Instead, we can use the one dimensional Markov 
modeltoobtai'n WIPK _,(x,)=1.2246, IK_,(x,)=5.7754, Bx_,(x,)=0.0007, and WJP:_, =0.5248. 

CONCLUSIONS 

In this paper, we have addressed the case of ~o distinct parallel production processes, RP and MP that satisfy the 
same demand. In order to control this process we introduced a two-parameter kanban control mechanism ( K, r) that 
routes the freed kanbans to the remanufacturing process with probability r and to the manufacturing process with 
probability (1- r). We have shown that by calculating the total throughput of the RMP system using a binomial 
distribution with the given routing probability, we can reduce the state space of the problem to one dimension. We 
have further shown that the performance measures of this system can be calculated using the probabilities of the 
equivalent one-dimensional state space. 
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ABSTRACT 
The advent of win~less technology has brought about many new applications for small screen d~vices~ including 

· i~telligent vehicle information systems. These rapid developments have created a need for studies to develop 
usability guidelines more suitable to the many constraints prevalent in small screen devices, especially in the safe~• 
critical environment of real time vehicle navigation support. This research investigates methods of formatting, text, 
abbreviations, graphics and color coding to determine which methods maximize user understanding of the 
information provid_ed and minimize interpretation and decision making time. Interface prototypes were created for 
each formatting method providing basic traffic information such as route congestion level, incident occurrence and 
suggested alternate routes. These designs were developed specifically considering the constraints of small screen 
design and the driver's need to facilitate quick information retrieval. The prototypes were tested using participants of 
the expected user demographics and their decision-making time and congestion recall ability were obtained. A 
statistical analysis was conducted and the results show that formatting methods had a statistically significant 
influence on users' performance for both decision-making time and their congestion recall accuracy (p<0.05). 

INTRODUCTION 
The Federal Highway Administration (FHWA) has estimated that the nation must increase its overall rate of 
investment by approximately 15 percent per year simply to maintain the overall condition and performance of the 
roadways .. The FHWA has' therefore .embarked on a plan to accommodate an aggregate growth in highway travel of 
about 50 percenruntil 2010. Expanding the roadways is inadequate due to the high construction and environmental 
costs of building new· road~ and adding lanes. However, in many cases the demand on existing roads is far more 
than their capacity. This has been causing congestion delays, incidents. and excessive air pollution. These statistics 
paint a very clear picture of the need for additional investments in alternative solutions such as Intelligent 
Transportation Systems (ITS). ITS include a variety of components including variable message signs, highway 

. advisory radio, ramp metering, and traveler information systems, among others. 

Traveler Information Svstems 
Traveler information systems present real time traffic information and route guidance information to drivers through 
a computer interface located on or near the vehicle dashboard. They are designed to help people make more 
informed travel decisions,. This results in tangible ~enefits such as travel time saved when a user changes routes to 
avoid incidents. It also results in intangible benefits such as reduced anxiety, even if tra\'elers do not change their 
decisions. greater -likelihoop of arriving on time at destinations and enhanced ability to avoid congestion (Khattak, 
Kanafani and Le Collener, 1994). Research indicates that motorists desire accurate and timely information about 
unusual roadway and traffic conditions and are willing to react to this information by altering their departure time, 
rout_e, and to a small degree, mode of travel (Dudek, Messer and Jones, 1971; Shirazi. Anderson, Stesney, 1988; 
Barfield, Haselkorn, Spyridakis and Conguest, 19?0). Khattak, Kanafani and Le Colletter ( 1994) found that almost 
70% of the people stated they would divert if the device provided .quantitative real-time information on their usual 
route plus travel times on the alternative route. 

ITS systems can only provide these benefits if they are designed in a manner that effectively provides information to 
motorists in a fonnat that is understandable. efficiently presented, and reliable. The ITS America Safety and Human 
Factors Committee has outlined the importance of human factors research in the development of intelligent 
transportation technologies such as Advanced Traveler Info~rnation Systems (A TIS) . The importance of human 
factors in designing such systems is further justified by the consequences of a poorly designed system. An HCI issue 
that is of concern is optimally presenting information inside the·vehicle in a manner that is quickly understood and 
not distracting. In-vehicle information that is difficult to comprehend or that diverts the driver's attention from the 
primary task of operating the vehicle may result in unsafe dri,1ing (Hanowski and Kantowitz, 1997). 

And the design of ITS has evolved tremendously in the past few years. With the reduced cost of providing real time 
da!a through wireless Internet technology, these systems now have the ability to provide an incredibly diverse set of 
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infonnation to drivers. Many such systems provide not only route guidance but also real time traffic information 
and construction activity. · 

The hardware has also evolved considerably. Early designs had limited capacity to present data. Newer systems 
can include mill-ions of colors and high resolution graphics. Screen diameters can range from five to fifteen inches 
and larger. Systems may be portable or fixed in the dashboard. 

Small Screen Devices 
However with the explosion of hardware and interface styles, empirical research is needed to verify that the 
infonnation presented to drivers using these interfaces is usable. The dangers of poor information presentation are 
critical. If a driver needs more than a brief moment to integrate data from the system into his/her conceptual map of 
the driving task, the risk of an incident increases significantly. And even if the driver can parse the information. it 
must be present~d in a way that allows the driver to understand it and make us of it. 

Jones (1999) examined the interaction problems and potential solutions for handheld computer (small screen) users. 
The results of this study showed that on the average, users of small screen displays are 50% less effective than large 
screen users in terms of task completion. Large screen users showed a greater tendency to follow paths, exploiting 
potential regions of the system. Path lengths for small screen users, though, were shorter with users returning to 
search facilities more frequently. 

The results also found that small screen users carried out significantly more scrolling actions than large screen users. 
This supports a study by Dillon, Richardson, and McKnight ( 1990) which found that small screen users carried out 
many more page-down and page-up actions than the large screen users. They may have done this to orient 
themselves and to provide content as they progressed through the text. These results provide evidence that large 
screen formats should not be transferred directly to small screens without significant redesign . 

Reise! and Shpeiderman ( 1986) carried out a study on the effect of window size using widow sizes of 10, 22, 60 and 
120 lines. This study found that performance accuracy decreased and that participants were most frustrated with the 
10-line display because of the constant need to scan through the program. 

Advisonr and Descriptive Messages 
Traffic information messages can be divided into two basic categories. advisory and descriptive. Advisory messages 
suggest an alternate route or another course of action. In contrast, descriptive messages provide a cursory 
description of the source of congestion or might be more specific by describing the detai ls of the source of 
congestion . This allows drivers to evaluate the traffic situation and draw their own conclusions. This message type 
may not be effecti\'e because it depends on the driver 's ability to evaluate a traffic delay according to the situation. 
However. it is possible to combine components of advisory and descriptive messages into a third type of message. 
Fain ( 1995) studied the effectiveness of advisory. descriptive. combination (descriptive and advisory) and redundant 
(two descriptive messages combined) message formats. This study found that the combination message format had 
the highest percentage compliance. The results also showed that the advisory message type gave the fastest reaction 
time, while there was no significant difference between the descriptive and combination message types. An 
interesting result was that the combination message type had a significantly lower response time than the redundant 
message type, although the combination message type was considerably longer. Combination message types seem to 
promote situation awareness and rapid decision-making although they are generally longer than the other message 
types. However, it is likely that the increase in time to read the message is compensated by a decrease in decision 
time (Fain, 1995). Increasing the length of the descriptive message type does not increase the level of compliance. 

S,·mbolic Coding 
It is important to develop visual display designs that will allow users to extract information quickly and as 
accurately as possible. This is especially true when visual displays are use to present traffic information to users en
route. since if the visual display does not have these characteristics a safety hazard may occur. One issue that must 
be considered then is the effect of coding format on comprehension and legibility of information. Information can 
be presented as either text or graphics. A study done by Hawkins. Womack and Mounce ( 1993) using a multiple 
choice questionnaire examined comprehension for IO symbols and 7 text traffic warning signs. The results showed 
wide variation in performance, with correct comprehension for the symbol signs varying from 32 to 87 percent and 
comprehension of text message signs varying from 29 to 89 percent. 
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Another comprehension test carried out by Hanowski and Kantowitz ( 1997) used a driving sim~lator to test drivers' 
recognition of given textual and symbol traffic signs. This study looked at the effects of these visual ~~ssage 
formats on comprehension and memory retention. This study found that accuracy of message recogmuon for the 
very low comprehension· symbol was significantly less than the high comprehension symbol~ the short text, and the 

long text messages. 

Color Coding . . · 
. Boff and. Lincoln ( 1988) showed the effectiveness of color-coding in improving visual search performance. Murrar 

and Liu ( 1993) found that participants made better identifications of traffic problem areas when using color-coding. 
· However there is a lack of empirical evidence for rating effectiveness of different coding methods. Different visual 

coding methods are effective in different contexts, with color being one of the most common and preferred (Perlman 
and Swan, 1994). · 

Obiective 
A new design has been developed that uses a Palm OS compatible system that plugs into a dashboard for use as an 
IVIS but otherwise operates as a personal digital assistant (PDA). This system has a s_ix-inch screen with color 
capability. The.advantage of this system is its multi-purpose use, eliminating the investment that is required for 
IVIS systems. Only one product needs to be purchased by the user to satisfy both PDA and !VIS needs. Using the 
Palm operating system increases the number of companies who will design software applications for the system and 

- provides the product with a potential customer base of millions of users. Plugging the system into the dashboard 
· connects it to a network that provides real time information for route guidance and traffic information. 

However, the presentation style and format of this information is a challenge that must be based on empirical 
usability ana~y~is. · Previous research has shown that users of small screen devices are only 50% as effective as large 
screen users. A significant increase in interaction time is required for pagination and search activities. One way to 
reduce the space requireme~ts is to use graphical symbols to represent data or to use textual abbreviations instead of 
full words. But unless the ·interpretation of symbols and abbreviations is fast, safety may be jeopardized and/or the 
information may not be used. Color-coding can also be used to reduce the amount of space required to present 
information and increase the speed at which it can be interpreted. However. overuse of color can be distracting. 
The objective of this research was to develop a set of guidelines to standardize the method of formatting and 
presenting real time traffic and route guidance information on a six inch PDA screen such that it facilitates fast and 
accurate interpretation and evaluation of the information provided. The research attempts to determine which 
presemation format results in the highest user preference c1nd usability. Factors such as the use of graphics, 
abbreviations and color-coding were investigated. 

METHOD 
Test Materials · 
Six interfaces were developed to display traffic inform~tion to a driver in a simulated driving task. The interfaces 
differed according to the format in .which the information was presented. Three primary formats were used. One 
in -erface provided a graphical presentation of information, one provided textual presentation, and the third provided 
abbreviations of the same textual information (see Figure 1 ). The graphics used standard symbols from !VIS 
systems and traffic information displays. The abbreviations were selected from previous research that identified 
traffic information abbreviations that were interpreted correctly by 85% of drivers. Each fom1at could be presented 
either using a standard color template or with color codes for specific types of traffic information. The systems were 
displayed on a six-inch diameter screen. 

Participants 
Twenty-five participants wer~ recruited from the Miami area who were familiar with the major roadways and had 
been driving in the area for at least two years. Participants represented a broad range of age and gender. Participants 
were screened to include only those who had at least 5 years of driving experience, drove to work in a car or car 
pool daily, and had at least have intermediate knowledge of the area. They also had to spend at least two hours 
weekly on the highway being studied. ·-

Task 
.A scenario was presented to the participants in which they were required to select a route to travel home from work 
along the 1-95 expressway. They were instructed to select the route that would provide them with a quick, safe and 
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stress free trip. Prior to data collection, each participant was provided with detailed background on the IVIS system 
and allowed to experiment with it until he/she was comfortable with its use. After this training period, the 
participant was provided with a new situation. He/she was asked to decide if he/she would remain on the Interstate 
or use an alternate sugg~ted by the system based on displayed traffic information. The time required to make this 
decision was measured. Participants were then asked to report the traffic congestion levels at several points along 
the route. Accuracy V@S measured by comparing responses to the FHW A definitions of congestion. 

Routes on 1-95 

NW 119th Street to NW 151st Street 

Time: 3:45pm 

Congestion: High 

Description: 
Two car accident 1-95 North 
at NW 151 st Street 
Two right lanes blocked 

Alternate Route: 
Exit at 135th St 
to 441 North Bound 

OK 

(a) 

Routes on 1-95 

NW 119th St to NW 151st St 

Time: 3:45pm 

Congestion: Hgh 

Description: 
2 car ace 1-95 N 
at NW 151 st St 
2 RT Ln Blkd 

Alternate Route: 
Ext at 135th St 
to 441 NB 

OK 

(b) 

Please Select Area on 1-95 

Fon L,1ucle1 cl,1le 

H,111,111dc.1le Btvd ----------

tfN 15·1 ST . NW\i ,%~-n 
tfN ·135 ST 

(c) 
Figure I . Screen shots of the information screen interface for three format types. 

(a) full text; (b) abbreviated text; (c) graphical 
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RESULTS 
A two-way ANOV A using display fonnat and color-coding as in.dependent variables and response time as the 
dependent variable was conducted. Main effects and two-way interactions were calculated. Display fonnat had a 
significant effect on decision time (F = 3.96; p<0.05). Post hoc analysis showed·that abbreviated text enabled users 
to make decisions 28% faster than with graphical displays (see Figure 2). Full text was not significantly different 
than abbreviated text, with a mean difference only 14% slower. Contrary to expectations, color-coding did not have 
a significant eff ~ct on decision maki~g time. 
A two-way ANOV A was also used to investigate the effects of display format and color-coding on congestion 
recall. Congestion recall measured the ability of the user to recall which areas of the route were congested as well as 
the severity of that congestion. Display format had a significant effect on congestion recall (F=45.82; p<0.05). Post 
hoc analysis showed that users had 40% greater congestion recall with full and abbreviated text than with the 
graphical format (see Figure 3). Full and abbreviated text were not significantly different from each other. Color
coding did not have a significant effect on congestion recall. However, there was a significant interaction between 
format and color-coding. For the graphical format, congestion recall was significantly greater when color-coding 

was used. 

46 
./ ./ 

44 

42 
Time 

(s) 40 

38 ./ ./ 

. 36 

34 

32 ./ 

0 30 ./ I I/ 

Full Abbreviated Text Graphical 

Display Fonnat 

Figure 2. Average decision making time for three display formats 
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6 
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Figure 3. Recall scores for three display fonnats 
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DISCUSSION 
There are two main factors to consider in the effectiveness of a traveler information system for route guidance. The 
system must allow the user to make accurate decisions regarding route selection, and this decision must minimize 
eyes-of-the-road time to maximize driver safety. Both factors are dependent on the formaning ·method used to 
present the information. From this study th~re is signific~t evidence that ~hows the tex~ f?rmats a_llo~ users to 
make decisions faster and to recall the location and seventy of the congestmn areas. This is very significant for 
motorists using their traffic information system while en-route. No difference was found between abbreviated and 
full text designs. The decrease in reading time of the abbreviated text was offset by the increase in the time to 
interpret it. 
Color-coding was not an effective design alternative. For the text designs, color-coding never provided an 
advantage. and was only helpful in increasing congestion recall for the graphical design. Because color-coding is 
such a common. feature. further research is needed to investigate the effects of color-coding with other display types 
and designs. 
The results of this study have led to some insight into the design formats that should be utilized when designing for 
small screen devices. These results can provide ~esigners with some general guidelines on effective design formats 
and which areas they should focus their design considerations. 
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ABSTRACT 
The goal of this study was to conduct a literature review of quantitative and objective application methods for 
conducting ergonomic evaluations and to propose guidelines for the development of an efficient ergonomic 
evaluation tool for use in military acquisition evaluations. The research revealed various tools for assessment but 
demonstrated ari absence of a standard approach for ergonomic evaluations. Specifically, there was an absence of 
quantitative tools·. Most of the identified techniques, methods or algorithms were based primarily on surveys and 
ot~er subjective information. Fi~ally, the research proposes a general methodology for~ quantitative ergonomic 
~ssessments. 

INTRODUCTION 
With the growtb of knowledge about human capabilities, restrictions and other characteristics came the application 
of this knowledge to the design of equipment, tools and machines. A wide variety of equipment can be designed and 
evaluated with. ergonpmics considerations at hand. In our search for objective methods of evaluation we came 
across a broad range of equipment evaluations. From playground equipment to high-tech surgical devices, 
ergonomic features are an important factor in design issues (Benedyk &Minister, 1998 and Amaral. Levine & May, 
1994 ). Ergonomic evaluation of equipment commonly takes place in design and especially. in military equipment 
acquisition. For example, Manpower and Personnel Integration (MANPRINT) is a comprehensive evaluation tool 

• used in military acqui.sitions that considers human factors as a comp·onent. Although, this technique provides some 
human factors and safety insight, the degree of ergqnomic assessment for MANPRJNT is often insufficient for a 
comprehensive ergonomics evaluation. The problem with many traditional ergonomic assessment tools, is they are 
difficult to apply, require the presence of human factors· exp~rts and may be difficult to integrate into these specific 
application environments. Thus a tool is needed to effectively evaluate these types of environments, while 
providing objective and quantifiable results. 

In the evaluation of existing ergonomic assessment methodologies they were classified as quantitative and objective, 
qualitative and subjective, or a hybrid. The researchers r_ecognize the importance of subjective methods, however in 
the interest of ease of applicatiori, consistency an~ synthesis of results, a quantitative approach is desirable. 

Using basic ergonomic considerations and guidelines, a methodology for objectively rating tools and equipment was 
proposed. Quantitative assessments are used in safety assessments, reliability and performance evaluations. Thus, it 
is reasonable to extend these tools to ergonomic evaluations. This includes ergonomic evaluations of various 
environments from We have become accustom to seeing quantitative assessments in the areas of safety and 
performance and expect for these techniques to be application for ergonomic rating of other equipment such as 
chairs. automobiles, pens or other type of human interaction equipment. 

Status of Ergonomic Legislation 
On January 16, 2001 , the Proposed Occupational Safety and Health Administration (OSHA) Stan'dard was signed by 
President Clinton. The scope of these new standards will cover· a very broad range of fields. The decision to 
implement these standards has received criticism because it ~ill be extremely difficult to design standards that are 
applicable to "all general industry" and are adequate, complete and can be effectively implemented. Terms such as 
•reasonably likely ', 'feasible' and 'materially reduce· are certainly subject to interpretation. Additionally, health 
care professionals and management's must determine whether a specific sign or symptom is actually a 
ml!-sculoskeletal disorder (MSD) and is directly related to a specific job activity (Piasecki, 2000). The criticism may 
be minimized with the develqpment of an accepted and consistent method of evaluation in these environments. 
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Those products/tasks that are deemed to be of poor ergonomic design can then be more objectively identified. Once 
identified, appropriate measures can be taken to mitigate the risk to the employees. · 

Objective methods of ergonomic evaluation are more critical now than they have ever been due to various systems 
working in a workplace. The presenc~ of multiple systems and technologies working concurrently can overload an 
operator cognitively and physically. Thus, a tool to rate the level of ergonomic effectiveness of an individual work 
place task or characteristic as well as combination of work places can be very useful. 

This ergonomic score or rating, along with other information about the object, would allow the decision maker to 
fonn a more informed decision. The increased and perceived confidence associated with objective scoring will 
benefit the production environment, enhance quality and promote acceptance among employees and managers. 

LITERATURE REVIEW RESULTS 
Though this study sought to evaluate various types of ergonomic evaluation tools and differentiate between these 
techniques, it is imponant to recognize that there are tools or techniques that may produce quantitative results and 
yet utilize subjective or variable input (McCaule~-Bell & Badiru, 1996). For example, in McCauley-Bell and Badiru 
a model for quantitatively assessing the risks of cumulative trauma disorders of the forearm \vas developed. Though 
this method produced a quantitative output, some of the input parameters had qualitative and subjective origins. 
Specifically, when the system ask for the degree of repetition with the workplace a range or linguistic term is used to 
suggest the level of repetition. These ranges or terms, then have a numeric value associated with the given level. 
Then, this value is used in making the overall assessment. Thus, the researchers recognize the presence of overlap 
in methods and will make an effo_n to acknowledge these conditions in the review of existing techniques. 

Subjective Methods 
The inherent Yariability in humans and occupational ergonomic environments have resulted in the application of 
many subjective methods for assessment. The literature also revealed a plethora of subjective ergonomic evaluations 
techniques. ~ost included some form of interviews. questionnaires andlor surveys. The Behavioral Safety 
(BeSafe) Method (Benedyk &Minister. 1998), created by the International Mining Consultants Ltd. was used to 
assess the safety of children 's playground equipment. The BeSafe Method was developed as a means to measure 
and decrease risk in industrial environments. They proposed using this method to structure safety assessments of the 
use of products and target improvement measures. The authors tested playground equipment at 24 parks and had 
surveys completed by 348 children 7-11 years old and 15 adults. The results suggested that the BeSafe method 
could be modified for the evaluation of other consumer products. 

An ergonomic evaluation of four types of lener carrying satchels for US postal employees (Dempsey, Ayoub, 
Bernard. & Endsley. 1996) is another example. This evaluation technique also consisted of interviews and 
questionnaires completed by the lener carriers. The focal point of the questionnaires covered areas such as comfort, 
sui·tability and ease of motion among other areas. Using the results from the surveys, the most appropriate bags 
were identified. An evaluation of the ergonomic features of mattress design (Buckle & Fernandes, 1998) studied 
was based on subjective ratings of comfort using female subjects aged 23-48 years. An ergonomic evaluation of a 
patient handling device utilized three types of product evaluation: expert appraisal ; user trials; and performance tests 
(LeBon & Forrester, 1997). These three types as well as the methods used in the previously mentioned evaluations 
relied nearly 100 percent on subjective methods. 

Hvbrid Techniques: Subjective And Objective Techniques 
The collection of .ergonomic data through objective techniques requires access to direct or indirect measures that are 
related to the occupational environment or performance of the occupational task. The literature review revealed 
some ergonomic equipment evaluations that utilized a combination of both subjecti ve and objective methodologies 
to collect and measure ergonomic information. One method developed for measurement techniques was put into 
operation for an ergonomic evaluation station that reviewed hand tools (Kadefors, Areskoug, Dahlman and Kilborn, 
1993). The focus was on the tool and what affects the use of a particular tool had on the operators. Another 
example included an .evaluation of four different keyboard and mouse tray designs (Rajendra & Nair, 1996). In this 
study, the researchers use a high-resolution video camera and the Corlett scale to measure posture and body part 
discomfort. Eight subjects (4 male. 4 female ) were also asked to evaluate each design through individual use. The 
resulted rating relatively ranked the four keyboards from best to worst. 
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A study by Amaral, et al (1994) conducted an ergonomic asses_sment_of surgical in~trum~nts used to per~onn 
laparoscopic surgery (Amaral, Levine & May; 1994). Surgery 1~ ~bv1ously a hand mtens1ve ~sk and dunn_g the 
procedure, the surgeon's hand is often forced into awkward pos1t1ons t_hat can lead to cumulative trauma disorders of 

the wrist and arm. To minimize joint deviation, a new handle was designed that would allow the surgeon to rotate 
the instrument handle from a standard pistol grip to an in-line grip. This permits the surgeon to straighten his/her 

· wrist and maintain an improved hand-wrist-arm position during surgery. The new design aimed to maximize 
performance and minimize discomfort. The instrument was ergonomicall~ eva~uated using bot~ ~uantitative and 
qualitative methoc:is. The surgeons were photographed during surgery while ~smg bo_t~ the trad1t1onal_ and the newly 
designed handle. Their hand and wrist movements were photographed at vanous posltlons and the wnst angles were 
measured and recorded. The results were then used to determine how effective the new handle was in avoiding high 
wrist flexion and extension positions. The quantitative data along with qualitative feedback was used to assess the 
contribution these changes had to the level of surgeon comfort. In this case, and others feedback from operators can 
be a critical element in product evaluation. Thus there was a definite need to include user input. This illustrates the 
importance of utilizing a combination of these techniques in some environments. 

Objective Methods 
A study by Fogle.man et al ( 1993) used a highly objective method for the ergonomic evaluation of knives for two 
poultry cutting tasks (Fogleman, Freivalds & Goldberg, 1993). This study simulated two poultry de-boning tasks in 
th~ laboratory. The angles of six different knives were measured and special equipment was used to measure wrist 
flexion/extension, radial/ulna deviation and grip force. Each knife was evaluated to determine which minimized 
wrist extension. ulna deviation, and the ranges of flexion/extension and ulna/radial deviation. The results were 
recorded and used to determine which type of knife would perform best for each particular task. The degree of 
deviation was used a .measure of occupational risks. Thus researchers concluded through the measures of deviation 
which tool pro~1:1ced the highest ergonomic risk. 

An objective ergonomic evaluation was performed on a 7-axis surgical robot used for laparoscopic surgery (Funda, 
Gmben, Eldridge, Gomory & ·Taylor . . 1995). A key feature of the robot is that it incorporates a passive wrist for 
natural compliance with the port of entry into the patient. A prototype of the robot arm was created and the tasks it 
performs were re-created in the laboratory. The laboratory experimental setup consisted of a laparoscopic simulator 

· with rubber portals for instruments, and the prototype arm suspended from above the simulator. Unfortunately, the 
vast majority of ergonomic evaluations found in ou_r research lacked any significant quantitative and objective-based 
methodology. 

DISCUSSION 
Results 
The methods currentiy used to evalua_te equipment are strongly based on the evaluator ' s opinion. While there is 
merit in evaluator's opinion, there is a definite need to ·estab.lish more objective and quantitative methods of 
evaluation. This would result in much more consistent outcomes and recommendations. Although a few studies 
involved some objective evaluations~ most. utilized subjective survey techniques. Those methods that did use 
obje.ctive rating systems did not involve a weighti.ng system. All criteria were given equal weights and therefore 
equal significance. Although equal weights is a possibility, it is feasible to assume in most circumstances some 
criteria would be more important than others. Additionally, no evaluation tools were found that resulted in a 
numeric rating of ergonomic conditions for .a piece of equipment. 

This research suggest the development of a method that will utilize a variety of the previously mentioned approaches 
and incorporate a' different method to produce results. Specifically, the researchers propose the development of a 
method that will utilize expert input to produce quantifiable measures resulting in a method that would assign an 
actual number rating to each pi~ce of equipment. Using basic ergonomic theories. a method of rating a particular 
piece of equipment will be established; The method will allow .enough variability for adjustment ~nd use in a 
variety of equipment evaluations. 

Proposed Method 
Since the majority of the evaluation methods found relied on subjective and qualitative techniques, the goal of this 
research was to develop a general model for a more quantitative methodology (see Figure 1 ). Although, the 
proposed method will utilize expert input in the establishment of rating, an effort will be made to design the method 
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such that specific and instructed methods are applied in the equipment assessment. This will be accomplished by 
incorporating standards, accepted ergonomic knowledge, occupational guidelines and historic information in the 
overall rating of the ergonomic equipment .characteristics. 

The methodology begins with a thorough understanding of the general product type. For example, if the product is 
office chairs, then gene,ral information is gathered about this item. Resources from manufacturers. users, pre\'ious 
studies are gathered and researched to gain a general understanding of the product. The product, its functions. as 
well as the environment in which it is used needs to be completely understood by the experimenter. In the next 
phase, the experimenter, using the knowledge gained develops a preliminary set of evaluation categories for the 
product. Within each of these categories, specific and detailed criteria are developed. Assuming that the identified 
categories or factors represent the complete set of inputs the next stage is to produce a numeric rating for each 
category. From this initial set of categories and criteria, the experimenter constructs a survey to administer to a 
small group of subject matter experts (SMEs) for that product. For example, the SMEs will be surveyed using a tool 
such as analytical hierarchy processing (AHP). AHP is a tool used to produce (Henderson & Dutta. 1992) a relative 
set of quantitative rankings for a finite set of factors. In the evaluation of the factors, SMEs are asked to make 
pairwise comparisons between all factors . Additionally, the SMEs are given the opportunity to add. delete, or edit 
the scoring categories and criteria. The result is 'relative rankings and a consistency ratio to suggest the degree of 
consistency among SME rankings. If wide disparity of rankings is discovered among the SMEs, conflicts will be 
resolved through review by the SMEs. In cases where there is a desire to combine expert results AHP utilizes the 
geometric mean to synthesize expert ratings. Upon determination of factor weight, SMEs participation in the 
assessment is complete. The exception would be the utilization of the SMEs for validation or modification of the 
model as requirements and technology could impact the categories and criteria. 

The AHP results are then used to develop a scoring sheet for equipment evaluation. This scoring sheet or score 
checklist is created from the categories and criteria reasonably agreed upon by the SMEs. This scoring sheet is then 
enhanced with instructions for use in the application environment. The objective is to design the scoring sheet and 
directions sue~ that an individual with minimal ergonomic expertise can perform the assessment. Thus, extensive 
directions and explanation of the categories is provided. 

After the completion of the scoring sheet. the scorers or data collectors will be expected to use the method for 
equipment evaluation. The scorers are unaware of the AHP assessment and the relative importance of the categories 
. and criteria. The experimenter reviews the completed check sheets for consistency. If there are dramatic differences 
in the scoring then an investigation into possible specific causes is initiated. Specific causes could include vague 
scoring criteria. scorer errors, or scorer misunderstanding of criteria. In any case, when possible. inconsistencies are 
remedied. As to the amount of consistency among scorers that is sufficient this is still under investigation. The 
experiment calculates an average O\'erall weighted score for the product(s). Although the goal is to have a 
quantitative tool , the model will classify the risk level associated with outputs. This score will then be converted, 
possibly using fuzzy logic or some other classification tool, to produce levels of ratings (i.e. hazardous to excellent). 
However. the model will permit the synthesizing of results at various levels of equipment evaluation for the 
anainment of category risk factors or comprehensive risk levels. · 

For validation purposes, the SMEs will review the resulting classification of a specific product and compare to 
benchmarks or institutional knowledge. If the SMEs strongly object with the findings, then possible errors in the 
scoring methodology are investigated. In addition to the score and classification, individual category scores can be 
pro\'ided to show the areas of strength and weakness with the product. 
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Figl!re 1. Proposed Quantitative Ergonomic Evaluation Methodology 

CONCLUSION 
The result of the proposed methodology is a more repeatable and accurate ergonomic score. Once established for a 
particular product, the rating system can be easily applied to various other products. The objective of this model 
will be to produce a numeric rating that can be considered with other numeric characteristics of the object such as 
performance or cost resulting in a more informed decision about product feasibility. The intention is that the model 
will also have applicability to assessment of existing equipment or products. Upon completion the model should 
provide a means f9r assessment of existing equipment in order to provide decision makers with valuable information 
on those items that have the potential to increase (or reduce) the risk of occupational injuries or hazards to 
employees. 
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ABSTRACT 
The intent of a decision support display is to provide infonnation necessary to assist decision-makers in perfonning 
specific decision-making tasks. Human nature makes this difficult at times; however, there are certain general 
aspec·ts of design that can be rearranged to improve the decision-maker's performance. First, the decision-maker 
must have a clear understanding of the intent of the display. Second, it is necessary to know how decision-makers 
may use infonnation provided through the display. This requires knowledge of the decision-maker's biases that 
assist in structuring his mental model. Third, the format in which information is presented to· the decision-maker 
should maximize both the probability of use and decision-making reliability. This may include incorporating 
specific sensory cues to alert the decision-m_aker of critical information. The purpose of this paper is to present a 
framework to guide designers in the development of decision support display systems. Psychological variables for 
minimizing the users' biases, through the use of augmented deci.sion support displays, 'Yill also be discussed. 

INTRODUCTION 
Decision support displays (DSDs) are often used to support decision-making tasks. Because of the rapid 
advancement of display technology, the amount of infonnation that can be presented to people is enormous. This 
information may- be ·presented in various multimodal fonns such as: haptic, visual. auditory, and verbal. The amount 
of information that people are expected to process at one time has increased significantly. However. the human 
information processing capacity has not changed. As a result, the human cognitive capacity requirements have 
increased relative to the capacity available to store and process information. This situation is one of the major 
factors of mental workload (Wickens, 1987) as well as a primary contributor to mental overload. 

In order to reduce the mental workload placed on decision-makers (DMs), special decision-making aids are being 
designed. The growing complexity of situation analysis and decision-making in an information intensive 
environment, combined with increased data input and reduced decision-making time, can benefit from computerized 
decision-making aids. These aids can be designed to structure, generate. and assess different hypotheses and options 
needed to successfully complete a task (Wohl, .1981 ). 

One of the paradigms that arise from DSD design is situ~tion awareness. Situation awareness as designed into 
decision support displays. allows the· DM to comprehend situated elements of the decision environment as well as 
predict what their status will be in the near future (Endsley, 1995). Most importantly, DSDs enhance cognitive 
control of dynamic activities taking place in space and time. All of these factors together influence how DMs use 
deci'sion support displays. However. this is not only an engineering design issue. Psychological factors related to 
human bias of technology is a problem that current DSDs have not addressed. This paper will introduce a concept 
for minimizing DM bias while utilizing decision support displays·. 

DISPLAY DESIGN 
Displa\' Intent 
Human being's rationality in judgment and decision-making are often influenced in part by experience and 
availability of infonnation. Even though the decision-maker normally possesses all of the abilities and knowledge 
assets contained in the display, the complexity of the process makes it difficult to perform certain tasks in the time 
frame allotted. A first-rate decision support display alleviates these problems and allows the DM ·to visualize the 
task requirements in terms of his knowledge of the task and intuitive understanding of the environment as expressed 
by his intent. On the other hand, the way in which DSDs ar.e used depends in part on how well the DM understands 
the intent of the display. For example, pe~ple view DSDs as prediction tools or something that provides affordance 
(instrinsic propenies) for cognitive tasks in ecological space (Gibson, 1979). This dualism of user and system 
(design) intents in a -display model give rise to the following design characteristics that must be considered during 
the developmental phase of a display model: information reliability, robustness, familiarity, understandability, 
transparency, and usefulness of the system. With this regard, a display system refers to the holistic Human-
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Computer Interaction (HCI) process not just one component of it (i.e. the computer display alone). The HCl system 
must be explicitly known by the DM in order for him to determine what level of dependence on the system he will 
maintain (Sheridan, 1988). 

User's Model and Trust of DSDs 
User modeling deals \\'.ith understanding, representing, and modeling user behaviors in a task setting. The salient 
questions that should be addressed during this process include the following: 

• Who is the user? 
• What capabilities does the user have? 
• What are the user's deficiencies? 
• How can the design support the user in overcoming the deficiencies? 
• How do people think about the task they perform and what trade-off strategies are used in performing 

th.em? 
DSDs provide one aspect of cognitive modeling of human performance including inferences of the human 
knowledge from observable behavior; effects of the task and environment on human psychological traits such as 
emotion, motivation, personality, and preferenc~; and the subjective perception of the context dynamics that control 
task performance. The behavior vector can be altered based on inputs that may be controlled or uncontrolled. 
Uncontrolled inputs are those factors unusual to the task and its environment. A subtle example is the automobile. 
The driver has no control of the locations of controls, seats, and other gadgets designed to provide functionality to 
driving a car. However, the driver does have control over whether or not to put on his seat belt. drive a certain 
speed, turn on the air conditioning, or turn on the radio. This example metaphorically explains why color selection 
in a display is important. In addition to the information that color conveys, it is also responsible for mood changes 
due to preference behavior. 

DSD users are diverse. They come in many different sizes. shapes. and have various experiences with using 
computer displays . The effectiveness of a DSD depends in large part on the level of "trust" a decision-maker has in 
the system. This trust is affected by the outcomes of trial-and-error experiences, extent to which the technology is 
understood, and level of general 'faith' in the system. The basis of trial-and-error-experience is behavior or 
performance over time (Lee and Moray; 1992). If the DM has encountered DSDs that did not perform appropriately 
or were unreliable, they are less likely to trust the capabilities of DSD systems. The understanding of this 
technology is related to the DM knowing the limits of the DSD and how to optimize system performance in relation 

. to these limitations. This knowledge is not always intuitive and often designers fail to explain these elements to 
DMs prior to use. Faith is developed over time and it is a reflection of the DM's belief that the system's underlying 
purpose is to assist them in carrying out their duties in a more effective and efficient manner. 

Knowing and understanding potential DMs' profiles along these lines can assist in the customization of the display 
for optimal use . This profile includes not only their experiences with DSD but also the biases that they maintain. 
User biases are a major aspect in improper use of DSDs. In the context of this paper, ·bias refers to preconceived 
notions held by a person that affect the way in which he processes or utilizes information provided by the 
computerized decision support display. Unfortunately, DMs use of information displays may largely be determined 
by personal biases. These biases may take the form of stereotypes. prejudices, habits. or misconstrued ideas 
resulting from previous experiences with DSDs. 

Design Format 
To create an effective DSD, representation of task knowledge must be in terms of what is already known. In 
particular, symbols. signs. and signals that are explicitly linked to the DM ' s skill. rules, and knowledge should be 
incorporated into the display (Rasmussen, 1983 ). With this in mind, the following rationales provide a basis for 
designing a human-centered _DSD: 

233 



I. Preview display: The DSD should allow the DM to examine and verify the behavior of a decision before 

executing. . . . . . 
2. Predictive display: The DSD should allow the DM to foresee the consequences of possible future act10ns. 
3. Shared cognition: Sharing information in context is the basis of situation_ awareness and collaborative planning. 

The DSD should hold information about the DM's mental models, especially those models that allow real-time 

situation awareness. . 
4. Representation aiding (Woods, 1991 ): Representation aiding provides a theoretical base for human-computer 

interface and decision aiding. It also provides a practical means for guiding the design of computer-based 
infonnatiori displays. 

5. Perception visualization (Rogers and Arkin, 1995): ADSD should provide an ecological perspective to the DM 
by enhancing certain perceptual cues that are likely to improve the retrieval of information from memory. 
Relevant symbols, signs, and signals are special forms of such perceptual cues. Enhanced with color effects and 
auditory warning signals. a DSD can portray spatio-temporal events with precognitive cues. 

6. Goal-Value changes: While using a DSD, the DM is involved in closed-loop decision-making, sharing, and 
exchanging information with the computer. With real-time feedback, the DM is in a continuous state of 
progressive iteration of goal-value changes generated by the system information dynamics. 

Incorporating Perceptual Knowledge 
Decision support displays are often used to monitor various types of systems. There are several methods that can be 
incorporated into a DSD to indicate the status of a system. Determining the best method or combination of methods 
is based upon the purpose of the DSD and the criticality of the information. Coding is one of the most prominent 
methods used in DSDs·and is often used as a status indicator. Sometimes there is a need to have a coding system 
that identifies various items of a given class. Coding used in such circumstances are called coding dimensions. 
Visual coding ~i!J1ensions include color, geometric shape. letters. numerals , flash rate, visual angle, and size 
(Sanders and McCormick, 1993). The three main types of coding dimensions are color-coding. flashing signals, and 
auditory signals. Color-coding is often used in search tasks. Flashing light signals and auditory signals are often 
employed when a system has reached a critical state requiring human intervention. 

Color is a fairly common means of information coding. Color-coding has been found to be especially effective 
when used in "search" tasks. Search tasks are those tasks that require scanning a group of stimuli to locate those of 
a particular class (Sanders and McCormick, 1993 ) . . Dissemination of objects on a display becomes more efficient 
when effective color-coding is incorporated. In a typical color-coded search task, the subject knows the category of 
the items he is looking for on the display in advance and his_ task is to count or locate them (Luder, 1984 ). With the 
effective use of color, the items are easily identified. 

Flashing lights are used for various p1:Jrposes, such as warning signals, identification aids at night, navigation aids 
and beacons, and "to attract-attention to specific locations· and/or information (Sanders and McCormick, 1993). For 
example, when a system is experiencing some sort of critical condition, it is important that the operator takes notice 
of the situation immediately. Flashil)g lights (along with auditory signals) are primarily used in these situations as 
warning indicators to alert the operator of critical situations regarding personnel and/or equipment. In literature, 
flashing lights are used only when it is necessary to direct the attention of the operator to some condition requiring 
immediate action (Department of Defense, 1989). These lights, when combined with distinctive symbols, can create 
an effective cue to quickly .direct the DM to_ the specific problem area. 

The auditory modality is clearly superior to vision as a means of alerting or calling attention to itself (Wickens, 
1987). Auditory displays are used when_ it is desirable to warn. alert, or cue the operator to respond to a condition. 
Audio signals should be provided to warn personnel of impending danger, alert an operator of a critical change in 
system or equipment status, and_ to remind the operator ofa-critical action(s) that must be taken. It is believed that 
the alert or warning signal provides the operator \Vith a greater probability of detecting the triggering condition than 
normal visual observation would provide (Department of Defense, 1989), especially during divided attention tasks. 

Perceptual cues such as the ones described above are often used in DSDs and their importance cannot be ignored 
(Rogers and Arkin, 1995). Designers gene-rally rely on such cues to increase the effectivenes~ of the display. How 
the human perceives_ the relevance and importance of such cues has often been overlooked. Designers normally 
d_epend on training as the primary means of increasing effectiveness in the human element of HCI. However, 
regardless of the amount of training. the utilization of perceptual cues incorporated into DSDs may be adversely 
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affected by DM bias. There are several methods that can be used to "debias" a decision-maker. The following 
section illustrates an effective technique. 

DISPLAY PROTOTYPING USING DEBIASII\G METHODS 
Display prototyping is an experimen~l method of designing and beta-testing a system before the final product 
development. The pr~ceding information described aspects of display design that can help to create more effective 
DSDs. However, even the best designed DSD will remain suboptimized if the DM maintains biases that limit his 
trust in the DSD to a point where the display is no longer useful. In this section, DSD design is described with 
methods for developing a real-time debiasing instrument. 

Biases may be developed at any time. They often are the result of atypical beliefs, stereotypes, and/or previous 
experiences. The negative effects of these biases emerge when they develop into prejudices and bad habits . 
Although everyone possesses biases of some sort, not all biases are negative. HCI should address those biases that 
inhibit DSD usability and should seek to minimize, if not eliminate, those biases. 

Figure 1 is a conceptual diagram illustrating the process by which DMs convert information provided by a decision 
support display to data for problem solving. Ge'nerally, a problem situation can be presented to an individual DM 
through a DSD. The information surrounding that problem then goes through the DM 's mental model which is then 
filtered by his own personal beliefs, stereotypes, previous experiences, prejudices. and habits. The DM then makes 
the decision how to respond to the problem based upon these biases ( often unbeknownst to him). At times, the DM 
may completely nullify information provided by the display and make his decision based solely on his personal 
biases. Therefore. his performance on the specific task may be inadequate. 

Problem 
Statement 

/ ~ -. 

----- Support ; 

~ / 

Individual Decision Maker 

Biaa lnfluencea 

----~ -
------< UH 0S0 info? 

No 

Yes 

Performance 
Measures 

Figure l: 

Oeciaion 
Maalung 

Standard Decision-Making Process 

Problem / 
Statement 

/-~ . ,,/.,,,· 
/ 

/ 

LH1on1 
LHmed 

_,/' ----
DebiHer 

____ ____.., ., "Augmented '..------1 v.-po1nt " 99,_.ion 
\ Display" ! Mental Model Oi.tvpllon '-....._ __ / Con::::::..-::-" 

Individual Decision Maker 

Bou lnl luencu 

--~ - Decision 
Maak ong 

~ ----- UH 0S0 Info? 
No 

Yes 

Performance 
Measures 1---------------' 

Figure 2: 
Debiased Decision-Making Process 

Figure 2 is a conceptual deb_iasing process intended to minimize (if not eliminate) biases maintained by the DM. 
The process implements an augmented decision support display equipped with a debiaser. The debiaser consists of 
techniques specifically designed on the basis of the decision-maker's profile. Characteristics such as the experience 
of the DM, level of expertise. and know ledge of the task will be the foundation around which the debiaser is 
designed. Viewpoint regression. mental model disruption, contradictory feedback, and belief revision are all 
mechanisms that can be developed in order to minimize the effects of decision-maker biases. By altering and 
controlling the DM's perception of information. it is possible to improve his performance on the decision-making 
task. Based upon this new concept, results obtained from experimental trials using the augmented display will serve 
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as feedback for expanding the debiasing model. This may include incorporating various techniques to debias DMs 
with diverse characteristics. 

CONCLUSION 
It is important to ·consider the different options available when designing an information display. Because 

· information can be presen~ed in many ways, it is good practice to test the effectiveness of different display designs 
before moving forward with one specific display type. The intent of a DSD often differs from the way in which 
DMs utilize the information obtained from the display. By creating a display that incorporates cues directed toward 
differenti~formation modalities (i.e. visual and auditory), it is more likely that the DM will detect and act upon anv 
critical information. An example of experimental DSD used in this study is shown in Figure 3. This display · 
possesses most of the elements addressed in this paper. Our team is currently in the process of designing the 
debiaser elements. This will assist in effective human factors analysis of how people use DSDs and what is required 
to improve performance in cognitive tasks using DSD. 
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Figure 3: An example decision support"disp\ay for military courses-of-action planning 
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ABSTRACT 
This paper reports on a dynamic simulation model approach developed for biomechanical analyses of lifting 
activities performed in the saginal plane. The model simulates the dynamic motion of lifting tasks for five body 
joints: the elbow, shoulder, hip, knee, and ankle. The model utilizes an object function with constraints related to 
the human body, the phy-sical layout, and kinetics of the motion. The optimal solution is achieved using nonlinear 
optimization. The -inputs to the model include initial and final joint postures; gender, weight, and height: weight of 
load; lifting height; and container dimensions. The model predicts the kinetics and kinematics for the lift. Actual 
motion data were collected using 10 subjects in the laboratory for 360 lifts which consisting of 12 lifting tasks 
including two lifting heights, two container sizes, and three weights of load. Results demonstrate that the simulation 
model can be an effective alternative to collecting posture and time-displacement data for lifting task analyses. 

_ INTRODUCTION 
Biomechanical analysis and dynamic biomechanical models serve a very useful purpose· in estimating the stresses on 
the musculoskeletal system, especially the lumbar spine. The collection of posture and movement data is the most 
expensive and tedious part of the application of biomechanical analysis. 

Simulation mo_d~ls provide the means to perform biomechanical analyses without collecting posture and time
displacement data. The significance of these models is that they will provide tools that will allow the biomechanical 
analysis of work tasks in the _absence of measured posture and motion data. Ergonomists will be able to specify 
subject characteristics. work ·area dimensions and tasks constraints as appropriate inputs and the model will provide 
an output _which consists of a kinematic and kinetic description of the movement or activity. The output of the 
model can be used in . biomechanical analysis routines or as input to a computer-aided design (CAD) package. The 
tools will more effectively evaluate human limitations in the initial design phase when developing dynamic work 
activities. 

BACKGROUND 
In the search for "optimality" in human motion, a theoretical attempt to formulate and demonstrate a "minimal 
principle" has been proviced by Nubar and Contini ( 1961) and Beckett and Chang ( 1968). Additional models based 
on optimization principles and suppo1_1ed by the experimental data include: Chow and Jacobson ( 1971 ); Seireg and 
Arvikar ( 1975): Muth et al. (1976)': Hatze (1980); ·crowninshield and Brand (1981 ): Lafortune and Cavanagh 
( 1983 ); Redfield and Hull ( 1986); and Marshall et al. ( 1_986). These studies demonstrate that mathematical models 
based on optimization can generate results within _an acceptable degree of accuracy. 

PLANER DYNAMIC MOTION SIMULATION MODEL 
Several publications can be fourid that document the results from the simulation models including Lin and Ayoub 
( 1995); Bernard et al. (1999); and Lin et al._ ( 1999). The model focuses on predicting the angular trajectories of the 
body joints during lifting. The simulated motion trajectories can be used to evaluate the biomechanical stresses 
imposed on the body during lifting without actually videotaping the lift using expensive motion analysis equipment. -
To achieve the prediction of the motion_ trajectory, the model assumes that the human body performs a lifting task 
according to some criterion such as the minimization of the total muscular effort. While the body is trying to 
minimize the effort to complete_ the task, it is subjec_t to various constraints such as the strength capability and range 
of motion of the body, the geometrical layout of the workplace, and the body balance. The moder takes as inputs the 
starting and ending postural configurations. weight of the ioad being lifted, subject anthropometric arid body 
segment parameters, and time to complete the lift. The output of the model is a complete trajectory history of the 
body joints is produced. Kinematic and kinetic analyses ofthe lift can be performed based on the predicted motion. 
The biome_chanical model used in the simulation is a five-segment whole-body symmetric.al lifting model. The 
human body consis_ts of the lower leg, upper !eg, trunk, upper arm, and lower arm. The five joints under 
consideration are the elbow, shoulder, hip, knee, and ankle. The body's configuration at any moment in time can be 
completely specified by the . angles of each segment with respect to the horizontal. Given the weight of the load, 
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inertial property of the segments, and length of the segments, joint forces and moments can be calculated. The 
objective function is 

r 5 (Mi( t)J 2 

· mm1m1ze J iwj -s-( ) .dt 
t=O J=l J t 

where 

~=the magnitude of the moment about jointj, 
Si = the static moment strength of jointj, 
~ -=the relative weight of the moment/strength ratio for jointj, and 
T= total lifting time. 

(1) 

Based on extensive studies of the trajectory patterns of lifting motions from laboratory experiments, a curve
generating technique that employs polynomial functions of time has been found useful in approximating the actual 
trajectory. For each joint. a polynomial function of timer, 0( t) is used to generate the angular trajectory, The 

functions must satisfy the following system of equations: 

~0) = A (2), 

~O) = 6\:0) = 6\T) = t,xT) = 0 (4), 

~ti)= O,i = 1,2, ... ,n (6). 

0(T) = B (3), 

0(ti ) = Pi ,i = 1.2, ... ,n (5), 

In equation (2 ), A is the initial angular position of the joint. In equation (3 ). B is the ending position of the joint and 
Tis the total duration of the lift. The parameters A. B, and Tare given inputs. In equation (4), the velocities and 
accelerations at time zero and time T are set to zero based on the assumption that the lift is performed with a 
motionless start and end. In equation (5 ) and (6), p

1 
is the i-rh local peak or trough in the trajectory and ti is the time 

when the i-th peak or trough occurs. The parameter n is the total number of peaks or troughs in the trajectory for a 
joint and is determined from the actual trajectory. Equation (6) holds because the velocity at the peak is zero. 

Figure 1 shows a typical trajectory of the elbow joint with one peak point (p 1, t 1 ). Different joints have different 
numbers of peaks or troughs in their trajectories. The shape of the trajectory and therefore the kinematic properties 
of the joint described by that trajectory are controlled by the values of (pi. lj ), For each joint. the polynomial models 

(2) to (6) that best fit the shapes and panerns of the actual trajectories have been developed. Given (p;, t;), the 

solution to the above system of equations is a Hennite polynomial of order 211 , 5 (Atkinson, 1989). It can be shown 
that the solution exists and is unique. The values of (pi , ti) have been studied using the experimental data and have 

been found to be located within a narrow region which make the trajectory patterns similar across different lifts. 

8 

Pr 

Po 
0 T 

Figure 1. A typical elbow trajectory with one peak point. 
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The initial values of (pb t;) can be set at random or given by average· values derived from the actual lifts for a 

population. Using val~es derived from the acrual lifts has an advantage. S~ch val~es provide an _initial solut!on witn 
a high probability of being feasible. Random initialization usuall~ results m _so~ut1~ns that are highly undesirable in 
terms of kinematic and kinetic feasibility, causing difficulty m the opt1m1zat1on process. A general-purpose 
nonlinear optimization system - the GRG2 system (Lasdon and Waren, 1986), was used for the optimization. 

The methodology that utilizes the pol~omial curve fitting and nonlinear optimization_ techniques ?as resulted in an 
improved prediction performance of the model. The simulation method is charactenzed by the mverse dynamics 
approach where the angular trajectories of each joint are first generated and forces an~ moments calculated. Based 
on the kinematics and kinetics data calculated, the objective function and constramts can be calculated. The 
optimization is then implemented on a computer using an optimization software routine. Figure 2 shows the 
structure of the simulation program consisting of three components: the trajectory formation, the biomechanics, and 
the optimization. The data flow between each component is depicted in the figure. 

Traiectorv Comparison 

Initial Solution (pj,tj) 

Generate · 
Trajectories 

lntennediate 
Solution (pj,tj) 

no 

trajectories 
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Biomechanical 
Model 

kinematics 
____ _. and kinetics 

Figure 2. The structure of the simulation program and data flow. 

SIMULATION RES UL TS 

The plots of the predicted and the actual angular· trajectories reveal the comparison between the two. Such plots 
show how well the predictions follow the actual traj~ctories. Figure 3 shows the trajectory plots for a subject who 
performed three trials of floor-to-knuckle. large container. and light-weight lifts. Although the predicted trajectories 
follow the actual very well for this particular case. there .are a few problems from the prediction found in other cases. 
First, the model account for limited coordination between joints. The order of movement for the joints is usually 
different for the predicted motion when compared to the actual motion. Second, in some cases, the predicted 
movement lags behind the actual movement during the lift-off phase. From our experience, the most violated 
constraints were the collision avoidance constraints. 

Where differences between the simulation and actual data exist in the variables describing whole body motion, it 
was necessary to examine each joint in turn to identify the discrepancies . The peak moments of each joint were used 
to investigate the contribution of each j_oint to the lift. The objective function of the simulation model utilized the 
ratio of dynamic moments to the static strength. There is concern that the static strength overestimates the strength 
available during a dynamic a~tivity and may affc;ct the -results of the simulation, thus an analysis of the peak 
moments was performed. · 

For each response variable, Table l contains the slope and coefficient of determination (R2
) for the simple linear 

regression equations, the mean and standard deviation of both the predicted and actual lifts, a_nd the mean errors and 
their significance. In general, the actual lifts were predicted quite well by the simulation model as indicated by the 
slopes and R2 values in Table l. . 
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Figure 3. The trajectory plots for the actual (a) and the predicted(p ). The plots contain three-actual lift trials and 
three predicted trials. 

a e amp e tattsttcs or T bl 1 s· I S . . i R espouse V . bl ana es 
Variable Slope R- "Predicted" Mean (SD) "Actual" Mean (SD ) Mean Prediction Error 

T (m) 0.775 0.760 1.49 (0.345 ) 1.35 (0.299) 0.137 ... 

Fs (N) 0.960 0.984 4772.1 (1020.4) 4760.8 (987.6) 11.3 
Fo (N) 0.781 0.798 5987 .9 (1238.4) 5691.1 (1082.1) 296.9 ... 
OFV o·.738 0.859 1.332 (0. 744) 1.015 (0.593) 0.317 ••• 
w (J) 0.890 0.818 268.5 (93 .52) 250.0 (92.02) 18.5 ••• 

ME(Nm) 0.792 0.905 33 .37 (15.46) I 27.69 ( 12.88) 5.67 ••• 

Ms (Nm) 0.852 0.928 53 .33 (24.56) i 44.90 (21 .74) 8.43 ••• 

MH (Nm) 0.769 0.849 144.5 (34.44) 136.0 (28. 75) 8.58 ••• 
MK (Nm) 0.642 0.806 119.9 (46.42) 101.6 (33 .19) 18.3 ••• 
MA (Nm) 0.384 0.469 146.1 (58.40) 112.2 (32.74) 33.83 ••• 

***p<0.001 

The distance traveled by the load, was predicted well by the simulation model although the simulation model 
increased the travel distance by 0.13 7 m. The weight of load and range of lift significantly affected the errors; 
predicted travel distances were larger in floor-to-shoulder lifts and errors increased with increased weights of lift. 
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The peak static compressive force was predicted well by the simulation as demonstrated by the high correlation an~ 
insignificant mean error ( 11.3 N). Although correlated, the peak dynamic L5/S 1 compressive force was 
significantly over-predicted by the simulation model. Figure 4 shows the compressive force trajectory throughout 
six lifts, three actual and three predicted, for a female lifting the medium weight in a smaH box over the floor-to. 
shoulder range. · The mean error between the actual and predicted peaks was 296.9 N (5.2%). The errors were 

· significantly larger in flo(?r-to-knuckle range lifts -than in floor-to-shoulder lifts, increased with increased weight of 
lift, and were larger when the small box was lifted. 

With respect to the objective function value, on average the simulation's OFY was larger by 0.317. Figure~ 
contains the contribution of each joint to the value of the objective function for both predicted and actual lifts. 

The model predictions of total net muscular work were highly correlated with their corresponding actual values 
although over-pre.dieted by 18.5 J (7.4%). The prediction errors were larger for males than for females , and larger in 
floor-to-knuckle range lifts than in floor-to-shoulder. 

The simple _ linear regression for the peak . moments at the joints provided in Table 1, with slopes approaching unity 
and large R2 val_ues indicate that the model predictions corresponded well within the actual peak joint moments 
although the prediction errors were significant at each joint. 

7000 

6000 

5000 

-~ 4000 -
cu 

~ 3000 -..... 
2000 

1000 

0 -

~ :-. 

Figure 4. Trajectory of dynamic compressive fo·rces on a normalized time axis. Actual values are shown with a 
s9lid line and predicted values are_ shown with gray or dashed line . 
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CONCLUSIONS 
In the analysis which compared simulation predictions to estimates for actual human lifts, it was·determined that the 
simulation tended to over-predict the values on all parameters including the distance traveled by the load, peak static 
and dynamic L5/S 1 compressive forces, objective function values, net muscular work and peak moments at the 
joints. It is believed that the simulation model over-predicted the response variables because the model did not 
arrive to the global optimum. While this result appears undesirable in that the model does not appear to predict 
"optimal" lifting motions, it was not totally undesirable since the predictions could be considered to be conservative 
estimates with a built in margin of safety. 
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ABSTRACT 
A methodology and hardware w~re developed for conducting usability evaluations of hand tools, while perfonning 
t-asks with risk of creating foreign object debris (FOO). FOO ca'.n be defin~d as, "the debris that is left in or around 
flight hardware, where it could cause damage to that flight hardware," (United Space Alliance. 2000). Just one 
srriall screw left unintentionally in the wrong place could delay a launch schedule while it is retrieved, increase the 
cost of processing, or cause a potentially fatal accident. For this research, the usability of hand tools was 
determined based ori the number of dropped parts and efficiency. To validate the methodology, participants were 
tested while performing a task that is representative of the type of work that may be done when processing space 
flight hardware. The results of the research indicate that there are significant differences in some of the usability 
indicators for the three instaflation methods. although there was not one overall significant indicator. 

INTRODUCTION 
· The reduction of foreign object debris (FOD) is important to reduce the risk of delays, damage to hardware, injuries 
and fatalities. An insignificant event such as a dropped screw could. without warning. become a significant event. 
If a solution were found to reduce the amount of FOD that was created while installing small parts, there would be 
applications for it in areas such as ground processing for spate missions. military aircraft. private airlines, and even 
while in spac.e. FOD copld also be a major conce~ in the nuclear industry and electrical power plants. 

Foreign Object Debris (FOD} 
FOD can be defined as"the debris that is left in or around flight hardware, where it could cause damage to that 
flight hardware." (United Space Alliance, 2000). The sources and types of FOD can be varied in a work 
environment. This study is focusing ·specifically dn small parts. including screws and washers that can be dropped 
during installation when doing ground processing pf space flight hardware, such as for the International Space 
Station. 

Under norn1al conditions. there is always a possibility of dropping a small part. But the risk increases when clean 
room gloves are worn. To add to the difficulty, the people doing the installation may have to position their 
forearms. wrists and fingers in awkward postures. Many times this is done blindly, where the technicians have to 
reach into an area that cannot be seen. These factors could potentially increase the risk of creating FOD. 

Significance of Hand Tool Usabilitv Testing 
In this study. it is proposed that FOD may be prevented if the users of hand tools were given the proper tools to 
secure the small parts. The evaluation of hand tools may leaq to better designs that can help users prevent the 
dropping or loss of small parts that can lead to FOD. This works in concert with the existing c~pture programs that 
are in effect to catch the parts if they are dropped, such as using netting under the area that is being worked. 

w .~en new hand too l · are designed to reduce the risk of dropping small parts, consideration must be given to the 
human factors that can reduc~ both injuries and cumulative trauma disorders. The efficiency of the tool must also 
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be considered if the tool is to be accepted in the workplace. Martin, et al. ( 1996) developed a model that shows an 
interaction between work factors, tool factors, stress factors, worker factors and the resulting performance and 
health of the individual (Chaffins, 1999) . . This illustrates that good hand tool design may reduce the risk of 
dropping parts, while also having the benefit of reducing the risk of injury. 

A usability testing methodology could benefit the hand tool designers during the initial design and development 
phase and could be used to determine which existing hand tools and newly developed prototypes give the best 
performance. By providing a physical model that allows participants to do tasks that are representative of the actual 
work that is performed. the designers can study many hand and wrist orientations in a short time. Conducting 
usability testing in a controlled environment gives participants the freedom to drop parts in a non-critical area. 
without harm to hardware. Creating a test environment allows the designers the ability to use tools in typical 
orientations to generate new design ideas that may not have been seen in field observations. Prototype designs can 
be tested for u~ability before mass-production, reducing the possibility of releasing a faulty design. 

Statement of the Problem 
The objective of this study was to develop the n:iethodology and hardware to assess FOD risk when using various 
hand tools while installing small parts. This was accomplished by developing an approach to conduct usability 
evaluations for hand tools that are used during the installation of the small parts. Usability was determined by 
measuring the efficiency, the rate of dropped parts, and participants' satisfaction in task performance. 

METHODOLOGY 
Participants 
Eighteen people participated in the study including 6 students, 6 managers I engineers. and 6 technicians. Each 
group of 6 included 3 males and 3 females. All participants worked at the Kennedy Space Center (KSC). FL. . All 
participants were over 18 years old, which is representative of the workforce at KSC. 

Experimental Task 
Each participant installed screws into the usability testing board, (Figure 1) using three different methods, which 
included using two different tools and using their hands only. Each participant conducted three trials, one for each 
installation method. Twenty-four screws and washers were installed by each participant for each of the three trials. 
The 24 holes that were used to install the screws and washers were located in 8 groups on the testing board with 
three screws in each group.· Each group was in a different orientation. 

Apparatus 
The aluminum hand tool testing board. seen in Figure 1. was designed specificall y for this test. and also allowed 
testing of a variety of conditions. The criteria for designing the testing board was gathered through interviews from 
subject matter experts in the areas of design. FOD control. human factors. and also from a study conducted by 
Boeing (Boeing, 2000). 

The testing board is 30" X 40", made of ¼" aluminum. and weighs less than 40 lbs. The first consideration was for 
safety of the participants. All edges were smooth, and the board was secured from movement. The board was 
designed so that it would not wear significantly over time, and so that it would be representative of actual work that 
is performed near flight hardware. The testing board was also designed to be cost effective by using non-flight 
rated materials that were similar in durability to the flight materials. 

245 



Figure 1. Hand tool usability testing board Figure 2. Technician installing screw and washer into 
hand tool usability testing board 

For this test, the board was placed on the gro·und. The users were required to put their hands through the access 
hole in the center of the board to insert the screws and washers from the back of the board. This limited the 
visibility to the hand, the tool, if ~sed, and the screw. The participants needed to deviate their wrists and hands in 
order to complete the task. They also needed to get into various awkward postures, such as kneeling, lying down, 
and twisting and turning the neck to install the parts. This is a common situation in the workplace. 

Equipment 
Three methods of installation were tested. including 2 commercially available screw starters and installation by 
hand. Hand installation wa's considered to be a reasonable choice because technicians often install small parts by 
hand in the work environment. The tools were chosen because they were from reputable companies and the tools 
were readily available to everyone. The first screw starter, called Tool A in the experiment. was about the size of a 
pencil and had a screw starter at each end which could be inserted imo the head of a Phillips screw. The second 
tool , referred to as Tool B, was similar in shape and size to a traditional Phillips screwdriver, but it had two 
"grippers" at the end to secure the screw and washer. A #10-32 X .75 inch Phillips screw was used, along with a 
# 10 washer. These were chosen to be representative of small parts that cause dropping and loss problems when 
processing space flight hardware, based on discussions with .subject matter experts . 

Procedure 
Prior to beginning the test, the participants dressed in cleiin room suits, gloves, boots, and head covers. Each 
participant completed 3 trials. and they were randomly assigned the order for the trials. The orders were HAB, 
ABH , or BHA, (H = hand installation, A= Tool A, and B = Tool B). One male and one female from each 
participant group (student, manager/engineer, or technician) completed the trials in each of the three orders. 

The time to complete each of the .8 groups of three screws was recorded on the data sheet for each of the 3 trials. In 
addition, the number of times that parts were dropped was recorded. After each group of three holes was complete, 
the participants were asked to rate the level of perceived exertion based on a Borg CR 1 O Scale (Borg, 1998). When 
all 3 trials were completed, the participant removed the clean room garments, and filled out a post-test 
questionnaire. 
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RESULTS 
An analysis was conducted to determine if there was a difference in the performance of the participants when they 
used the three different installation methods, which included two different tools and installation by hand. Objective 
data was collected during the testing, which included the average time for installation of each group of three screws, 
and the average number of parts that were dropped during installation. For each of these responses, statistical tests 
were conducted for aq of the participants and then separately by subsets of that group, which included males. 
females, technicians, students, and managers/engineers (12 responses). Subjective data was collected from the post
test questionnaire, which related the ease of use for the three installation methods, force required. comfort levels. 
likelihood to drop parts, and physical characteristics of the hand tools. A subjective rating of the perceived 
exertion was collected using the Borg scale (Borg, 1998). Tests were conducted for these 14 responses using all of 
the participants. 

A Friedman test was conducted for each of the 27 responses to determine if all three methods were equal or if at 
least two of the methods were different. In all 27 tests, it was found that at least two of the methods of installation 
were different (Mendenhall & Sincich, 1995). A multiple comparison procedure was then used to determine 
specifically which methods were different from each other (Daniel, 1990). The average time per group, when using 
all participants, showed a significant difference between the three installation methods. The other indicators 
showed some differences between installation methods, but not for all three. 

Therefore further investigation was done by first creating simple bar graphs to compare the data visually. It took 
the least amount of time to install the screws when using the hand (87.5 seconds), as compared to 108 seconds when 
using tool B, and it took the longest time when using tool A (159.8 seconds). All other indicators showed that the 
highest performance was observed when using Tool B, next when using hand installation, and the lowest 
performance was observed when using tool A. This included the number of parts dropped. the overall ranking of 
the methods. the comfort, perceived likelihood not to drop a part, and perceived speed of installation. This was also 
consistent with the participant rating for the force required, hand comfort, the fore arm comfort. upper arm comfort, 
ease of setting up the part for installation, and perceived exertion (Borg, 1998). 

Although the data appeared to be consistent, these were not statistically significant results. Based on these 
observations, a test of hypothesis was conducted for a proportion to obtain further statistical evidence of a 
difference in performance between the installation methods. Table 1 summarizes the test of proportions for the 16 
remaining performance indicators. Based on these results. there is enough evidence to conclude that the 
performance when using tool B is bener than the performance when using tool A. In contrast. there is not enough 
evidence to conclude that there is a difference in overall performance when installing by hand or using tool A. 
Similar results were found bet\veen tool B and hand installation. 

Discussion 
The overall results of the research indicate that tool B would have a higher usability than tool A. When comparing 
tool A with hand installation, and comparing tool B with hand installation, the overall results are not conclusive. 
But there are individual indicators that show tool B has a higher usability than when installing by hand, and also the 
performance when installing by hand is bener than when using tool A. There are other indicators that are 
inconclusive for both of these comparisons. Based on the data collected and general comments from the 
participants, tool A wa·s not a good choice for the installation of screws and washers for this configuration. 

The number of parts dropped was significantly different between tool A and tool B, and also between tool A and 
hand installation. Although the difference in the number of parts dropped was not statistically significant between 
tool B and the hand installation, the significant subjective factors for installation preference could indicate that if 
tool B were used instead of the other t\vo methods, there may be a reduction in the incidence of repetitive motion 
injuries. In addition to the safety improvements, this may lead to increased performance difference over time. 

There was evidence to suggest that managers/engineers or students could be used in place of technicians in thi·s type 
of research, if done with caution. Although the use of technicians is preferred, when they are not readily available, 
the use of students or managers / engineers can still be beneficial. All of the groups showed similarities in 
determining the best installation method, but technicians added valuable qualitative information to validate the 
current research. 

247 



Table I: Calculation f P 0 roport1ons w en es m h T t · e 16 Performance Indicators 

Response Performance 
B>A H>A B>H 

Avg.# Drops • • 
Exertion • • • 
#4. Easy /Hard Rank • • • 
#5. Comfort Rank • • • 
Force Required • 
Hand Comfort • * • 
Fore· Arm Comfort • 
Upper Arm Comfort • 
Tool Setup • * 
Tool Release • 
Tool Drop (Likelihood) * * * 
Perceived speed * * * 
Tool Balance * 
Tool Shape · • 
Tool Size • 
Too-I Weight * 
Overa}l Performance * 
: Indicates the performance matches the prediction. 

The results of this research indicate that the overall usability of tool B was better than tool A when considering the 
small parts dropped during installation. There were also indicators that showed the performance when using hand 
installation was better than when using tool A, and performance when using tool B was better than when using hand 
installation. Therefore, using tool B may reduce the likelihood of dropping small parts in an actual work 
environment, as compared to hand installation and the use of tool A. In contrast, hand installation was the fastest 
method of installation. 

CONCLUSIONS 
This research achieved the objective of developing a test methodology and designing the hardware to conduct 
usability evaluations of hand tools. The primary purpose was to reduce the possibility of FOD that results from 
dropping small parts when processing space flight hardware. This could also contribute to improving the design of 
hand tools and reducing cumulative _trauma disorders. · 

The usability testing board and methodology were designed to be flexible so that many types of fasteners and hand 
tools could be tested in a variety· of work environments, including clean rooms. The methodology and hardware 
were used successfully by Boeing Corporation to design and evaluate a prototype for a new hand tool (Boeing, 
2000) designed to .reduce the number of small parts dropped when processing space flight hardware. 

The methodology and testing hardware off er a way to quantitatively demonstrate the usability of a prototype hand 
tool to manufacturing companies. There is a significant investment in manufacturing, storing, distributing and 
marketing new tools, so having a quantitative measure may help to reduce the risk of failure. The statistical results 
of a usability test on a new tool could -also be used for marketing purposes. 

Areas for Future Research _ 
Further testing could be done to determine the most successful installation strategies. These techniques could be 
taught to the technician work force, and have an impact on reducing FOD and injuries. The testing board could also 
be used for the training. The concepts that are used to develop and test hand tools to aid in the reduction of FOD 
a-nd the risk of inju ies here on earth could also be used to develop tools with .similar benefits in space. This could 
include the international space station, or long duration space missions, such as the exploration of Mars. Dropping 
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partS or getting injuries when on a long duration space mission could have an even greater impact than it does on 
~~ . 

Because of the limited amount of research that exists for conducting usability evaluations on hand tools with the 
objective of reducing FOD, the continuation of this research has the potential to produce practical results. which 
could ultimately save .lives. 
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ABSTRACT 
Industrial accidents are a critical problem affecting U.S. industry today. They account for 3.2 million disabling 
injuries and 9,000 deaths annually, costing upwards of $110 billion a year according to the National Safety 
Council ' s latest data. co·mpanies thus have a tremendous financial incentive to reduce the incidence of industrial 
accidents. To accomplish this goal,. programs are implemented to train workers in safe procedures and provide them 
with personal protective equipment (PPE) where necessary. However these programs are only effective when 

. workers comply with the trained procedures and use the PPE. Demographics, work practices, management style, 
and other factors have been linked to safety behavior. This paper outlines an empirical investigation of the 
relationship betw~en these factors and compliance with company PPE regulations. The study was conducted in a 
manufacturing facility and observations of employee compliance were made over several months. The results 
sugg_est several cost effective steps that companies can use to improve compliance with safe practices. 

INTRODUCTION 
In industry today the cost of work related deaths, injuries, and related costs exceeds S110 billion annually. About20 
million workers. in the United States are employed in manufacturing, and almost 500,000 cases of job related 
illnesses are estimated to occur each year. Industrial accidents account for 3.2 million disabling injuries, and 9,000 
deaths (Nationai° Safety Council, 1996). 

Most companies monitor safety by maintaining records of occupational injuries and illnesses. Evaluation of this 
data provides much of their insight into the safety of their workers. However, a more proactive approach is to 
monitor behavior. Tl)ere are several advantages to monitoring behavior rather than injuries. Some injuries occur 
because of unforeseeable events. These injuries can skew aggregate injury data. Some unsafe behaviors do not lead 
to injuries every time. When this occurs, the unsaf~ behavior may be reinforced among the employees who engage 
in it. In this way, unsafe behavior may become ingrained in the workplace before injury statistics illustrate the 
problem_. By monitoring behavior, unsafely behaving workers can be provided with additional training or 
supervision to reduce the incidence of expensive injuries. · 

However. an even more proactive sy~tem would predict which employees are more likely to engage in unsafe 
behavior and begin this training immediately upon eniployn,ent. This would save time and avoid singling out 
specific individuals, which can lead to poor labor relations and reduced worker morale. However, no method 
currently exists to predict which workers will dev_iate from safe practices. This study describes such a method. 

BACKGROUND 
Relationships between many factors and a worker's risk of a workplace injury have been identified anecdotally, 
including his or her personality traits , age, work experience. history of injury, perception of job risk, perception of 
management's commitment to safety, and job satisfaction. Whether this relationship is due to physical limitations 
(older workers may be more likely to be injured even when behaving safely) or behavior (older workers may be 
more likely to take shoncuts to conserv~ strength) has not been reliably determined. 

Gender 
Lindqvist. Schelp, and Timpka ·( 1999) investigated gender aspects of work-related injuries in a Swedish 
municipality with a population of 41,432 and employing 77% of the population in the manufacturing, trade, and 
public administration industries. A total of 4926 unintentiof'!_al injuries were recorded. where males were found to 
have nearly four times the work-related injury rate of females in all work sectors except for the commercial sector. 
Rabi. Jamous. AbuDhaise. and Alwash ( 1998) found a similar gender relationship. They determined that in Jordan, 
the majority of the injuries were males, accounting for 98% of the inj.uries but only 85% of the workforce. The 
(atality rate for men was nine times greater than in women. 
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Risk Taking 
Risk-taking is a personality trait that has been found to have an effect on behaviors that lead to work place injuries 
(Dahl back, 1991 ). A study by Salminen and Heiskanen (1997) also addressed the theory of risk taking behavior. 
They found that people have a steady level of risk they are willing to assume and adjust their behavior accordingly. 
Thus, people are willing to take more risks in situations that have less inherent risk. 

~ 
Because the workforce is getting older, both in the US and across much of the developed world. it is particularly 
important to identify the effects of age on safety behavior. Older workers are more likely to have chronic physical 
conditions that can increase the likelihood of injury (Mangino, 2000). The results of several studies reviewed by 
Chi and Wu ( 1997) indicate a higher frequency of injuries among older workers compared to younger workers. 
Workers aged 55 and above had the highest aggregated (overall) fatality rates and disaggregated (categorical) 
fatality rates for half of the incident types and that age had some impact on all incident types. They concluded that 
management must develop strategies for workers in jobs in which age has a preventive or an aggravating effect on 
injury risk. Rabi, Jamous, AbuDhaise, and Al wash ( 1998) determined that the risk of fatal injuries increased with 
age, where the highest fatality rate was found in workers aged 56 years and above. Jeong ( 1998) investigated 3028 
occupational deaths and 125 ,929 injuries in the·construction industry of South Korea. Their age-related results 
revealed that as in similar studies, the risk of fatal and non-fatal injuries in the construction industry increases with 
age. Workers 45 and older had higher incident fatality rate attributed to industrial accidents than younger workers. 

Job Tenure 
Previous studies have identified a direct relationship between tenure and injury. For example. Chi and Wu ( 1997) 
cite a study that measured significant differences in the risk of injury depending on workers' job experience. It was 
discovered that injury risk varied more by experience than by age. They found that workers with one year or less 
experience were at higher than average risk, while those with more than 15 years of experience were at lower -than 
ayerage risk. 

Management Issues 
Management issues such as a worker's dissatisfaction with the work environment or perception of management's 
commitment to safety can affect the individual's perception of hazards, risk. and subsequent behavior. Workers with 
negative perceptions of these issues may have a poorer safety attitude and be more likely to experience an injury. 
For example. a recent study by Kirschenbaum, Oigenblick, and Goldberg (2000) found that those employees with a 
frequent history of injury anributed it to a lack of safety conditions pointing toward unsafe technologies and 
management practices. 

Studies by Fleming. Flin, Mearns and Gordon ( 1998) objectively demonstrated that as the working environment 
changes, the worker's risk perception also changes. Workers' perception of the risk exposure is correlated with 
satisfaction with safety measures, which increases for improved working conditions that are unrelated to safety. 
Organizational factors such as management commitment to safety influence the worker's choice of behavior. An 
employee may choose to take chances when the company has not provided the worker with the necessary tools to 
perform the task safely. Or when workers perceive that management prefers productivity to safe behavior, they may 
assume that it is in their best interests to trade off safety for productivity. A worker may also be less careful if they 
trust that management has eliminated any hazards from the job. Few of these premises have been tested in empirical 
research. 

Predicting Safetv Compliance 
Due to recent injury and accident rates and the staggering costs associated with these injuries, it would be beneficial 
for a company to have a model that can be used to predict employee safety compliance. The model should be based 
on readily accessible company data, validated, and used to pro-actively reduce the occurrence of injuries/accidents 
that are due to lack of compliance. 

The objective of this research was to develop a model to predict the safety compliance of employees based on 
specific characteris.tics of the worker and \Vorkplace. Factors that were included in the study were: perception of 
management commitment to safety, job tenure (number of months/years in the job with the company), history of 
injury, perception of physical exertion associated with the particular job tasks, gender, age, and risk perception. 
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METHOD 
Participants · . · . . . . . . . 
The participants were employe·es at a consumer lighting manufactunng fac1hty located m M1am1, Flonda. The 
sample group was composed of 140 employees who were represen~tive of five departments each with a v~riety of 
job functions. The age and gender of the employees were collected m surveys and _reflected the demograp_h1cs of ani· 
general working population in a metropolitan area. Th~ n_umbe_r o_f em~loyees vaned per departm_ent as_ d1_d the 
number of years of work experience workers had at their Job w1thm their department. Each function w1~hm each 
department had ·unique PPE requirements that were required by OSHA and thus were a mandatory reqmrement of 
their employment (see Table 1). 

Data Collection 
Two surveys were used to collect data about the worker/workplace. An objective data survey collected infonnation 
such as worker demographics, employment history, and information about past injuries. A subjective data survey 
collected data on the workers' perception of management's commitment to safety using a five-point Liken scale, 
their perceptions of the job's physical requirements using the Borg CR-10 scale (see Borg,. 1990), and personality 
profile using the risk-taking module of the Johnson Personality Inventory - Revised (JPI-R). 

Table 1 ." Summary o fPPE reqmrements _Qer epartmenta 10 tas s d l. b k 

Department PPE Requirements 

Decorators Belts, Apron, Nitrile gloves, DusJ mask, Safety glasses 

Sprayers Belts, Apron, Nitrile gloves, Respirators, Safety glasses 

Material handl,ers Belts. Heavy duty gloves 

Assemblers Safety glasses, Belts 

The JPI-R scales are reported in normalized scores from one to one hundred. The risk-taking scale measures four 
facets of risk-taking behaYior: physical, monetary, social and ethical. On the risk-taking scale. a low score indicates 
a person who prefers to be more cautious in their approach to life. A high score indicates an individual who is prone 
to exposing himself or herself to situations having uncertain outcomes. 
· The surveys were distributed by the department Group Leads and were collected by management. The Safety 
Engineering function did not distribute the surveys so as to prevent potential biases as a result of their presence. 
Surveys were distributed just before the workers too_k their lunch break. This was a time when workers' perceptions 
should have reflected the exertions required by their tasks . 

Measuring Compliance 
Employees' complianct; was observed during the normal performance of their tasks. Recording methods were 
unobtrusive and discreet so that employees were in their true enYironment with no external influencing factors. 
All employees should have been utilizing their PPE as they are pan of the work requirements. However, a 
qepartmental inventory was conducted ·a week prior to the commencement of the evaluations to ensure that PPE 
were available throughout the survey period. The PPE used were the same that had been used in the specified 
departments for at least five months. No new or modified PPE were introduced to reduce the potential for 
influencing employee behavior. · 

The panicipants' behavior was examined for compliance with the job specific PPE requirements. Each employee 
was observed, on five separate occasions at. random intervals. The employee was given a score according to the 
number of observations in which he or she was in full compliance. This adherence to I 00% PPE usage is strict 
because any non-compliance with PPE requirements would have been considered a violation by current Federal 
regulations. · 

RESULTS 
Survevs 

Table 2 shows the means, standard deviations, and rang~s for the results of the demographic and perceptual 
questions in the survey. Workers' ages. ranged from seventeen to seventy-eight years with a mean of forty-three 
years. This represents a very wide range of ages for the included workforce. Workers' tenure at their current 
position ranged from two months to over twenty-one years with a· mean of forty-two months. 
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Thirty-three percent of the workers surveyed reported that they had experienced a work-related injury in the past. 
This is typical for a labor intensive manufacturing workplace such as in this case. Using the Borg CR- IO scale, 
workers' perceptions of the physical exertion required of their jobs ranged from one to ten with a mean of 5.7, 
corresponding to an exertion of 'strong'. Given the range of jobs included· in the survey, it was expected that the 
entire range of .the Borg CR- IO scale would be used. The high average perception was expected because of the 
labor-intensive jobs ~at were survey"ed. 

On a five-point Likert scale measuring workers' perceptions of management's commitment to safety. workers 
responses ranged from one to five with a mean of four. In general, workers reported high perceptions of the 
commitment to safety of the management of this company. The risk-taking scores on the JPI-R Inventory ranged 
from thirty-seven to seventy-six with a mean of fifty-eight. This range is typical of a diverse population. The 
workforce included in this study is a representative cross-section of the U.S. manufacturing workforce in terms of its 
risk-taking personality profile. 

Relationship Between Demographic and Perceptual Parameters and Compliance 
As expected, there were significant relationships between some of the demographic and perceptual parameters and 
compliance (see Table 3). Workers with a history of workplace injury were more likely to comply with PPE 
requirements than workers who had never experienced a workplace injury. There was a mixed relationship between 
perceptions of physical exertion and compliance. Some workers who perceived that their job tasks were physically 
difficult were more likely to comply than the average whereas some were less likely. This result is further discussed 
below. Perceptions of the company's commitment to safety were related to compliance. Workers who perceived 
that company management cared about their safety were more likely to comply with PPE requirements than were 
workers who did not have this perception. Risk-taking was related to compliance. Workers who scored high on the 
risk-taking module of the JPI-R were less likely to comply with company PPE requirements than those who scored 
low on the scale. For a full statistical analysis of these results, see Diaz (2000 ). 

Table 2. Age, tenure. perception of exertion, and perception of company 
fi fi O h commttment to sa etv or 14 employees w o were included in the study. 

mean SD Range 

Age (years) 43 l 11 17-78 
I 

Tenure lmonths) 42 40 2-258 

Perception of Physical Exertion (Borg 5.7 2.5 

I 
1-10 

CR-IO scale) 

Perception of Company Commitment to 4.0 1.1 1-5 
Safety ( 5 point Liken scale) 

Risk-taking score (JPI-R) 58 IA 37-76 

T bl 3 s· 'fi a e 11m1 1cant p earson C l . orre at1ons b etween eac pair o t e actors measure h f h f: mt e stu 1y. d . h d 
Work 

Experience 

Age 

History of Injury I 
Perception of Physical 
Exertion 

Perception of Management 
Commitment to Safety 

JPI Risk Taking Score 
Compliance 
. ' 

•• s1gmficant at the p < 0.05 level 
significant at the p < 0.01 level 

_343· 

.297. 

-.192° 

-.214° 

Age 

--

I 
-.2 l 8 

i 

History Perception Perception of Gender 
of Injury of Physical Management 

Exertion Commitment 
to Safety 

--
--

-.249 .. --

. . 303. _.440·· 

.272. -.197 
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DISCUSSION 
This study has many -implications for the monitoring and enforc~ment of workplace ~afety regulatio~s as ~·ell as the 
design of safety incentives and -compliance programs. PP~ req~1rements are determmed by t~e phys1~al nsk of the 
job in conjunction with OSHA standards. However, cons1~erat1on of ~e worker demog~p~1cs and history may be 
important in how these rules are enforced. Perhaps compliance can be mcreased b~ mo?1fy1~g the _safety procedures 
surrounding use of PPE for workers who have higher risk pro~les, such as !hose with high nsk takmg scores, long 
tenures and no history of injury. Monitoring and safety education can specifically target those workers who are less 

. likely to comply. Care must be taken not to create different in~en~ives or worke~s will be encouraged_ to exp~rience 
an injury in order to receive greater future incentives, but momtonng and education can be targeted d1fferent1ally. 

Direct effects on compliance 
The results of this study indicate that the gender of the employee and his or her perception of management 
commitment to safety had direct effects on safety compliance. Workers with higher perceptions of management 
commitment to safety had higher compliance with PPE regulations than those who had lower perceptions. This can 
be linked to a study by Fleming, Flin, Mearns and Gordon ( 1998) that correlated workers' risk perception with 
satisfaction with safety measures. Thus high satisfaction with safety measures, which is indicative of management 
commitment to _safety, leads to higher compliance. · 

From a practical perspective, it may be cost effective for management to maintain a high perception among the 
, workforce that it cares about safety. This can lead to increased compliance and thus fewer injuries. In order to 
. achieve this high perception, management should demonstrate their support of and commitment to new and existing 
safety programs. It may also be beneficial for a company to regularly survey employees' perceptions of its 
commitment tp safety. When indications of low perception are documented, corrective measures can be taken to 
reverse the effect. . This relationship may even be greater than that found here because the subject company had 
recently establisheq a formal safety program after many years of poor safety practices. Workers may not have fully 
realized the link between.compliance and safety. 

Gender was also found to be a significant factor in this study. In general. females had higher compliance with PPE 
safety regulations than males. When implementing a safety program. it is important to consider the demographic 
characteristics of the group. While it is not feasible , practical, or legal to hire based on. or biased by, gender in order 
to achieve compliance, a workgroup consisting of a majority of males may require a more stringent safety program 
and a higher level of supervision in order to maintain compliance and a safe work environment. 
Alternatively. this result might be attributable to the requirements of the task. Females had more direct contact with 
chemical exposures. This exposure may have reinforced the need for compliance. On the other hand, males had 
more jobs that involved the use of machinery that had a greater variety of safety requirements with which to comply. 
This variety may have decreased compliance rather than the worker's gender itself. This is consistent with a study 
by Deguire and Messing { 1995) addressed in a paper by }S.irschenbaum. Oigenblick. and Goldberg (2000) where 
they attribute the high incidence of injuries among men to their typically higher exposure to risky job activities than 
females . More research is necessary where variability 1n job tasks can be controlled. 

Other potential relationships 
Though it did not reach significance in this study, further ·investigation of the effects of perceptions of physical 
exertion on compliance is necessary. Workers may use the physical difficulty of their jobs as an excuse not to use 
their PPE because the cost of compliance is increased due to fatigue. However, this is particularly dangerous 
because those workers who are already fatigued are more likely to experience an injury because of a reduction in 
motor control (Santos and Resnick 1999). For these workers, safety training and education can include knowledge 
of this added risk. 

This investigation showed that workers who had higher perceptions of the physical exertion of their current job task 
had higher risk perception than those who had lower perceptions of exertion. As stated by Dahl back ( 1991) 
individuals who are bold (high-risk takers) have more injuries than those who are cautious. Therefore, to have a 
consistently low injury environment. emphasis needs to be:placed on increasing the risk perception of hazardous 
~ctiYities. The pr~sent s_tudy found that t~is can be achieved in pan through increasing the physical perception of 
Job tasks. In practice, this could be used as a tool for job placement from an injury reduction perspective. Employees 
~ould be placed in jobs where their physical perceptions accurately reflect the risk of the job. Additionally, it could 
'be used to direct training requirements to increase workers' knowledge of the risks involved in physical exertion. 

254 



Tenure was also related to risk perception. Workers with longer tenures in their current job task had lower risk 
perception than those who had shoner tenures. It seems that as workers remain in their jobs for longer periods 
without injury, they become inured to or l.ess aware of the risk involved. In low attrition environments, a company 
might need to emphasize retraining to insure that workers remain cognizant and respectful of their job risk. 
Perception of management commitment to safety was also found to decrease with tenure. Those employees who had 
been longer in their current task had a lower perception of management commitment to safety than those with 
shorter tenure. This could be a result of past experiences of high tenured employees who previously had no exposure 
to formal safety programs. They may have built a low perception of management commitment to safety and were 
not convinced by the new focus on safety. The same result could take place in companies that have had a history 
of unsuccessful safety programs, thus creating a low perception of management commitment with higher tenured 
employees. Changing this perception may be more difficult than simply adding a new safety program. 
On the other hand, the opposite may also be true. If a company maintains a consistent effon to support a visible 
safety culture, the effect on perceptions may be robust across many safety initiatives, even if some of them are not 
successful. Further research to evaluate this potential is necessary. 

Additionally, it was found that employees with a history of injury had a lower perception of management 
commitment to safety, than those who did not have a history of injury. This is compatible with a recent study by 
Kirschenbaum, Oigenblick, and Goldberg (2000), who discovered that those employees with a frequent history of 
injury attributed it to a lack of safety conditions and management practices. It may be the case that once an 
employee becomes injured, they may Uustifiably or unjustifiably) fault management for their injury, thus lowering 
that employee's perception of management commitment to safety. This can become a downward cycle as workers 
who are injured reduce their perceptions of management commitment to safety, and thus are less likely to comply 
with safety rules, thus increasing their risk of additional injuries in the future. 

Conclusion 
The development of innovative safety programs is of current interest to many companies because compliance has 
been identifi~d as a critical issue in the cost effectiveness of safety programs. In order for safety programs to 
maximize the reduction of injuries, it is necessary to identi fy and understand the factors that lead to safe behavior 
and those that lead to risky behavior. Each worker's behavior is going to be motivated by a complex set of inputs 
ranging from internal factors such as personality and gender to external factors such as management and coworker 
practices. These results indicate that gender and perceptions of management commitment to safety are two of the 
factors that directly affect compliance. Other factors may also play a role. 
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ABSTRACT 

The manufacturing system design problem _represents a company considering the choice of design with any kind of 

system attributes to be optimized. This paper is concerned with development of a performance evaluation model for 

a material handling system in cellular manufacturing system based on multi-attribute analysis method. We used the 

multi-attribute analysis methods, AHP(analytic hierarchy process) and fuzzy set ranking methodologies to overcome 

the special decision problems ; those of multi-objective, multi-criterion, and multi-attributes. We proposed a 3-step 

approache as : 1) Define the performance factors, 2) performance evaluation, and 3) integrate the evaluation results. 

Also we developed a systemic and practical computer program to solve the problems using the proposed methods. The 

proposed approach has been known to be effective through computational experiments. 

I~TRODUCTION 

The purpose of this study is to develop a performance evaluation or material handling systems in the view of 

multi-objective evaluation. A great deal of research has been under taken to determine the proper tools for 

performance evaluation for example operations research. mathematical models and decision theory, while these 

technologies provide invaluable methods in the view of multi-dimensional goal and multi-attribute analysis. Most of 

the conventional concepts used by manufacturing evaluation models do not seem to appropriate for modeling the kind 

of manufacturing systems which have the multi-attribute characteristics. They are : effectiveness. efficiency, quality, 

productivity. innovation. profitability, and quality of work life . Recently a new multi-attribute analysis method is one 

of the evident areas of important points : 1) improved quality. 2) increased flexibility. 3) reduced inventory, 4) 

organizing along production line. 5) increased automation. and 6) more effective use of information. This paper is 

concerned with development of a performance evaluation model for the material handling system based on 

multi-attribute analysis method. We used the AHP(analytic hierarchy process) and fuzzy set ranking methodologies to 

overcome the special decision problems; those of multi-objective. multi-criterion. and multi-attribute. We proposed a 

3-step approach as : 1) define the performance factors. 2) develop performance evaluation. and 3) integrate the 

evaluation results. We developed a systemic and practical computer program to solve the problems in the proposed 

method. Computational experiments are then performed to manufacturing system and show the effectiveness of the 

proposed model. 

PERFORMANCE EVALUATION PROBLEM OF MATERIAL HANDLING SYSTEM 

Generally material handling systems have a variety of attributes ba_sed on automation level , flexibility of production, 

and tools. One of the important points of decision making for a material handling system is a performance evaluation 

by multi-attribute analysis method . For example problem, a material handling system of oil pan production factory of 
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which major facilities are : 3 CNC machines, a milling machine, boring machine, multi-spindle, and drill. The 

production lot size is given by.120 units. Figure I shows layout of this factory. 

D
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Finished 
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Casting 

CNC Drilling 
Multi- Spindle and 
Tapping Machine 

) 
CNCMilling 
Machine 

(Raw Material) 

Figure 1. Layout o(Example Factory 

CNC Boring 
Machine 

SYSTEM PERFORMANCE EVALUATION USING MULTI-ATTRIBUTE ANALYSIS METHOD 

In_ this study we used the following three multi-attribute analysis methods : I) aggregate logistic model which 

integrates the ai:ialysis results considering reasonable weight values. 2) Saaty's AHP, analytic hierarchical process. 3) 

fuzzy set prior_ity method. Figure 2 shows a three-step approache using the above methods. 

Step 1 _: Select factors and analysis method 
., Evaluation Factors of System 
- Multi-Attribute Analysis Method Selection 

~ 

Step 2 : Evaluation by Attribute 
- Fuzzy AHP : Fuzzy An~lytic Hierarchical process 
- Multi-Attribute Utility Function Method 

~ 

Step 3 : Integration of Evaluation results 
. - MRM : Majority-Rule Method 

Figure 2. Three-Step Performance E\'aluation Model for Material Handling System 

Evaluation Factors and Method 

Evaluation factors and method can be determined based on the system attributes and experiences of evaluations. We 

considered all twenty factors in 5 areas as i_n Table I. To determine the weighted values of factors we used AHP and 

fuzzy set priority method. For the total object we construct a multi-echelon structures of decision process as Figure 3. 

~ 

Y, 
I 

T T 

X I X2 

Evauatbn o b~ct(T) 
I 
I I-
T T 

Y~_ y 
3 

I 
T T ~ : - ~ 
X 6 X7 X8 X9 

Figure 3. Multi-echelon Structures of Analysis 
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Analvtic Hierarchv Process, AHP 

For the performance evaluation of material handling system we used a multi-echelon and multi-attributeanalysis 

method, AHP(Zahedi 1986) by 4 steps as following: 

Construct a hierarchical structure 

Pair wise matrix of decision factors 

Compute the weighted value 

Consistency analysis 

Hierarchical structure of example factory is shown in Figure 4 

Overall Objective 

Figure 4. Hierarchical Structure for AHP 

Fuzzv Set Prioritv !\1ethod 

- .:i ... : 

The theory of fuzzy sets has extended traditional mathematical decision theories so that they can cope with the kind of 

vagueness which cannot adequately be represented by probability distributions. The model for this study had a limited 

capability to study the fuzzy set priority that could be obtained from the summed frequency matrix of Shannon method. 

The fundamental concept of fuzzy set priority relation R was derived from result by Shannon method. From the 

Shannon's summed frequency matrix for complementary cells. Aij and Aji, an additional fuzzy set matrix was made by 

considering Aii = 1 - A Ji for all cells. The fuzzy matrix complement cell values sum to 1 and fuzzy set difference 

matrix is defined as follows: 

R- RT = U(A, B) - U(B, A), if U(A, B) > U(B, A), 

= 0 otherwise 

where for U(A. 8) quantifies. A is preferable to B. 

To obtain fuzzy preferences,. following five steps are considered : 

Step l : Find the summed frequency matrix ( using Shannon method ) 

Step 2 : Find the fuzzy set matrix R which is the summed frequency matrix divided by the total number of evaluators 

Step 3 : Find the difference matrix 

R - RT = U(A, 8) - U(B, A), if U(A. B) > U(8, A), 

= 0 otherwise where for U(A, 8) quantifies, A is preferable to B. 
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Step. 4 : Determine the portion of each part 

Step 5 : The priority of the fuzzy set is then the rank order of X ND values in decreasing order. 

Computer Program Development 
The computer program was developed using C-language through the use of the module based tool and applied to thi 

. example problem of material handling performance evaluation. The computer model for this research emphasized the 

flexibility of programming options as well as future operational flexibility for the 
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Figure 5. Schematic Flow Diagram of the Proposed Model 

improvement. The schematic flow diagram of the model is shown in Figure 5. The flexibility of the model 

encompasses the wide v~riety of ar.eas to provide the methodology tools to permit exploration research in such areas as 

fuzzy set priority, preference scoring constants, and comparative aggregation methodologies. Table 2 presents the 

comparison of sample runs between five majority-rule methods and fuzzy set priority method. 

MODEL APPLICATION 

We applied this model to a material handling system as shown in Figure l and used the evaluation factors of Table I. 

First we determined weighted values by eigenvectors of AHP and also by fuzzy set priority method. Table l shows the 

comparison ofresults of both AHP an_d fuzzy set priority method. 

Table 1. The comparison of results of both AHP and fu~zy set prioritv method. 

Priority 1 2 3 · 4 5 

Fuzzy Priority Fl F2 f-3 F5 F4 
0.224 0.167 0:167 0.205 0.231 

AHP Priority F2 Fl F3 F4 F5 
0.182 0.170 0.216 0.205 0.227 
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Table 2 shows the results of evaluation factors of all the factors and sub-factors. 

Table 2. The results of evaluation factors of all the factors and sub-factors 

Evaluation Factors Weighted Value 
• Maintenance 0.182 

• Flexibility 0.170 

• Profitability) 0.216 

• Producability 0.206 

• Quality) 0.227 

SUMMARY AND CONCLUSIONS 

A three-step approach performance evaluation model for a material handling systems in the view of 

multi-attribute evaluation. We used AHP an,d fuzzy set reasoning and programmed for the convenience of 

user 's. We applied this model to the material handling system ofoil pan production factory with twenty 

evaluation factors in 5 areas. The sample results of both AHP and fuzzy set reasoning method are shown 

that the proposed model to be good methods for the performance of multi-attribute and multiple goals. 
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AND VEHICLE PLANNING 
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ABSTRACT 

This study develops an integrated supply center design and performance evaluation for detennining optimal 

panems of supply centers and inventory allocation. This research addresses the formulation of these complex 

two-echelon logistic system problem incorporating resource allocation and optimal delivery based on minimizing 

the amount of shortage and damage from shortage of supplies and travel distance or time. The solution method 

developed to solve the problem applies a three step sequential approach, these are : 1) first step, supply center 

location and inventory allocation using stochastic set-covering problem. 2) second step, optimal sector-clustering 

to support the unit forces , 3) third step, optimal vehicle route scheduling based on genetic algorithm. Also, we 

have developed computer programs and have shown the results. 

INTRODUCTION 
This study considers an integrated design of multi-echelon structured logistics system. The integrated logistics 

system is consisted of a set of customers with demands and possible locations of warehouse and distribution 

centers (W ID) with their service capabilities. In this study we design a network which satisfies the demands by the 

minimum number of warehouse and distribution centers. Figure 1 shows a schematic diagram illustrating the 

multi-echelon structure of proposed logistics system. In this research. the design problem and resulting models are 

gi\'en by the name integrated design of supply-chain logistics system. The integrated model considers all the 

relevant factors in adjacent two-echelon structure and their interactions in a simultaneous fashion. 

O~O-··O 
Plant Warehouse I 

Distribution Center 

~ [il 
Customer 

Figure 1. Multi-Structure of Logistics System. 

Multi-echelon model accounts for the possibility of more than one level of warehouse and distribution centers 

between plant and customers as in Figure 1. Figure 2 shows two-steps of logistics system design which is a 

procedure for logistics system design from customers to the upper-echelon, plant. 

· Step I : Sector-Clustering Module 
• W/D Ccntc~ Customer 
• W/Q Centers Location 
• Stochastic Set-covcnng Problem 

!J - GUI -Type 

h Program 
Development 

Step 2 : VRP. GA-TSP Module - Integrated 

• W 'D Center¢=> \\" D Center :.; Log istics System 
• Veh icle Route Schedu ling 1-, Des ign 

____ •_w_1_D_c_e_n_te_rs_c_a_p_a_c1_t,_' _________ !: -______ _, 

Figure 2. Two-step Model of Logistics System Design 
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LOGISTICS SYSTEM DESIGN (Step 1 ) 

Determine W/D Centers Location Using Stochastic Set-covering Problem 

The objective of this study is to determine the minimum number of W ID centers among a discrete set of possible 

location sites considering the probability of each customer to be covered is not less than a critical value(required 

service level) in a ~o-echelon logistics system. We formulated this problem using stochastic set-covering 

problem which can be solved by 0-1 programming method. 

Mathematica] Formulation 

To formulate the problem, we define following terminologies : 

R; ( XR;. YR ;) : Location ofr~tailers, s 1 ( XS 1 , rs 
1

) : Possible location of supply centers 

FiJ (R;, S 1 ): Logistic cost incurred between Ri and s 
1 

, A; : Required service level, 

bi: Demand at Ri, a; : Demand change(increasing or decreasing) rate 

Dist(R;, SJ): Distance between Ri and S 1 , Tim(Ri, SJ) : Travel time between R; and s 
1 

When we consider the logistic service level as a random variable state, a probabilistic formulation Pl is given as: 

Pl : Minimize f. X J 
)=I 

Subject to f. a i.J · X 1 ~ 1, for all i = l,···,m 
J = I 

X 1 = (0, 1), for all j = l,···,n 

·where , · · [ 1• 
'Q .. = 

I} 0, 
(( 

if 

Pr ob(F~ SA,) ~ r, 

othe,...·ise 

This problem can be solved by a 0-1 programming algorithm. The covering coefficient au in Pl is determined 

under the assumption that a W ID center is always in available state. The assumption can be relaxed by considering 

the probability of a supply center being in available _state. Let b 
1 

= Prob.( SJ is in available state), and 

Pu=Ptob.(Ri isc~veredby S1 ), then, P;1 = .aub1 , and qi.J =1-Pi.J, 

thus, Prob.[ R, is covered by some of the available supply centers]= 1- n qi.J 
J=Otx) 

where, 0(X) = (j Ix~ = 1. · J = ·l. · · ·.n). The first constraint can be transformed as follows: 

I - _ TT qi.J =l-I7(qiJ)X
1 

~I;, . for R, . i = 1~···, m, thus, 
J=O(x) 1 =1 

I - 17 (q i.J )X J ~ 1 - /, , taking a logarithmic 
J= I 

n 

transformation, - I(log qu)X1 ~-log(l-(), Let su=__:logq,:;, and Wi =-log(l-(), then, Pl can be 
)=I 

reformulated as ; 

P2: -. Minimize f x 
1

, 

J = I 

Subject to f_-s i.JX
1 
~ W;, for i = 1;. . .. m 

)=I 

X 1 = (0,1), for all j = 1,···, n ._ · 

This is the form of standard 0-1 programming and can be solved by an appropriate algorithm(Grefenstette J. et., 
1995) 
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Computational Results ofW/D Centers Location(Step 1} 

A set of example problems are solved with ten potential locations ofW/0 centers and fifteen customers. Without 

the loss of generality the coordinates of these locations and the demand rates for each customers are generated 

from the uniform distribution in th~ open interval (0,50) and (0, l 0) respectively. The results are .shown in Table I, 

and also depicted in Figure 3. 

Table I. Optimal supply centers in case of ameliorating items. (Ix 1 , No. of alt.) 

4 

IF 

IF 

IF 

Req. Service 
Level. A 0.00 

350 (3, 1) 

300 (4, 1) 

250 (5, 6) 

200 IF 
150 IF 
100 IF 

A, j 

350 

300 4 

250 

200 

150 

100 7 

Demand Increasing Rate 
0.05 0.10 0.15 

(2, 8) (2,28) (1, 1) 

(3.24) (2. 7) (1. 1) 
(4, 1) (3.18) (2, 1) 

· (5. 3) (5.32) (3,24) 
IF . IF (4. 2) 

IF IF IF 

4 

Infeasible Solution 

Non-Change 0 .00 0.05 0 .1 

0.20 

(1.10) 
(1.10) 

(1.10) 

(2.11) 

(3.11) 

IF 

4 

0 .15 0.2 

Figure 3. Sample results of Stochastic Set-covering Problem 
DemandlncreasingCase(b

1
=0.9, J=l ··-.10, r; =0.9) 

Demand 
Increasing 
Rate 

VEHICLE ROUTE SCHEDULING OF LOGISTICS SYSTEM (STEP 2) 

From step I, we decided the minimum number and locations of W ID centers to supply with a required service 

level for customers. In this section we developed an integrated YRP model based on an improved saving algorithm 

and genetic algorithm. In this research. we proposed an extended GA for YRP-type problem by improving the 

search process for population of solution and operators such as crossover and mutation(Lin. S. Kernighan, B. 

W..1973). We develope~ GUI-type(graphical user interface) program based on object oriented programming 

method. For the user's convenience, this model is consisted of three sub-modules as : 1) Clustering module, 2) 

YRP module and 3) GA-TSP module. Figure 4 shows the 3-step approach for the proposed method. 
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1: Clustering Module 
- Data input 
- Transfonn the Multi-W/D centers problem into 

single W/0 center problems by Clustering Algorithm 
- GUI-type ~ ~ 

2 : Improved VRP Module 
Programming 

- Vehicle routing considering vehicle type, and capacity 
- System 

- Vehicle routing considering travel time constraints 
....IL.. Integration 

3 : GA-TSP Module ~ 

- TSP module based on GA M 

- Improving GA operators for TSP 

Figure 4. 3-step Approach of Integrated VRP-Solver 

Fo·r the computational purpose, we developed a GUI-type computer program according to .the proposed method. 

The computational results show that ihe proposed method is very effective on a set of standard test problems and 

it can be potentially useful in solving tpe vehicle routing problems. 

INTEGRATED VRP-SOLVER 

GUI-Tvpe Program 

Wf! developed· an integrated VRP-Solver for multi-echelon logistics systems design which is consisted of three 

module·s ; sectpr clustering, VRP, and GA-TSP. Figure 5 shows a schematic structure of integrated VRP-Solver. 

The proposed VRP .. So!ver provides various functions for sector-clustering, VRP and GA-TSP and especially 

emphasized on user convenience. object oriented outputs, and integration of various vehicle routing inputs and 

outputs in multi-W ID center logistics systems. 

Sector 
Clustrrin~ 

VRP-Solver 

. Figure 5. Schematic· Structure of Integrated VRP-Solver 

In this research, we used GA approach for which we improved more efficient operators and for the computational 

purpose of proposed GA method we developed a computer program by the form of GUI-type. 

Applicati_on of Integrated VRP-Solver 

The model is applied to a hypothetical supply problem for 50 customers and with 4 W ID centers. The total 

available amount of supplies is given by 1200 units while total amount of demands for these customers is given by 

824 units. The locations of W/D centers and customers are shown in Figure 6. 
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Figure 6. Sample Result of Sector Clustering( 4 W/D centers and 50 Customers) 

Table 2. Sample Results of Clustering 
W/D center Clustered Customers Demand Total(unit) 

W ID center t: 1 I 0-18-34-41- l-30-24-46-45-38-25-23 207 

W ID center #2 19-47-l l-21-5-36-22-50-39-35-8-42-12-37 249 

WID center #3 l 6-20- l 7-3-49-48-9-2-4-28-44-29 181 

WID center #4 27-43-31-3-7-l 5- l 4-6-26-40-13-33 187 

Total I - 50 I 824 

For the VRP module. we use a hybrid clustering algorithm which is based on Clark and Wright's sa\·ing algorithm 
and the Gillet and Miller ·s Sweep algorithm. Figure 7 shows a sample output ofVRP and GA-TSP module . 

...... . 

J ■H ••- ·-l • Jl a.... .,) o -..• •1 11" :••~.»:~ .. 
l N R-...• • • \ 11 •' :• •-. • .' "VI ., Pt•~ ,,: » >••~or.A• . 1· ,n, ,i> •,••- · ,,u-.c 

I •~R-- .2,•,1>iJ:t1 1•~:;1Q1).,:i 

Figure 7. Sample Output ofVRP and GA-TSP Module( 4 W/D centers and 50 Customers) 

Table 3 shows the comparison of the best solutions of three approaches in terms of total travel distance and 

number of generation. It is known that the proposed approach is potentially efficient and useful in solving 

VRP-type problem especially for the prob_lem with a large number of nodes 
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Table 4 Comparison of Best Solutions ( ) : Number of Iteration 

~ N Heuristic 1 Heuristic 2 Proposed Model 

10 150(850) 150(450) 150(319) 

30 454(950) 455(4950) 451(948) 

50 558(1150) 579(4990) 549(1378) 

99 1682( 4450) . 1719(12450) 1368(1752) 

Legend : Heuristic 1 : TSP-Solver by Victor M. Kure1ch1k( 1995) 

Heuristic 2 : TSP-Solver by Sugai( 1995) 

SUMMARY AND CONCLUSIONS 

. The imponant logistics systems design decisions include inventory allocation, vehicle routing problem and 

supply effectiveness. In this paper we described and evaluated an multi-echelon logistics system design problem 

considering customers, W ID centers and plant. We developed an integrated logistics system design program so 

called "Integrated VRP-solver" using improved GA operators and GUI-type programming. The proposed model 

is consisted .of three modules: sector-clustering module, VRP module, and GA-TSP module. We applied this 

proposed model to multi-echelon logistics system design as the form of a two-echelon structure and applied from 

· the lowest echelon (customei:s) to the highest echelon (plant) s~ep by step. It was found that the proposed model is 

potentially efficient and useful in solving multi-echelon logistics systems design problem. 
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ABSTRACT 
This paper proposes a new approach for minimizing intercell part flows in cellular manufacturing. Two types of 
production data-based part-machine incidence matrices are developed to reflect the real-field data such as the 
operation sequences and production volumes of parts and applied with a mathematical model using the new 
incidence matrix. 

INTRODUCTION 
Group technology(GT) is a scientific principle for improving the productivity of batch-type manufacturing 
systems by identifying and exploiting the s~milarities of product design and manufacturing process. Cellular 
manufacturing(CM) is an application of GT to manufacturing. In CM, a set of machines called the machine cell 
is identified to process a set of parts called the part family. The fundamental step for implementation of CM is 
the cell formation(CF). 

Given m machines processing n parts, the processing requirements of the parts are commonly 
represented by an n x m _binary part-machine incidence matrix(PMIM) A(= [aij ]) where the element aij 
is l or 0 depending on whether or not part i requires processing on machine j . Grouping of machines 
into cells and parts into families is equivalent to block diagonalizing a binary PMIM so as to minimize 
exceptional elements or maximize cell independency. The l entries outside the diagonal block are the 
exceptional elements that represent the intercell flows of pans, which decrease the efficiency of CM systems by 
increasi!')g material handling requirements. lengthening flow lines. and complicating production control. Thus. 
minimizing intercell flows of parts is fundamental to achieving many of the benefits associated with 
CM(Chu[l]). 

Most of the methods based on binary data assume that each part is manufactured in equal volumes and part 
routing information provides unordered listing of the machines required to process each part. As a result, the 
rearranged block diagonal matrix does not provide the information of actual intercell flows of parts since a I 
entry outside the diagonal block can indicate more than one intercell flow depending on the type of operation 
and the volume of that particular part being processed(Harhalakis et al.[2]) . To find actual intercell flows , 
therefore, both operation sequences and manufacturing volumes of each part should be incorporated into the 
analysis of CM systems. Lee and Garcia-Diaz[J ). Wu[➔]. Nair and Narendran[5], and Wick and Reasor[6]) 
proposed the cell formation methodologies reflecting the operation sequences and production volumes of parts. 
But none of the methods have explicitly provided the actual-flow PMIM that replaces the classical binary PMIM 
by incorporating both the operation sequences and the production volumes of parts. In this study two types of 
production data-based PMIM's are developed to reflect the real-field data such as the operation sequences and 
production volumes of parts and applied with a mathematical model using the new incidence matrix . 

Nomenclature 

n 

m 

p 

j 
k,l,q 
L.r 
VJ 
Le 

TYPE I PRODUCTION DATA-BASED PMIM 

number of parts 
number of machines 
prespecified number of cells 
index of parts taking from I to 11 

index of machines taking from l tom 
indices of cells(fam11ies) taking from I top 
lower limit on part family size 
upper limit on part family size 
lower limit on machine cell size 
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Uc 
A{=[aij]) 
E 
ni 

r 
RiJ 
d; 

fijr 
B(~ [biJ]) 
C(= [ciJ]) 

X;k 

YJk 

upper limit on machine cell size 
binary PMIM 
= { ( ;., J) I aiJ = 1} 
total number of operations required for part i 

. index of operation sequence number taking from I to ni 

set of the operation sequence number along which part i visits machine j 

production volume of part i 
1 if r is I or ni ; 2 if r is neither I nor ni ; 0 otherwise 
type I production data-based PMIM 
type II production data-based PMIM 
1 if part i belongs to family(cell) k; 0 otherwise 
1 if machine j belongs to cell k ; 0 otherwise 

Construction of the type I production data-based PMIM indicating actual flows to or from machines by 
individual part is indebted to Nair and Narendran's part family formation rule[5] which computes the travel
count of each part to cells given the machine cells. Since an intermediate operation on a part performed outside 
its cell involves two intercell flows while the first or last operation requires one such _flO\v, the actual flows to or 
from machine j by part i accompanied with the production volumes of each part is calculated by 

. biJ = L fiJrd; 
reRiJ 

and the sum of part flows is defined by 

n 
I Max(n; -1, l)d; . 
i=l 

Exceptional elements of the type I production data-based PMIM show the exact amount of intercell flows based 
on the operatien sequences and production volumes as well as the processing requirements of each part if each 
bottleneck part require~ processing on a single machine outside the diagonal block. This immediately leads to 
the following observation: · 

Observation 1. The sum of exceptional elements in type I production data-based PMIM gives an upper bound 
on the total intercell flows . · 

From observation 1, a mathematical model that seeks to minimize the actual intercell flows can be constructed 
ihrough a slight modification over the objective function in Boctor model[7] that aims at minimizing the sum of 
binary exceptional elements can then be formulated as follows: 

Minimize 

subject to 

_I: bij[I(u;kj+v;kj)] / 2 
(i.j)e£ k=I · · 

p 
'f: X;k = 1, i = 1, · · ·, n 
k=I 

ll 

L f ~ L x ik $ U f. _k = 1, · · ·, p 
i=l 

p 
LY Jk 11f 1, J = 1, · · ·, m 

kcJ $ I. y Jk $ u c , k = 1, · · ·• p 
J=I 

X;k - Yjk + llikj - "ikj = 0, k =I,···, p; (i, j) e £ 
X;k ~o. i=!,· ... n;k=l,···,p 

YJk = 0 or l. j = l, · · ·, m; k = l, · · ·, p 
U;kj , V;kj ~ 0, k = I,·· · , p;(i,J) e £ . 

TYPE II PRODUCTION DATA-BASED PMIM 

(I) 

(2) 

(3) 

(4) 
(5) 

(6) 
(7) 
(8) 

(9) 

Since the type I production data-based PMIM may not indicate the actual intercell. flows by individual 
bottleneck part if some bottleneck · one requires processings on two or more off-diagonal blocks, the type I 
production data-based PMIM needs to be revised so that the resulting PMIM reflects the actual intercell flows 
by bottleneck parts. _Type II production data-based PMIM C( = [ c ij]) that reflects the exact intercell flows by 
each bottleneck part can be constructed in the following manner: 
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1. For each block diagonal element, set cij = bij. 
2. ian:c~p~onal ~'1:mcpJ . bij whose part i belongs. F felJ, k and whose machine J. belongs to cell 

/(~ k , d iit \;y,telc6fupttiin""g the intercell flows to or frorit ma~liine j by pan i as follows: 
r tJ q-.,.. . 

cij = L <=tr-l +ztr+l )d; + L f (zt-1 +:fr+l )d; if k <I< P 
reRii rr:Rii q=l+I 

where tt ifzf if
1
the~ o~ration of pan i requires processinif ~aclpne in cell / or 0, otherwise. It can be ,.r- 1.r+T r- k 

notice Et~t smce an exceptional entry c iJ whose part i belongs to cell and whose machine j 
belongs to cell / considers the actual flows to or from the cell / with the cells k . 
I+ I, / + 2, • • •, p, the sum of exceptional ci/ 's in matrix C exactly indicates the total amount of actual 

intercell flows. Thus. we have constructed the following: 

Observation 2. The sum of exceptional elements in type II production data-based PMIM exactly indicates the 
total amoµnts of intercell flows by parts. 

From an industry-practice point of view, observation 2 can provide some useful infonnations for the managers 
in manufacturing field . Since the type · II production data-based PMIM reflects the actual intercell flows by 
bottleneck parts or the actual intracell or intercell flows by non-bottleneck parts, the field manager can easily 
identify the bottleneck parts and machines which may lead to the subsequent decrease in intercell flows, if 
properly assigned, and give focused control for such parts and machines. This implies that the type II 
production data-based PMIM can be used as a fundamental replacement over classical binary PMIM in 
manufacturing field. 

NUMERICAL ILLUSTRATION 
To show the applicability of the proposed approach to properly medium-sized CF problem, the result with a 
well-known example taken from Wu[4] is illustrated. The fonnulation has been implemented using the CPLEX 
mixed integer optimizer 3.0 on an HP 9000/715 workstation. The values of Lr and Le are set to 2, 
respectively. and the values of UJ and Uc are set to 8 and 6, respectively. The intercell flows reported by Wu 
are 2270. But the proposed approach gi\·es less intercell flows of 1800 as shown in the type II production data
based PMIM where • indicates the non-intercell flow even if its corresponding binary entry is an exceptional 
element. It can be noticed from the figure that part 10 requires focused control since it generates the largest 
intercell flows compared with the remaining parts. 

Machines 

3 4 10 11 6 7 5 8 9 12 13 

6 120 240 120 

8 2200 2200 

9 430 860 860 860 430 

12 150 300 150 

2 310 620 310 

Parts 4 350 700 350 

10 280 560 560 560 280 

13 90 180 270 

1200 800 800 800 400 

3 1250 5000 3750 2500 2500 

5 180 180 . 360 360 

7 200 600 400 

11 1560 1040 1040 520 

Figure. Type II production data-based PMIM from the cell configuration with Wu's data 
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CONCLUDING REMARK 
In this study a new approach for minimizing intercell flows in cellular manufacturing has been proposed. Unlike 
most of the studies using binary PMIM, the proposed approach uses the two types of production data-based 
PMIM's in which the real-field data such as the operation sequences and production volumes of parts are 
incorporated. The proposed production data-based PMIM's can be used as the fundamental replacements over 
classical binary part-machine incidence matrix in CF problem and the mathematical model based on the new 
PMIM's reflecting the real-field data can effectively be applied to properly medium-sized CF problem. 
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SUMMARY 
The modeling of the facility layout problem for·cellular manufacturing systems requires the placement of objects 
(machines/cells) with fixed geometric shapes in the plant area. The usual algorithms for the layout problem are not 
applicable in this case. A novel approach, using genetic algorithms, is presented to solve the layout problem of 
facilities with fixed geometric shape. 

ABSTRACT 
Cellular manufacturing has become an established manufacturing strategy that collects the advantages of both 
product and process oriented manufacturing systems for a high variety and medium volume product mix. In a 
cellular manufacturing system, functionally diverse machines are grouped in cells, each of which is dedicated to the 
production of a part family. composed of different parts with similar processing requirements. 
The layout design of cellular manufacturing systems involves a two-stage approach: 

(i) intracellular layout - which sets the relative locations of the machines within each cell and 
(ii) intercellular layout - which arranges the cells in the overall plant. 

In either of these stages, the objects being placed have fixed geometric shapes that cannot be modified by the 
. technique used in the layout design and thus rendering the usual algorithms useless in this case. In the first stage the 
individual layout of each cell is generated and the objects being placed in each cell are the corresponding machines, 
which have fixed geometric shapes. In the second stage the layout of the different cells in the plant area is obtained 
and, in this ·case, the objects being placed are cells, whose geometric configuration was set in the first stage and, for 
obvious reasons, cannot be changed in this second stage. 
Although a very large number of algorithms for the facility layout problem have been reported in the literature, quite 
few of these deal with fixed geometric shape facilities (this particular version of the problem is sometimes called the 
machine layout problem). In this work a no\'el approach, using genetic algorithms, is.presented to solve this 
problem, which has a direct application on both stages of the layout design of cellular manufacturing systems. 
The proposed algorithm aims at minimizing the overall material handling cost, and as the following particular 
characteristics: 

(i) takes into account the geometric configuration of the plant area (including zoning constraints and pre
assigned areas for specific equipment's), 

(ii) each machine or cell has a pickup and a drop-off point, allowing for a more realistic measure of the 
distances between machines/cells 

(iii) each workspace or cell can freely rotate around its geometric center by 90°, 180° or 270° relatively to its 
initial orientation. 

The problem at hand is hard and the use of techniques for finding the optimal layout is not computationally feasible. 
Since genetic algorithms bel-ong to a set of adaptive search techniques and have been successfully applied to NP 
hard problems it was decided to use them in order to obtain good, preferably near optimal, solutions to the cellular 
manufacturing system layout problem. 

INTRODUCTION 
Facility layout is a very important issue in the design of manufacturing system as it impacts several of the facility's 
performance indicators like, for example, throughput times, WIP levels and space utilization (Irani et al, 2000). 
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Although multiple criteria can be used to evaluate a facility layout ( e.g., material handling cost, space utilization, 
capital expenditure and flexibility) merging them.into a single criterion is a difficult task. So, most of the published 
research on the facility layout problem looks for the minimization of the material handling cost, because it usually 
accounts for the largest amount of the overall operating costs in an industrial facility (Tompkins and White, 1984). 
In designing the layout of a cellular manufacturing system one usually starts by defining the relative placement of 
the machines within each.cell (intracellular layout) and then the relative positioniong of all the cells in the plant floor 
(intercellular layout). In either case the usual goal is to minimize the cost of moving the flow (i.e .. tbe material 

· handling cost) within each cell (intracellular flow) and between the cells (intercellular flow). 

· In modeling both the intra and inter-cell layout problems it has to take into account that the resources to be arranged 
in the layout (machines/cells) have fixed geometric shapes. The ensuing problem, often termed the machine layout 
problem ( e.g., Heragu, 1990), hasn't deserved much anention by researchers and the methods presented to solve it 
usually consider the facility space as a continuous one (Heragu, 1990; Tam and Li, 1991; Iman and Mir, 1993 ). 
The heuristic presented in the next sections addresses the cellular manufacturing system layout problem (CMSLP) in 
which the cells to be arranged in the layout have fixed geometric shapes and the goal is to minimize the overall 
material handling cost. This problem can be included in the set of the NP hard problems and the heuristic uses 
Genetic Algorithm (GA) techniques, which have been successfully applied to solve several NP hard problems 
(Tavakkoli-Moghaddain and Shayan, 1998), to tackle it. It should be noted that the methodology presented in the 
next sections can also be used t~ solve the intra-cell layout problem. 

PROBLEM DEFINITION · 
The CMSLP looks for the best placement of a set ofN fixed sized rectangular cells in a rectangular plant with 
predefined dimensions (W x H), so that overall material-handling cost is minimized. 
The proposeq heuristic for the CMSLP is based on the following set of assumptions: 

- the production throughput is stable over time, 
- the overall productio~ throughput can be adequately represented by a limited set of parts produced in 

predetermined quantities within a given planning horizon, 
- the flow between each cell i and j is know, being fij k is the number of parts of type k moved between cells i 

and j over the planning horizon, 
- the same type of material handling equipment is always used to transport part type k between cells i and j, 
- each cell i has predefined dimensions: Wi ~ Hi, 
- for each cell i the coordinates of a pick-up (xpi, YPi) and a drop-off (xdi, ydi) point (placed on the edge of the 

rectangle bordering the cell) are defined relatively t~ the geometric center of the cell (xi, Yi), 
- the cells can be rotated around its geometric center by 90°, 180° or 270° relatively to its initial orientation, 
- a set of zoning constraints that force two cells to be placed adjacently ( or apart) can be defined and is 

enforced by merging the cell~ (or introducing_a penalty on the flow between the pair of cells), 
- zoning constraints· can also be defined by pre-as.signing cells to locations, 
- the preferred position of the loading/unloading dock on the edge of the rectangle defining the facility is 

known, otherwise it is considered to be i~ the northwest corner of the facility (this defines the entry point in 
the facility), 

- the area of the rectangle that limits the plant is sufficiently large to accommodate all the cells. 
The proposed heuristic comprehends two stages: (i) search and (ii) placement. In the search stage the placement 
sequence of the cells is defined, together with the rotation of ea_ch cell. It should be noted that for a problem with N 
cells the number·of potential solutions for the search stage is 4i\.N!, justifying the use of an adaptative search 
algorithm. In the placement stage, the solutions generated in the search stage are decoded and a two-dimensional 
layout is generated. 

A GENETIC ALGORITHM FOR THE CMSLP 
The main steps and parameter·s of the t\.vo-stage genetic algmithm are as follows: 

Encoding 
T?e placement sequence for_a CMSLP with N cells is repr:~sented in a 2 x N array. as shown in the example in 
Figure I . The first row of this array sho,\'S the placement sequence, whereas the second row indicates the cell 
rotation ( 1 represents no rotation. 2 a 90° rotation, 3 a 180° rotation .and 4 a 270° rotation). 
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2 5 4 
4 2 

Fig. 1. Representation of the placement sequence 

Initialize population . 
The row representing the cells rotation is initialized to 1 's, so that the orientation defined in the first run of the 
placement algorithm ·is assumed to be equivalent to a 0° rotation. Assuming that each cell was previously labeled 1 
to N, the placement sequence for the initial population, for a N cells problem, is defined as follows: 

Initialize population: P=0, 
i=l, 
repeat 

pi= {p1(i)}, 
j = 2, 
repeat 

Pi = P1+{ pj(i)} such that pj(i)ePi and pj(i) is the label of the cell with the highest flow with the cell labeled PJ-1( i), 
j=j+l, 

untilj>N 
P=P+{Pi} 
i=i+l 

until i>N. 

Placement heuristic 
The placement heuristic takes a sequence from an individual generated by the GA ( e.g., Pi) and constructs a 
two-dimensional layout using the following procedure: 

(i) ([he cell corresponding to the first element in the sequence (pi(l )) is placed in the layout so that its drop-off 
point is as close as possible to the entry point of the facility. 

(ii) The cells corresponding to the succeeding elements in the sequence (piU), j=2, ... ,N) are placed so that the 
drop-off point of the cell labeled PiU) is as close as possible to the pick-up point of the cell labeled pi(j-1 ). 

It needs to be noted that when step (ii) is applied both the zoning constraints and the facility boundaries need to be 
accounted for. 

[\'aluate fitness values 
The fitness of each individual is evaluated according to the value of the overall material handling cost associated 
with the layout generated from that individual. That cost (TC) is defined by the following function (Yilarinho, 
1997): 

where: 
- dij=jxpi-Xdj j+jypi-ydj j is the rectilinear distance between the pick-up point of cell i and the drop-off point of 

cell j (note that dij is not necessarily equal to dj1). 

nij is the number of different part types that are moved from cell i to cell j. 
r/ is the number of trips performed between cells i and j over the planning horizon. computed by 
r/=f f//s/l, wheres/ is the transportation lot (a fixed value for the duration of the .planning horizon). 
c{ is the cost per time unit of the material handling equipment used to move part type k between cells i and j. 
11/, u./ and o/ are respectively the load, unload and transportation times required for each material handling 
trip between cells i and j to move part type k. The first two elements are constant and the third one is 
proportional to the distance between the cells i and j, being the proportionality constant l /v/ (v/ being the 
speed of the material handling equipment for the associated trip). 

Tournament selection 
The tournament technique for population selection (described by Falkenauer, 1999) reflects more adequately the 
natural behavior of individuals. by simulating mutual 'competition' during random 'encounters'. The steps in this 
type of population selection can be summarized as follows: 
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{List}=0 
i=l 
repeat 

draw randomly two competitors from the population 
compare the· fitness values of the two competitors 
place the worst individual in the i-th position of the list 
r_etum the best individual to the population 
i=i+l . 

until i=N 

The resulting list is then used as a ranking of the individuals, which, in tum, is used to select the individuals that will 
provide the next generation population. 

Replace population 
Basically two populations are kept in, what is called, a generational GA: the current and the.future one (Falkenauer, 
1999). This means that at each generation a new population is constructed and replaces_ the current population. 
The individuals 9f the future population derive from two sources: reproduction (individuals from the current 
population are copied into the -next generation) and recombination or crossover (individuals that result from the 
recombination of two parents from the current population). After the new population is created and before it replaces 
1h·e current one, the mutation operator is applied. In accordance• to this scheme, a reproduction rate of O .5 is used, 
which means that LN/2J of the best individuals in the population are carried over into the next generation. The 
remaining I N/2 l individuals of the future population result from applying the crossover operator to the I N/2 l best 
individuals of the ranking _list. Note that if LN12J is equal to I N/2 land they are uneyen numbers then I N/2 7+ 1 
individuals are recombined and LN12J-1 are reproduced. On the other hand ifLN12J is not equal to IN/21 and iflN/21 
is an uneven number then LN/2j+ 1 individuals are reproduced and I N/2 l-1 individuals are recombined. 

Perform crossover and mutation 
The crossover operator is applied to a set of individuals in the current population as described bellow: 
If LN/2J=r N/2 land both uneven · 

j=f N/27+1 
k=f N12l 

IfLN/2.J:;tf N/2 land I N/2 l uneven 
· j=f N12l-1 

k=fN12l+1 . 
else j=f N/2 l and k=f N/2 l 

For i=O to (j /2)-1 · 
choose the individual in the (k+i)-th position of the lis·t 
choose the individual in the (N-i)-th position of the"list 
recombine the two individuals 

· insert the two offspring into the future popul~tion 
stop 

A traditional parti_al match crossover operator is used (Hamamoto et al , 1999), by which the two parents (with two 
cut points chosen randomly between I and N are marked by T): 

A=(4 7 9 I 2JO 5 13 6 8 1) would produce the following offspring a=(471013 9 612 5 8 1) 
B=(2 1 8 I 3 9 6 I 5 4 7 10): · b=(3 1 8 I 2 10 5 I 6 4 7 9) 

The mutation operator, on the other hand is applied to I N/2.l of the individuals of the future generation, before it 
becomes the current one. Those individuals are chosen randomly and the cell with the label i in all of them (being i a 
random number chosen between 1 and N) is rotated 90° counterclockwise. That means that if the cell had a 90° 
orientation it would rotate to 180°. 

Stopping criterion 
The process will stop if no improvement o·fthe best individual has happen for several generations. Since the search 
SJ?ace depends directly of the number of cells to be placed (N) and also since in each generation there are N 
individuals it was decided to stop if in N generations there is no improvement of the best individual. 
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NUMERICAL EXAMPLE 
A small example with five cells is presented to better illustrate the proposed heuristic. In this example the fitness of 
the individuals is evaluated using a simplified version of TC that only accounts for the number of trips between the 
cells when weighing the distance. This simplification assumes that the load and unload times are included in the 
transportation time, and that the same type of material handling equipment is used for all trips. 

N N 

TC'= LLriJ .diJ 
i=I J= l 

The facili ty dimensions are 50x50 and the default material entry point is used. In Figure 2 the data for the 
1 the relevant geometnc intercellular flow is presented and in a Table · data is shown. 

J 1 2 3 4 5 I 

1 -- 14 10 18 0 
2 0 -- 8 14 0 
3 6 8 -- 3 5 
4 7 0 6 -- 28 
5, 0 10 0 7 --

Fig.2. Number of trips perfonned between cells i and j for all the components k 

Table I - Geometric data for the cells 

Cell number Width (Wi) 
1 10 10 

20 
20 
30 
30 

Drop-off point (xdi, ydi) 
(5, -5) 
(-5 , -5 ) 
(10, 10) 
(-15, 0) 
(1 0. 0) 

Pick-up point (xpj. yPi ) 

(5, 5) 
2 10 (5 , -5) 
3 20 (10, 0) 
4 10 ( 15, 0) 
5 20 (5. -10) 

The initial q ulation generated b the heuristic is resented in Filrnre 3. 
,--.,............,.......--,----,-~ 

I 4 5 2 2 4 5 1 3 3 2 4 5 4 5 2 3 5 2 4 3 

1 I I ..__..._..._..__....____. 1 1 1 1 1.....1_..:......_..:......_..:......_..:......_,J 
Fig. 3. In itial individuals 

· The decoding of these individuals would lead to a two-dimensional layout. In Figure 4 the resulting layout for the 
first individual is presented. 

l 4 

5 

2 
3 ---

Fig. 4. Layout example 

In Figure 5, the distances between the pick-up and the drop-off points of the cells for the layout presented in Figure 
4 are shown, leading to a fitness value of 4580 m.u. 

J I 2 3 4 5 
I 

I -- 55 45 5 25 
2 55 -- 20 60 40 
3 45 10 -- 50 40 
4 35 50 50 -- 20 
5 40 15 15 45 --

Fig. 5. Distance matrix (d iJ ) 

This evaluation is done for every individual in the population and them the three that have the best fitness values 
were reproduced into the next generation. 
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The ranking list is created by choosing and comparing two individuals randomly until all five of them are placed in 
the list: The. two individuals on the best positions of the list are recombine using the crossover operator and generate 
the remaining two individuals of the future population. For example lets recombine the two following individuals: 

A=(2 415 113) · which would produce the following offspring: a=(5 412 311) 
B=( 4 5 I 2 3 I I) b=( 4 2 I 5 I I 3) 

In order to finalize the future generation it is chosen randomly three individuals of that population and, for example 
the third ceil, of those individuals is rotated 90° counterclockwise. 

For exa~ple if offspring (a) was one of the chosen individuals it would become: 

I; I~ I; I~ I~ I 
Fig. 6. Mutated individual 

This process is repeated until the stopping criterion is met, which in this case means that for five consecutive 
generations no improvement of the fitness value of the best individual is registered. 

CONCLUSIONS AND FUTURE DEVELOPMENTS 
The proposed heuristic accounts for several important issues that need to be accounted for in the design of efficient 
layouts for cellular manufacturing systems, namely: (i) use of ,fixed geometric shapes for modeling the resources 

-. (machines/cells), (ii) definition of pick-up and drop-off points and (iii) search for the most favorable orientation of 
t.he resources. Furthermore the use of GA, a proven efficient search technique helps to better study the solution 
space in order to escape local minima and obtain a good solution. 

The future developments of this work include the application of the heuristic to real life problem. Also the extension 
of the heuristic to consider aspects like: definition of the placement of corridors, considering sections with fixed but 
also irregular geometric sh.apes and the layout of multi-floor facilities is part of the objectives for the future 
development of the work at hand. 
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ABSTRACT 
Many surface treatment industries employ several computer-controlled hoists for material handling. The control of 
such complex systems requires specific technique. The aim of this paper is to propose an original control approach 
for multi-hoist surface treatment lines. This approach is based on decomposing a multi-hoist line into several · single 
hqist sub-lines. In this study, we assume that all hoists move on the same track. parts are of the same type and 
production runs in a cyclical mode. The control synthesis is based on a P-time Petri net modeling technique. The 
robustness of the control approach to time delay is discussed. 

IIURODUCTION 
After a part is manufactured, some of its surfaces may have to undergo further processing in order to improve 
certain technical properties such as appearance and corrosion resistance. Surface treatment workshops are then used 
during this production phase. They are composed of a set of tanks. which contain chemical or plating reagents such 
as H2SO4 activating, or Nickel plating. Treating a part consists of immersing it sequentially in a set of chemical 
tanks, according to its treatment routing. A line may contain a large number of tanks and it can be hundreds of 
meters long. In this case. several computer-controlled hoists moving on the same suspended track are used to serve 
this line (see Figure I). The parts enter the workshop in large batch sizes. For a given lot, the part mix changes 
in.frequently, thus the production process tends to be repetitive. The hoists are controlled to perform cyclical 
sequences of movements. For a given batch. the purpose of the control is to determine the hoist transport sequence 
that ensures the required throughput and respects all process constraints. 

Process constraints 
For a multi-hoist surface treatment line, made up of an n chemical tank TA ; (i = 1. 2, ... , n) the input and output 
buffers are designated as TA 0 and TAn +I· The treatment duration for a part in a tank TA; is defined by an interval [a;, 
b,]. If the stay duration of a part inside a tank does not respect its duration limits, the part is considered to be 
defective. A tank can treat only one part at a time and a hoist can carry only one part at a time. The hoist traveling 
times between two tanks TA, and TA1 is not negligible and is designated as h,.1 (i +! j and i J = 1, 2, ... , n). If a hoist 
loads a part from a tank, it must be transferred immediately (no waiting) to the next treatment to avoid oxidation by 
air or other chemical reactions that may corrode the part surface. There must be no collision bet\veen hoists sharing 
the same track. 
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Safety zone 

i j 

Hoist2 

Finished 
pans 

illilllJ LJ LJ UlJ LJ LJ LJ UlJ mJ 
Input Buffer Tank TAI TA2 TAJ TA4 TAS TA6 TA7 Output Buffer 

Figure 1. Multi-hoist surface treatment line. 

Hoist scheduling problem 
The problem of finding a schedule for hoist operation that will satisfy all process constraints listed above. is known 
as the Hoist Scheduling Problem (HSP). This problem was prqven to be NP-complete-[8]. The single-hoist case has 

'attracted the interest of researchers for several decades [6], [9] and [11). However, little research has been suggested 
for the multi-hoist case [ 1 ), [7) and [ 1 O]. Among existing research, the robustness aspect of hoist control faced with 
disturbances h':1s been considered only in [2], [3] and [5]. 

This paper proposes a robust control approach for the multi-hoist case. This approach is based on static process 
decomposition that allow~ assignment of each hoist to a specific zone of the line. Parts will be exchanged within a 
safety zone to avoid collision (see Figure I). The hoist sequence movements will be determined separately using any 
of the previous single-hoist scheduling algorithms proposed in the literature. The algorithm used for our case was 
proposed in [ 11]. Afterwards, each sequence will be modeled using a P-time Petri net model and an interval for each 
hoist cycle time will be determined. These models will be used for the on-line control synthesis of the multi-hoist 
line and for the study of control robustness to time delays affecting part input to the line. In the proposed approach, 
the schedule can be handled at off-line contror level, while robustness is ensured at on-line control level by 
exploiting time margins within the process. The decomposition phase reduces the complexity of the multi-hoist 
problem by turning it into multiple single-hoist sub-problems. 

ST A TIC DECOMPOSITION OF THE LINE 
Let us consider ·the two-t10ist line of Figure 1. Static decomposition of this line consists of separating it into two 
independent sub-lines with one hoist each: {SLN,. Hoist]} and {SLN::, Hoist]}. The exchange of parts between 
hoists will take place in a fixed tank TAm of the line. This tank is considered to be a dummy output buffer for SLN, 
and a dummy input buffer for SLN':: (see Figure ·2). To avoid collision, only one hoist can enter the safety zone at a 
time to serve TAm. · 

), Hoist) ), Hoist:! 

8-0-----~-----0-0-----0-0-----9 
TAO TAI 

[al. bl) 
TAi TAH 

(ai. bi] . [ai-1. bi-I] 
TAm · 

[am. bm] 
TAm..-J 

[am-I. bm·..J] 

Figure 2. Two-hoist _)jne decomposition 

TAj TAj+J TAn+l 
[aj,bj) [aj•l.bj+l] 

TAo is the input buffer of the line, [ao .bo] = [O, cc[. TAn ·d the output buffer of the line, [~n+J .bn+i] = [O, oo[. The 
movement duration. between TA; and TAJ is h;J (i, j = 1, 2, ... , n). The treatment time window for tank TA; is [a;, b;], i 
::;:: I, 2, ... , n. The cycle time for Hoist} is CJ (j =1 and 2). The common tank TAm can be any of the line tanks TA;. For 
any cyclical functioning, each sub-line cycle time C, and C: varies in an interval [5]. This interval can be evaluated 
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on the basis of a given schedule for each sub-line. Thus, C,e [C1mi11, c,IIMU] and Cie [C1mi11• CimcuJ. There must be at 
least one common value between cycle time intervals of each sub-line. If this condition is not satisfied. the common 
tank TA,,. may be loaded more frequently than it is unloaded. The decomposition feasibility condition can be 
expressed as: [C1,,.;,., C1mu] ri [C1,,.;,., Cimcu] ;c0. The search process for TA,,. is completed with the following 
subroutine: 

IF (v > n) Then stop 

I 

For v = 1, ... , n 

Else: SLNJ{v) = {TA 0, TA 1• TA 1 ••. . . TA.,_i} u {HoistJ} andSLNlv) = {TA, .• 1, TA ,, .. 1, TA ,--: ..... TA"} u {Hoisl:} 

I 

Calc~late [ C1~;,.{v). C,marM] and [ C2m;,.(\). C2muM] I cycle interval for each sub-line I 
l(v) - [C,m,n (i,.~ _ c,mlll (v)] (', [C2m,11 (v). C2mtU (v)] 
IF UM :t; 0) 

I 

Then: 
return TA,~ l(v) 
i·= v+l 

I Else: v= v+l 

This will return all J(v), v e { 1, 2, ... , n}. TA"' 1s chosen as the tank for which the interval J(v) is an interval that is 
not empty and that contains the value of the required cycle or at least that closest to this value. 

HOIST MOVEMENT SEQUENCES 
Let us consider the following processing time for each tank of the line represented by Figure 1: TA, [25,30], TA: 
[35,40], TA 3 [30,35], TA4 [1.CX)[, TA 5 [20,25), TA 6 [25,31], and TA 7 [11,CX)[ . The travel time between two adjacent 
stations takes 1 time unit (t.u) for each hoist. Let us assume that the tank TA 4 is the actual tank TA,. tested by the 
subroutine. Using the algorithm of Yih [I I] desired cyclical hoist movement sequences SEQ, and SEQ1 can be 
computed for each sub-line SLN, = {TA 0, TA ,. TA 1, TA 3 } and SLN:={TA 5, TA 6• TA 1. TA 8 } respectively. The tarik TA, 
is -considered to be an unloading station for SLN1 and a loading station for SLN:. The sequence for each hoist is 
represented in Figure 3. Between two successive loaded movements TA,➔ TA1 and TA 1.➔ TA 1 , hoists perform an 
empty movement from TA1➔ TA"- . 

TAO➔TAI 

r:=::-J 

TA4➔TAS 

c:--:J 

TA3➔TA4 

c:::::::i 

TA6-+TA 7 
r-:=J 

TA2➔TA3 

r:=::-J 
TAl ➔TA2 
r---, 

TAO➔TAI 

c:::::::7 

SEQ I: loaded movement sequence for Hoist I 

TAS➔TA6 
r---, 

TA4➔TA5 

c====i 

SEQ 2: loaded movement sequence for Hoist 2 

TA3-+TA4 
c:::::::7 - - - - - -

TA6-+TA 7 
C--:7 ------

Figure 3. Cyclical hoist movement sequences SEQ,, and SEQ2 

The algorithm of Yih is attractive for its simplicity and efficiency. Other algorithms can also be used to detennine 
SEQ, and SEQ:. Cycle time intervals [C 11111n, C,ma.t] and [C2m,,,, C:ma.t] are calculated using a P-time Petri net model 
for each sequence. 

THE P-TIME PETRI NET MODEL 
The next step is to represent the sequences SEQ, and SEQ: with a P-time Petri net model in order to calculate the 
cycle time interval [C,m,n, C,ma.t] and [C:m,n, C2111a.x] for Hoist/ and Hoist] respectively. The model of each sequence 
is represented in Figure 4. 
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P-time PN model for SEQ l 

t'I 
p'O[l,l] 

t'2 
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t ' 6 

p'S [I I.cc [ 
t'7 

p'6 (1 ,1] 
t'8 

P-time PN model for SEQ 2 

Figure 4. P-time Petri nets_ model for hoist movement sequences 

On the P-time PN of SEQ1 and SEQ2, the set of places {p0, p2, p4, p6, p'0, p'2, p'4, p'6} and {pl, p3, p5. p'l, p'3, 
p' 5} represents hoist loaded rnovement operations between . two adjacent tanks, and chemical tank treatment 
operations respectively. Places on the left side (resp. right side) for each P-time PN model represent hoist backward 
(resp. forward) empty movements. This model can guarantee the specified range of stay times in all places of the 
net. A P-time PN is a pair <R,I> where: 

R : is a· marked PN, 
10 : P ➔ Q:.. u oo x Q"+ u ~ 
Pi ➔ [ai, bi] with 0 5 ai 5 bi,·Vi, 1 5 i 5 u, u = number of places of P. 

Ii defines the interval of stay times of a mark in place Pi (Q+ is the set of non-negative rational numbers) . A mark in 
the place Pi is taken into account in transition validations when it · has stayed in Pi more than a duration Qi and no 
longer than bi (after the bi duration the mark is said to be dead). From this definition. if StiCn) is the nth firing instant 
of transition ti, the positivity constraints between the nth firing instant of the input transition ti of place Pi containing 
m token_s. and its output transition ti+I, for each place of a P-time Petri net, are: 

Sti(n) + Qi 5 Stl+1(n + m) 5 St,(11) + b, (1) 

The analysis of the P-time PN, shown in Figure 4, is based on its critical structure analysis. A primary critical 
structure is a PN structure containi~g an empty fonvard _hoist move and the places of the part routing which are 
parallel with the latter. In Figure 4, on sequence SEQ 1, there are four critical structures: the critical structure of type 
J is made up of the two elementary directed paths between t~ and t7• The three others are the critical structure of type 
2, formed by circuits containing only one empty backward movement place. These elementary structures define all 
the constraints of the described cyclical functioning [3]. The analysis of the critical structures for each P-time PN 
model allow us to obtain the interval [Cmin, Cmax] for each hoist cycle. From this analysis, the cycle time interval for 
SEQ1 is [C1min• C1ma.r] = [39, 52.5] and for SEQ2, [C.:imin• C.~ma.r] = [42, 56]. Thus, [C1m;n, C1max] n [C2m,n, C2ma . ..J = [42, 
52.5] is not an empty interval. The previous decomposition, that uses TA 4 as an exchange area, is feasible according 
to SEQ 1 and SEQ2. 

LOCAL AND GLOBAL ON-LINE CONTROL 
On-line control consists of det~rmining the firing instants of the transitions ( or the stay times of the tokens in the net 
places). According to the cycle time intervals [C,;n, Cma.r] for each sequence. a common functioning cycle must be 
chosen for both hoists to avoid any capacity constraint violation for tank TA 4 • Let us consider the value C1= C2= 46 
t.u. For each P-time PN representing SEQ1 and SEQ: in Figure 4, two graphs can be associated for the chosen cycle 
value [ 4]. The first one is an earliest functioning, the second one a latest functioning. The 1 s1 firing instants of the 
transitions are chosen in the interval oLfiring obtained from these two graphs. The choice can be made by the 
chemist using his . process knowledge. For SEQ1, St1(l)e[0,0], - St2(l)e[l,1], StJ(l)e[26,31], St4(l)e[27,32], 
St5(l)e[16,26], S <i(l)e[l7,27], St7(l)e[3,16], and St8(1)e[4,17]. For. SEQ2, St' 1(l)e[0,0], St'2(l)e[l,1], 
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St'3(I)e[21,26], St'4(l)e[22,27], St'5(l)e[2,10], St\(l)e[3,l l], St',(l)e[14,22], and St's(l)e[l5,23] . The local 
controls giving the starting instants for each hoist movement are: 
C, = 46 t.u, [St1(1), St2(l), St3(1), S4(1), St5(1), S~(l). St,(1), St8(1)] = [O, I. 31. 32. 21, 22, 11, 12) for SEQ,. 
C1 = 46 t.u, [St' 1(1 ), St' 2( 1 ), St' 3(1 ), St'4( 1 ), St' 5(1 ), St' 6(1 ), St' ,(1 ), St ' s(l )] = [O. 1, 24, 25, 6, 7, I 8, 19] for SEQ2. 

The nth firing instant ~or a transition .ti from sequence SEQi will be at Sti(n) = Sti(l)+(n-1).CJ• (j=l. 2). From these 
local controls, synthesis of the global control of the two-hoist line must include an additional safety zone constraint 
linked to hoist traffic and a constraint linked to respect of treatment duration in TA, [a,, b,]. These constraints can be 
expressed using the n th firing instant of each sub-line as follows (if there is no part in T ~): 

St8(n) +a,$ St' ,(n) $ Sts(n) + b, (2) 

Assuming that TA, has to be loaded and unloaded at the same position, to prevent one hoist from entering the safety 
zone while another hoist is still in it, we must add the constraint: 

· Sts(n) +tr$ St'l(n) -10 (3) 

Where. tris the time needed by Hoist , to free the safety zone, and 10 is the time needed by Hoist2 to occupy the safety 
zone. Generally, we have t1 $ h0 and t0 $ h5.,. For our case we assume t1 = h,.3 = 1 t.u, and t0 = h_q = 1 t.u. 

Considering constraints (2) and (3), we can deduce that: St' 1(n) - St8(n) ~ 2. Taking the lowest value of this interval 
(2 t.u), global control of the two-hoist line is defined by the following firing time setting, according to the same time 
origin: 
[St1(1), St:i(l), St3(1), St,i(l ), St5(1), St6(1). St (1). St8(1)] = [O, l, 31 , 32, 21. 22, 11, 12). C, = 46 t.u. 
[St' 1(1). St ':!C l), St' 3(1), St '4( 1), St' 5(1), St\(l), St '1(1), St' 8(1)] = [14, 15 , 38, 39, 20, 21. 32, 33), C2 = 46 t.u. 

This global control is represented in Figure 5. It allows respect of collision constraint, capacity and time window 
constraints for TA,, and keeps the two hoists functioning at the same cycle time ( 46 t.u. ) as if they were totally 
independent.,Such control can be easily programmed on a PLC controlling the hoists with a scan cycle of 46 t.u. In 
the next section we discuss the robustness of this control faced with small time delays affecting part arrival on the 
line. 

-11 

• p9[14,14] ~:l;::.30] 
~~~ 

p~ [9.9] 

p [9.9] 

Ho1stl. SEQI. Cl=46 t.u 

: -------------------1 t'I 

I 
I 
I 

TA~ [2.2 ] Q 
• p'8(21.21] 

t'3 
p'2 [ I.I ] 0 p'9 [5.5] 

t'4 ./ 

~ J707.2 7J 
p'7 [5.5 ] • t ' 5 . 

~

p'4[1.1] 

t'6 

p'5 [ 11.11) 
t'7 

A p'6(1.11 
':r't'8 

Hoist2. SEQ:! . C:2=46 t.u 

Figure 5. On-line global control for two-hoist line 

TWO-HOIST LINE CO~TROL ROBUSTNESS 
Robust control is characterized by its capacity to cope with unpredictable disturbances during the cyclical 
functioning mode. Robustness is a critical characteristic for surface treatment line real-time control: excessive delay 
in pan introduction will disturb cyclical functioning and can lead to constraint violation. The purpose is to determine 
when a pan can enter the plant. We will determine the minimal and maximal interval between part entry. 
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Controlofthe first sub-line SLN1, represented in Figure 5, shows a type I.critical structure formed by {t2, t3. 4, t~. ~. 
t
7

} and place p
10

• This structure gives: [St2(n) - St2(n - 2)]max _= [St1(n) ~ St1(n - 2)]max = I OO t.u. If_there were other 
· critical structures of this kind, the minimum value of the maximum obtained would ha~e been considered. There are 
3 type 2 critical structures. For the first one, t1 is an input transition. These structures give: [St1(n) - St1(n-l)lmin == 34 
.t.u for the first elementary circuit (from top to bottom in Figure 5), and 39 ~-u for the other two. Consequently, if the 
first part enters the plant .at time t = o t.u, the second one must enter 1t between 39 t.u and 61 t.u. Thus: the 
constraints to be fulfilled are: [St1(n) - St1(n - 2)]max = 100 t.u, and [St1(n_) - St1(n - l)]min = 3? t.~. Th~re 1s no 

. difficulty in implementing such control: the routing times are controlled by t1~ers and the successive mput intervals 
are recursively computed. When there are no parts in an interval, the next one ts used. 

For control of SLN2, there is only one type 1 structure. This structure gives: [St'1(n)- St'1(n - l)]max = [St '2(n)-St'2(n 
- l)]max = 50 t.u. The two type 2 structures give: [St1(n) - St1(n - l)]min = 27 t.u, [St3(n) - St3(n - l)]min = 44 t.u. Thus, 
the time between the introduction of two successive parts in SLN2 is: 44 t.u ~ St1(n) - St1(n - 1) ~ 50 t.u. Global 
control robustness is given by: 

St1{n) - St1{n - 1) E [39, 61]sub-line In [44, 50]sub-line2 = [44, 50]1wo-hoist line 

The interval [ 44, 50],wo-hoist line, characterize the time margin that can be used to absorbs any delay occurring between 
two successive parts introduced on the line, •without affecting the cyclical functioning mode or violating constraints. · 
If an expected delay occurs with a value greater than 50-44 = 6 t.u, we must stop the Hoist: and wait for the next 
eycle. These results obviously show that it is possible to adjust the production cycle Ck for sub-line SLN* (k=l, 2), in 
the interval [ 44, 50]. 

CONCLUSION 
The contrbl st~a~egy presented in this paper allows the same treatment time to be kept for all batch parts faced with 
disturbances occurring on part input. Throughput can also be set in the robustness interval of the schedule used. In 
this approach, the pre-defined hoist movement sequences were considered unchangeable. This is compatible with 
static decomposition of the line. In our next research paper. we will focus on dynamic decomposition of the multi
hoist line .in which the movement sequences can be adapted to ensure part exchange in a tank that has to be located 
in real-time by the on-line control system. The simplicity and robustness of this control approach would make it 
attractive for the surface treatment and electroplating industry. Robustness could be increased if treatment time 
could be adjusted from one part to another. This is ~me of our next goals. 
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INTRODUCTION 
The growing interdependence of the global financial system has resulted in many benefits. but it also allowed 
financial turmoil to spread across borders. Over 130 countries have had at least one banking crisis within the past 20 
years. The frequency and severity of these crisis has increased the need for a quick and effective response not only 
10 avoid them but at least to reduce their incidence on economic activity. These developments have given impetus 
to the search for solutions and to the learning from recent experiences. Among the most recent crisis, are the Latin 
American and East Asian of the l 980's and l 990 's. 

The event in Chile, Argentina ad to a lesser degree Uruguay during 1982-1983 financial crises, and later replayed in 
Mexico, Thailand, Indonesia, Malaysia, Korea, Philippines, Brazil and elsewhere typified these financial crises. The 
intensity and damage done by these crises have not gone unnoticed. Academicians bankers and government 
officials started to debate the issue surrounding the "twin" crisis both at the theoretical and policy prescription 
levels. The objective of this paper is to address the issues by, first analyzing the factors behind the crises, and the 
ensuing policy implications and second by, identifying and assessing the lessons learned and remedies applied to the 
crisis and finally by exploring future prospects. 

ANALYTICAL FRAMEWORK 
As researchers tried to understand these crises, a number of schools of thought have emerged. each differing in what 
it considers the essential source of the problem. Let us review the various explanations. 

A. Overvalued Currency. 
, One school of thought emphasizes the role of fixed exchange rates and finds the heart of the problem 
in the tendency of pegged currencies to become overvalued because of continuing inflation. lt 
advocates the adoption of a system where by the exchange rate adjustment is gradual and manageable 
rather than abrupt and disruptive (see Brazilian case 1999). The visible sign of overvaluation is 
deterioration i_n current account. Under the Brenon Woods System, the current account deficit had to 
be financed by drawing down reserves and by borrowing dollars. In that case, a visible sign of crisis 
would be a decline in reserves or a massive buildup of debts . Since reserves and borrowing capacity 
are finite , any drastic change would be seen as potemially troubling. As a result, flight from the 
weakening currency would put further pressure on reserves on borrowing capacity. In a cycle that 
often ends in devaluation (see Chile 1992, Mexico 1994 and Thailand 1997). The primary variables 
determining the short run vu lnerability of the country to such event would be dependent on the 
magnitude of the reserves and the ultimate capacity of the country to borrow hard currency. Within 
that context, external investors would not wait for the reserves to be exhausted; as soon as the 
probability of exhaustion occurs. all holders of the local currency would sell. Now, for the long run 
vulnerability, the most important variables to consider deal with fiscal and monetary policies. 

The policy advice that flows form the view that currency overvaluation is the essential cause of 
modem financial crisis is basically not to peg currencies. It is argued that floating exchange rates, 
though volatile are preferable. 

B. Capital flows, Over-borrowing and Illiquidity. 
Some analysts ·emphasize that a high level of borrowing seems always to precede a financial crisis, and 
the crisis itself consist of a sudden reversal of this flow. They argue that exchange rate movements are 
driven by capital transactions. They pinpoint that crises are much worse when the capital inflow are 
short term particularly if they are in dollar denominated debts. The solution is to regulate capital 
flows. They highlight the sudden shift in market conditions following shifts of optimism and 
pessimism about economic and market conditions. To that extent, over-borrowing and over-lending 
cause abrupt reversals in capital flows . Furthermore, the risk of such a collapse can be aggravated by 
problem of illiquidity. Liquidity means having access to sufficient cash whenever need it. Firm or 
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individuals that borrow substantial amounts gradually lower their liquidity position. The higher the 
debt level, the greater .is the vulnerabiiity to shocks. Liquidity implies the existence of sufficient 
reserves of foreign exchange payment requirements. Low reserves and extensive borrowing, 

particulai:ly short term, lower liquidity. 

C. Troubled Banks 
The third school of thought about financial crises blames them primarily on weak institutions, 
particularly on banks and firms that engage in risky activities. This view is not at odds with the 
liquidity view, but it emphasizes the importance on strong institutions, strong banks, sound 
government and regulatory bodies, honest and efficient courts, appropriate institutions of information. 
and sound corporate governance. 

In this vie·w, financial crises happened in countries with weak institutions opening up to the global 
market economy before the set-up of appropriate reforms. Advocates of this viewpoint note that 
countries with strong banking sector fundamentals can withstand broken currency pegs and sudden 
liquidity needs with relatively little damage._ (Taiwan, H_ong Kong, Brazil). 

The mutually reinforcing effects that banking crises and currency have on one another warrant 
emphasis. Bank insolvency undermines fiscal credibility and can precipitate a ~urrency run. 
Conversely, since bank debt is short term, a run on the domestic currency will produce a run on banks. 
(Thailand, Korea, Mexico). · 

If the essential problem is troubled banks, than the policy prescriptions must be to repair the bank and 
the regulatory system. That's what the IMF and the World Bank subscribe to. Unfortunately, they are 
the most painful of all the prescriptions. Government prefer the liquidity view, under which they need 
more loans but not fundamental reforms. It is usually extremely unpopular to restructure corporations 
by shutting down plants, selling assets and closing failed banks. Unfortunately, the merits of 
fundamental reforms are found only in their long-term effects. 

LESSONS LEARNED 
A. Latin-America 
Latin America has not been a major source of financial headlines since the Mexican 1994-95 Tequila Crisis and its 
aftermath. The two exceptions are Equador and Brazil. Equador, which is moving into dollarization. has gone 
through full blow~ banking and currency crisis with defaults on external debts , freezing of domestic banking 
deposits. major bank failures , ·a 15% of gross domestic product (GDP) swing in the current account, a major 
acceleration of inflatio_n and a drop of output close to 10% .of. GDP. The second exception is Brazil. a country that 
went through a major currency realignment. However. the Brazilian currency realignment generated remarkably 
little collateral damage in terms of inflation, recession and banking problems. 

One major reason is that the region learned and implemented many of the lessons of past financial crises. These 
lessons are as follows: -

(1) Fiscal Lessons. 
According to recent World Economic Outlook. median central government deficit in Latin America 
were COf!Sistently less than 2% of GDP in 1990-97 period and peaked at 2.6% in 1999. In order to 
maintain sound fiscal policies, it is suggested to implement the following: 

• _ strengthen the-tax system to generate a stable source of revenue 
• privatize public enterprises to eliminate opaque claimants on the budgets 
• reform the social security system to check the growth of unfounded liabilities 
• eliminate central bank financing of deficits' and privatize public sector banks, to make 

financing more transparent and market based 
• strengthen the rules and procedures for budget approval and execution. 

286 



• Absence of a "credit -culture" in which lenders and investors make judgement based on 
independent credit assessments and sourid financial analysis; and 

• Underdeveloped bond markets 

Given these broad and deep problems, the policy prescriptions that were taken to address them have broad 
similarities, but also ~ number of important differences. Nevertheless, it may be possible to draw a number of 
lessons from the different approaches used by the crisis economies. 

(2) Policy Prescriptions 
In each of the East Asian crisis countries, the central banks provided liquidity to offset deposit withdrawals and 
credit reduction at some distressed institutions. It is also focused on: 

• blanket guarantees of banks deposits and other liabilities; the crisis countries generally issue 
blanket guarantees to fully protect the depositors and creditors of their domestic institutions 

• closure of insolvent institutions; the authorities immediately moved to address the problem of 
insolvents institutions through closures and suspensions. For example, Korea, Thailand and 
Indonesia closed respectively· I 4, 56 and 16 financial institutions. 

• Bank restructuring and re-capitalization; steps were taken to clean up the balance sheet of banks 
and other financial institutions that were not closed. Public funds were used to purchased non
performing loans and to re-capitalize banks and other firms. 

• Prudential supervision and regulations; a major element of the response in all the crisis economies 
has been the strengthening of the prudential supervision and regulation. including better adherence 
to key international standards for capital adequacy, loan classification. and loan loss provisioning. 

(3) Lessons Learned 
The following issues are of vital importance. One issue deals with the bank closures and its intended effect. In 
Korea. bank ;md financial institutions closures seem to ha\'e worked. and confidence was restored relatively quickly. 
This was not the case in Indonesia, where political considerations played a role in determining which banks were 
closed. A second issue deals with the clean up of banks balance sheet, bank deposit guarantees and better legal and 
administrative infrastructure. The Asian crisis highlighted the fact that inadequate bankruptcy and foreclosure laws 
on the books, and a legal framework that unduly favors debtors over creditors, create difficulties . A predictable, 
transparent, and fair system is essential not only to encourage foreign investment. but also to foster a sound domestic 
climate. 

Another issue deals with borrowing. In each Asian case, the size of external financing problems of the country's 
private sector was larger than initially understood. However, the nature of each country's private sector crisis differ. 
Korea had primarily an inter-bank crisis, Indonesia's involved corporate borrowing from foreign bank, and Thailand 
was a mixture. The long answer to such problem is to create incentives for private foreign currency borrowing by 
avoiding distortions by government policies (exchange rate) and by putting effective insolvent regimes into place. 

In summary, the countries that have demonstrated a consistent commitment to strong, credible policies proved to be 
the most resilient in the face of market pressure and recovered more rapidly than others. 

CONCLUDING REMARKS 
Crises have as many elements that are common between them as they have differences that are unique to the 
particular country. The countries suffering from financial crisis (Latin America or Asia) exhibit many of the same 
well known symptoms: poor or ineffective systems of banking supervision. lack of adequate accounting disclosure 
and transparency. and ineffe~tive systems of corporate governance. among others. However, these countries have 
also unique elements that contributed to their crisis, including weak exchange rate regime, significant debt and 
excess price deflation, systems of go\'ernment directed credit. and unsustainable short term capital flow. 
Nevertheless. the debate about the lessons from previous crises should not be limited to lessons about national 
policies. The Latin American case shows that there is also a volatility in financial markets that needs to be 
addressed. Therefore the growing complexity of finance institution;; provide ground for more coordination and 
regulations that hopefully will bring about much needed market discipline. 
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INTRODUCTION 
Recent financial and popular press articles have focused on the controversies initiated when major corporations 
announced plans to convert their traditional employee defined benefit plans to cash balance plans. For example. see 
the Wall Street Journal articles on July 27, 2000, page Al and September 7, 2000, page A2. and AARP avigator of 
March/April 2001, p. 114. 

This paper looks at the basics of cash balance plans; their advantages and disadvantages: their impact on workers at 
various stages of their careers; and the ethical issues, or lack thereof, considered by firms in switching plans. 

Cash Balance Accounts 
Cash-balance pensions differ primarily from their traditional counterparts in that they are based on an employee 's 
career-average - rather than final - salary. 

Under the cash-balance plan, yo·unger employees see higher benefits at an earlier age, but the benefits level off over 
their working years. In contrast, workers with traditional plans accrue benefits based on total years of employment 
with the company. as well as average pay in final years of service. Under traditional plans, a very large share of a 
p~rson · s pension tends to be earned in the last five years of employment. 

Companies i ·ith cash-balance plans open hypothetical accounts in an employee's name, crediting that account based 
on a percentage of an employee's pay. A specified interest rate, commonly the Treasury Bill rate. is applied to those 
accounts. Upon leaving the company, employees can take the balance of the account with them, either as a lump 
sum or as a stream of payments. 

While a cash balance plan ·s operations may seem similar to those of a 401 (k), there are numerous differences 
including three that are critical from a policy perspective. First. the investment decisions and risks - in cash balance 
plans are generally the responsibility of the employer. not the individual employee. Even though the benefits are 
expressed in the form of individual accounts. a cash balance plan 's assets are managed in the aggregate by the plan 
trustee. Second. cash balance plans are covered by the Pension Benefit Guaranty Corporation's insurance program, 
meaning participants. benefits are protected even if the plan of the company runs into-financial difficulty. Third, 
cash balance plans must offer employees the ability, within the plan. to convert their account balances to lifetime 
annuities at no additional cost. 

REASONS OR CHANGING 
Compan\' Reasons for Change 
Companies publicly off er many reasons for changing from traditional defined benefit plans to cash balance plans. 
Employers posit these changes as advantageous for the employees, or often for both the company and the 
employees. 

Reduction of Pension Costs/Cash Flow Benefits 
Press coverage suggests thara primary driver for companies implementing cash balance plans is that these plans are 
less costly than traditional defined benefit plans. The New York Times reports that cash-balance plans often save 
companies millions of dollars a year. [ 1] 

AT&T adopted cash balance pension plans as part of a strategy initially designed to eliminate about one fourth of its 
50,000 manager population during 1998. Only approximately three percent of the management population was over 
age fifty-five and thus eligible to retire under the old defined benefit plan. Even if all employees over fifty-five 
elected to leave, targeted downsizing still would not have been achieved, so AT&T exposed a broader group of 
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people to an early retirement incentive program. According to the transition plan, for employees with at least five 
years of-service who voluntarily decided between April 1 and May 22, 1998 to leave (at a later date), the company 
agreed to place a specified percentage of eligible pay per year of service into that employee's cash balance account. 
Thus all managers electing to leave under this program would have some level of .. portable" retirement benefit 
corresponding to·age and length-of-service. This strategy allowed AT&T to use pension assets instead of operating 

cash to encourage early re.tirements.[2] 

.Opportunitv for .Interest Trading 
Cash balance plans provide companies with an opportunity to utilize pension assets to generate earnings in excess of 
those promised and paid to employees. This interest arbitrage strategy is possible because from the employee 
perspective. cash balance plans appear similar to defined contribution plans since the employer promises a specified 
return. However. many companies anticipate that actual return on pension assets will exceed the return promised to 
employees (and credited to their pension accounts), and thus these companies can keep the excess amount earned. 
Since cash balance plans exist only on paper, and the employer continues to use professional money managers to 
invest the underlying assets, hoping to best the return it offers participants, and pocket the difference. Some finns 
could even use this "surplus" to enhance their stated earnings. Of course, the opposite outcome is possible. 
Employers bear ~he risk that cash-balance.pension assets will earn less than the pay and interest credits accumulated , 
on employee pension accounts. 

More Appropriate For Todav's Workforce 
Many employers contend that traditional defined benefit plans were designed for a workforce where employees 
spent the bulk of theinareer with one company, and that this model no longer portrays today's economy. 
Accordingly, compani_es assert that cash balance plans are more attractive to today's workforce. Because of this 
portability. company rhetoric suggests that these plans help attract young skilled workers who "jump from job to 
job,'' rather than ma~ing a lifetime commitment to one firm. [3] 

Employers also attempt to portray cash-balance plans as fairer. because traditional plans are heavily weighted 
toward older, longer-serving workers and away from the shorter-term employees that make up an increasingly 
visible segment of the U.S. labor force. According to the legislative bulletin for the ERISA Industry Committee, a 
group of employers, ·1aw firms and actuarial consultants, "Cash-balance designs offer significant advantage [to 
those] who move in and out of the workforce. [Such employees] are more likely to accrue a significant and secure 
retirement benefit under cash-balance plans than under many other designs." [4] 

l\lore Understandable 
Some companies have suggested that traditional defined benefit plans were difficult for employees to understand, 
and as a result, employees did not appreciate these plans. Because amounts are credited directly to employee 
accounts. on the surface cash balance plans ar~ clearly eas~er to understand. 

Emplone Reasons For Change 

Easier to Understand 
Because cash balance plans accumulate the pay and interest credits from which benefits are ultimately paid, they 
clearly are easier for participants to understand then plans using final pay formulas. It is similar to having a savings 
account with a balance that they can watch· grow. For younger workers traditional retirement plans may seem 
complex and irrelevant 

Benefit Portabilitv 
Today's employees do not think in terms of working for the same company until retirement age. A high tech 
economy emphasizes mobility hot longevity and the portability feature of cash balance plans appeals to this segment 
of the workforce. 

For those who plan to change employers throughout their c~ireers or leave the work force for periods of time, cash
balance pensions are clearly preferable. These plans enable such workers to build up a retirement benefit that is 
greater than if they were only covered under a traditional plan. . 
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Women are particularly likely to benefit from cash-balance plans, since they are more likely to leave the work force 
temporarily, making the accrual of benefits under traditional plans difficult. 

EXAMPLES 
Assume an employee joins an organization that offers a cash balance plan early in his career. This employee earns 
benefits during the years when a c~h balance plan accrual is more valuable than a traditional pension plan. If the 
employee leaves mid-career to join an organization with a traditional plan he also earns benefits during the years 
when a traditional plan is more valuable than the cash balance plan. 

Consider another employee who had participated in a traditional plan for the early part of his career, and then the 
employer converts the plan to a cash balance plan. The employee will have accumulated benefits· from the 
traditional plan during the years when the accruals are lower, and not benefit from the traditional plan's larger 
accruals in later years. This employee has the potential to accumulate a retirement benefit considerably less than 
what he wou.ld expect in the traditional plan. 

Who wins and who loses with cash balance plans? This chart gives a general overview of who gains and who loses. 

Age Cash Defined 
Balance benefit 

20s Winner Loser 

30s ? ? 

40s I Loser Winner 
50s I Big loser Big winner 

A Numerical Example 

Example One - New Emplovee 

Why? 

Benefits paid are the same, regardless of age or years of 
service. 
Depends on years with company and plan tenns. If you've 
been with the company more than l O years, defined benefit 
wins. Otherwise, you're probably better off with cash 
balance. Request explanation of benefits from employer. 
Rewards lonizevitv and aize with hiizher benefits. 
Defined benefits increase in amount as you age and 
percenta2e of contributions rise with lonizevitv. 

Assume a new employee hired at age 25, starting annual salary of $36,000 with an annual pay increase of 4%. 

Example one compares lump sum value at anained ages for cash balance plan and traditional pension plan running 
parallel for the entire career of the newly-hired employee. The table below provides the employee with the answer. 

Emplovee One- !'\ew Emplovee 
Attained Aize 25 35 45 55 65 
Cash Balance Account $0 $27,960 S91,441 $225,008 $493,623 
at Attained Age 
Traditional Lump Sum Value $0 $15,848 $84,839 $346,595 $1,310,674 
at Attained Age 

Conclusion for Example One - New Emplovee 
Cash balance plans works better for younger mobile employees with short term career horizon. Because of the 
heavy loading in the latter years under a traditional pension plan, it is better to retire under a traditional pension plan 
with longer years of service. 

Example Two - Career Emplovee . 
Assume the career employee in the traditional pension plan at age 55 with 30 years of service, experiences the 
conversion of this plan to a cash balance plan. The employee was given the right to stay in the traditional plan. 
Which is the better choice? The table below provides the employee with the answer. 
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Example Two Career Emolovee 
Attained Age ss 65 
Cash Balance Account $346,S9S $711,300 
at Attained Age 
Traditional Lump Sum Value $346,S95 Sl,310,674 
at Attained Age 

[5] 

ETHICAL ISSUES IN IMPLEMENTING CASH BALANCE PLANS 
In implementing the switch from traditional defined be~efit plan_s to cash balance_ plans many fi~s hav~ been less 
than forthright with their employees. They have only viewed this as an opportunity to reduce their pension costs 
and/or enhance their bottom line figures. 

Classic Quotes · 
Below are some applicable quotes regarding the issue of conversion: 

"Older workers could lose 20 percent to 50 percent or more under a new cash balance plan compared with what they 
might have earned under their traditional plan." 
Robert Pennington 
College for Financial Planning. 

·"Noone has lost benefits. What they've lost, if anything, is the right to future benefits accruals at a higher rate." 
Ray Berry 
Benefits. Manager,_ Grant.Thornton 

"Since the notice requirement doesn't have to include the words that your rate of future benefit accrual is being 
reduced, you don't have io_ say those magic words. You just have to describe what is happening under the plan. 
You know, my response is: DO IT! · I wouldn't put in those magic words." 
Kyle Brown 
Watson Wyatt Worldwide 

" ... and allows you to do it in a way which allows -a conversion which doesn't highlight, you know, I was getting 
1.25% of pay and now I am only getting 1.00% of pay. There is very little comparison that can be done between the 
two plans." 
William Torrie 
Price Waterhouse Coopers 

''Remember, a 204[h] notice doesn't require you to say that we 're significantly lowering your benefit. All it says is 
describe the amendment. So you describe the amendment." 
Paula Strella 
William H. Mercer, Inc. 

"I've been involved in cash balance plans five or six years dowri the road and what I found is that while the 
employees understand it, it is not until they are actually ready to retire that they understand how little they are 
actually getting." 
Keith Williams 
Watson Wyatt Worldwide 

"Right, but they're happy while they're working." -
Amy Viener · 
William H. Mercer, Inc. 

Based on these quotes, some of which we_ consider egregious, one has to conclude that many· firms have been less 
than honest in carrying out the shift in pension plans. As a result of this ethical breach, employees have begun to 
fight back by instituting class action law suits, stockholder proposals have been put on proxy ballots and 
·Congressional investigations started. Potential results of these ethical lapses ·could be Federal and State legislation 
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and further SEC regulation of business firms - not something these firms anticipated when making the switch with 
little or no concerns for their employees' welfare. 

[l] 

[2] 

[3] 

[4] 

[5] 
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INTRODUCTION 
Manv faculty members approaching retirement are evaluating when and how to retire. Typically, university 

· prof~ssors have many retirement options,_ inclu?ing part~al retirement. The retirement decision has financi~l, 
emotional, psychological, and personal dimensions. This paper explores some of the aspects of the financial 
dimension. A complete analysis of the financial aspects of the retirement can be overwhelmingly complex. Only 
principal financial factors affecting the best retirement choice from are examined in this paper. These factors 

include: 

1. · Timing of retirement 
2. Estimated pension retirement _income · 
3. Social security benefits under alternative options 
4. Income under partial retirement options 
5. Tax implications 

The purpose of this paper is to provide a simple model for faculty members to use in determining which retirement 

choice ~akes the most sense financially . 

THE MODEL 
Under the model, the nefpresent values of the cash flow of alternative retirement options are computed. The model 
is illustrated with the Cal-PERS(Califomia Public Employee Retirement System) retirement plan applicable to 
professors in the California State University system. The following assumptions are reflected in the model. 

1. Eligibility to retire under a defined benefit plan 
2. The participant has qualified for social security 
3. An 8% interest factor for the present value computation 
4. Internal Revenue Service life annuity tables . 
5. Static model in terms of inflation 
{ Effective 'date ofretirement - l /l /2002 

Further, the foliowing retirement choices are reflected ·in the mode: 

1. Defined benefit pension retirement. at age 62 or 65 
2. Social security at age 62 or 65 
3. Service years for defined benefit - 20, 23, 30 or 33 
4. Election to participate in partial retirement at age 62 or 65 

California State .University System allows partial retirement under the Faculty Early Retirement Plan (FERP). This 
plan allows a professor to retire at the full benefit earned, and still teach one semester for half of his or her academic 
year salary for ~p to five years. 

THE TAX FACTORS 
The net present value numbers in the illustration are before income tax. This does not mean the· tax factors are not 
important. The following discussion identifies some of these factors. The effective tax rate will vary for retires and 
obviously is a factor in the retirement decision. Most professors will be in lower brackets after they retire because 
their pensions will be less than their salary and usually not fully taxable. Pension benefits attributed to employee 
contrib~tions p~eviously taxed will be excluded from income. Although employees have already paid income tax on 
the social security· tax deducted from their paychecks, after they retire and their adjusted tax return income is above 

·· a threshold amount ($25,000 for a single taxpayer), some of their benefits will be taxed again. Also, the social 
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security payroll tax is not withheld from social security benefit checks. What may not be generally realized, 
however, is that the social security and medicare payroll tax is not withheld from the FERP salary. Also, the 5 
percent Cal-PERS deduction is not applicable to FERP salary payments. · 

DATA FOR CASHFLOW ANALYSIS 
Three key pieces of information were required even to do simple analysis. First data from IRS tables were used for 
life expectancies. This paper evaluates scenarios involving retiring with or without social security benefits at either 
age 62 or 65. The life expectancy tables indicated the life expectancy for retirement ages were about 85 . So we 
chose 85 as our life expectancy for both ages for our analysis. 

Second, the amounts of Social Security payments were needed for both ages. Table I has shows the figures from the 
current benefit schedule. The annual amounts are $14,365 and $18,970 per year when drawing the social security 
payments beginning at 62 and 65 respectively. 

Third, retirement incomes from Cal-PERS (California Public Employees Retirement System) are computed using 
the Cal-PERS retirement calculator on its web site, www.calpers.com. The annual retirement payments are also 
given in Table 1. · 

Table 2 shows the cashflow by year under several scenarios. The components of the cashflow are salary, retirement 
income and social security income. Since retirement incomes and social security incomes are exempt from social 
security and Medicare taxes and the 5% retirement contribution, these have been deducted from the salaries to make 
the cashflow amounts comparable. As stated elsewhere, the effect of inflation and cost of living increases has been 
ignored. To compare the various options, NPV(net present value) of each scenario was computed. A discount rate of 
8% was assumed to compute NPV. 

RESULTS AND FURTHER RESEARCH 
Table 3 summarizes the results of cash flow analyses and NPV. Taking FERP options at 62 for both 20 and 30 years 
of services h~ve slightly higher NPV than working full time until 65 and then retiring. Also, when retiring at 62, it is 
a linle more advantageous to stan drawing social security payments at 62 than waiting until 65. 

This paper showed a simple and yet effective approach to view the financial impacts of various retirement options. 
We kept the assumptions simple for illustrative purposes. It is possible to build more parameters and complexities 
(such as tax factors noted above) into the model and make it more general and applicable to retirement systems in 

· different states and institutions. Such a model could be very valuable to the potential retirees, since the decision to 
select from various retirement options can be daunting for those who are not familiar with basic financial analysis 
methods. 
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TABLE 1. DATA FOR CASH ·FLOW 

CAL PERS YEARLY RETIREMENT INCOMES~ 

YEARS OF SERVICE 20 23 30 33 

AGE 

62 YRS $ 38.220 $ 57,336 

65 YRS $39,192 $45,072 $58,788 $ 64,668 

SOCIAL SECURITY PAYMENTS** 

BEGIN DRAWING AT AGE' AMOUNT PER YEAR 

62 YEARS $14,365 

. . 
65 YEARS $ 18.970 

* SOURCE-CAL-PERS-~TIREMENT CALCULATOR 
**SOURCE-SOCIAL SECURITY ADMINISTRATION 

Table 3. SUMMARY OF RESULTS 

(* Net Present Values) 
I 

20 YEARS OF 30 YEARS OF SERVICE 
SERVICE 

SS* AT 62 SS AT 65 SS AT 62 SS AT 65 

$ 545 ,362 $ 544,233 $ 743 ,6 15 $ 742,486 

NIA $ 682,630 NIA $ 835 ,361 

NIA $ 703,734 NIA $ 874,972 

* SS= Social S~curity 

'. 
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ABSTRACT 
This paper presents about the framework and development of decision support system (DSS) for selection of 
suitable rapid prototyping techniques at Thailand industrial sectors. Although rapid prototyping techniques possess 
many advantages, the investment cost and the knowledge for this technique is not much in Thailand industrial 
sectors. Specifically, there are currently, only six RP machines in Thailand and most of those are at academic 
research univ~rsities. Very few industrial sectors even did not know about that RP technique and the effectiveness. 
Therefore, this research work has been developing the decision support system for those prominent RP techniques 
for Thailand industrial sectors. The decision support system has been implemented in Visual Foxpro to build the 
knowledge-based system with the aid of SQL language. The frontier interface is the web oriented due to ease of 
access and update information in high speed. · 

INTRODUCTION 
Currently, the manufacturing companies are meeting challenges from customers' to fulfill their requests linking with 
increasing global competitions for getting into the market faster. To cover those situations, many companies are 
interested in using high techniques, such as CAD, CAM and rapid prototyping techniques. Specifically, the RP 
techniques are very much suitable for developing the prototype in fast, ease of analysis and engineering 
performance. Although RP techniques are prominent for working at design environment, many industrial sectors are 
quite hesitate to using due to high cost of investment and lack of knowledge on the RP techniques. For those who 
concerning much about cost, the service providers are appearing around the world, specifically in developed 
countries at Europe and USA. 

On the other hands, the developing countries, specially, ASIA are suffering on the economic crisis and trying to 
recover from that. Specifically, Thailand is the one, suffered the worst condition. For getting the recovery, Thailand 
needs to apply suitable strategies and adopt the suitable high techniques for manufacturing sectors. If Thailand uses 
the tradition way of manufacturing, it is very difficult to compete with other countries, which becomes the agile 
around ASIA regions. Although the high techniques are needed in manufacturing sectors for getting agility, the 
counter part of the high techniques is risk in high cost of investment and lacks of knowledge on those techniques. 
Specifically, Thailand used to suffer on Flexible Manufacturing environment, CAD and CAM in some industrial 
sectors in which did not need to implement of high techniques. Therefore, there should be the system, which should 
suggest some general guidelines for Thailand industrial sectors on whether necessary to adopt or nor and if adopt, 
which level and what kinds of high techniques are necessary to implement and the way of transformation from the 
current state to the modern automated environment. Due to the facts stated above, this research. work has been 
developing the decision support system for rapid prototyping techniques mainly aim for Thailand industrial sectors. 
On the other hands, the communication through internet is very interesting in expansion at Thailand and thus, that 
decision support system is composed into the Web-based decision support system. 

Problem Statement 
Emphasis on Thailand Industrial Sectors, The problem can be stated as follow: 

1. Rapid Prototyping technologies is not emerged due to the its relatively high cost. 
2. The skilled worker is need in the maintenance of Rapid Prototyping machine. 
3. Principles and applications of Rapid Prototyping are not informed to the investors m Thailand 

Industrial Sectors. 
4. Lack of information made Thailand Industrial Sectors not decide to invest on Rapid Prototyping arena. 

Model Development 
Refer to the problem statement, this research aims to develop the knowledge-base system of Rapid Prototyping (RP) 
for Thailand industrial sector. For development of knowledge-bas·e system, it is necessary to know clearly about RP 
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and· RP classifications, usefulness and disadvantages. Therefore the whole framework "ror this knowledge-basi 
system development can be illustrated at figure 1. 

Knowledge Acquire on 
RP Method Machine 

Data Base 

Knowledge Base 

Web Site 

Figure 1. The Framework of model Development 

The internet facility is expanding at Thailand and the world information source is at that internet facilities. 
Therefore, th~ knowledgebase development is linked with the internet and collects all companies listing and their 
service provided. · 

DEFINITION OF RAPID PROTOTYPING 
Rapid prototyping is a technique to fabricate three-dimensional models directly from three-dimensional CAD data. 
The majority of Rapid Prototyping Machines work on the principle of building up layers of material from slices 
taken through a tria_ngulated CAD model to create a three dimensional physical object. 

Three phase of prototvping 
First phrase of prototyping, manual prototyping, fs fabricated by hand. Fabricating manual prototyping is very labor 
extensive and takes on average about four weeks. 

Second phrase, soft or. virtual prototyping, ts a technique to fabricate model by using an applications of computer 
software such as CAD/CAE/CAM. In this phrase, computer models can be stressed, tested, analyzed and modified 
as they were physical prototyped. · -Although proto"type~ tend to become more complex, fabrication by using soft 
prototyping takes tinie to com.plete the model. 

Third phrase, rapid prototyping,' is a technique to fabricate three-dimensional models directly from three• 
dimensional CAD data. The majority of Rapid Prototyping Machines work on the principle of building up layers of 
material from slices taken through a triangulated CAD model to create a three dimensional physical object. 

Fundamentals of Rapid Prototvping 
1. A component is · modeled on a CAD or CAM system and must be represented as closed surfaces that 

unambiguously define an enclosed volume. 
2. Component modeled on CAD or CAM is converted in to .STL file format. 
3. The .STL file model is then horizontally slice into cross sections. Then, the cross sections are combined to fonn 

a 3D model. 

Four aspects of Rapid Prototvping 
I. Input: Input refers to the electronic information require:ci to describe the physical object with 3D data. 
2. Method: Methods are fall into several categories which are employed by each vendor such as photo-curing, 

cutting and gluing/joining, melting and solidifying/fusing and joining/binding. 
}· Material: The initial state can come in solid, liquid or powder state. 
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4. Applications: The application of RP can be grouped into: 
(l) DesignEngineering, (2) Analysis, and Planning; (3) Tooling and Man~facturing; 

Benefits of Rapid Prototyping 
Rapid Prototyping is able to fabricate any complex objects in a short period. The design can be more complex with 
little effects on lead time and cost. .Improve product quality. Prototypes with the characteristics of finished products 
allow detailed evaluation and analysis to help avoid costly design iteration. Rapid prototyping enable in making an 
optimum design to meet customer requirement and facilitate better quality in design. Use fewer parts on fabrication . 

ASPECT OF THAILAND INDUSTRIAL SECTOR 
As the rapid prototyping widely emerged in Thailand yet, only a few industrial sectors use RP for the prototyping. 
The use of RP technique is existing in only a small specific group of industry. One of them is biochemical industry 
that uses RP for artificial human skeletons. Industrial sectors in Thailand aren't activating in using RP technique for 
their prototyping model yet. Since RP technique give highest advantage among existing prototyping methods. The 
application of RP should be used in wider industrial sectors. In our opinion, the possible aspect of Thailand 
Industrial Sector on RP is , for example, jewelry industrial. In jewelry industrial, in Thailand, the present method to 
change the state from gold bar to be the golp ornament is done by goldsmith. This method is time-consuming. 
Moreover, in case that the design is out-of-date, the reproduction of ornament is resulted in loose the percentage of 
gold. The use of RP technique can be introduced in jewelry industries in order to give an advantage in higher 
accurate modeling, relatively inexpensive cost for prototyping and exclusive jewelry CAD/CAM software can be 
used in this case. 

Knowledge Base Management 
As the corporation was understood in terms of the technology that shaped it, the factory was the epitome of 
corporate organizational structure, and the factory organizational concepts defined how corporations were developed 
and run. Unfortunately for most employees in a corporate environment, a loosely organized and annually recurring 
chaos has replaced planning an order. The breakdown was inspired and created by innovations such as operational 
computer systems. However, what defines a company and its success is how well it functions in disseminating and 
managing business knowledge. Business knowledge is a collection of information, which has been specifically 
assembled to support a businessperson ' s development of specific solutions to specific business problems. In this 
project case, the computer system will be use to provides information to the user as knowledge management system 
or called Knowledge Base. Knowledge Base use to find the solution for the users ' criteria or make the decision 
making. The benefits of using Knowledge Base are consume less processing time, reduce cost, and can exchange 
with another users in global network. 

The knowledge management principles can be used as follows : 

1. To determine how to get Web warehousing applications to function smoothly as part of the overall business 
processes (the operational aspects of the system). 

2. To figure out and deal with the issues of cultural impact and the roles and responsibilities of individuals as they 
relate to the applications that is being developed t the organizational aspects of the system). 

3. To develop techniques for managing the changes in the way people view themselves and their workgroups, and 
the way in which they deal with each other as a result of the new system (the cultural aspects of the system). 

4. To learn how to make sure that the Web warehousing applications will make money for the firm, once deployed 
(the financial aspects of the system). 

5. To resolve how to motivate the organization and the individuals within it to undergo the wor4k and pain 
necessary to change themselves, and come to accept and embrace the new technological solutions (the 
promotional aspects of the system). 

6. As a guide to describin_g, designing, and building a special kind of system (a knowledge management system). 

The Knowledge Base can be· separate into three major categories. 1) Knowledge Base theory. 2) Knowledge Base 
principles. 3) Knowledge Base systems. Knowledge Base theory is an approach to the study of business that 
attempts to describe the effectiveness of organizations as a function of the efficiency with which they create, store, 
and apply knowledge to the creation of goods and services. ~owledge Base principles is the key concepts that 
provide insight into the ways businesses and people relate to each other through the creation, manipulation, and 
application of knowledge. These principles include: 
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1. Value chain~ the concept of the value chain describes the way a business is organized in tenns of its functional 
components. This organization of functional components, therefore, defines the process by which the business 
delivers value to customers. 

2. Value propositions .... is the proposition that a business makes to the customer, basically stating that the companv 
agrees to deliver a predefined set of benefits in exchange for money or some other form of consideration. · 

3. Modeling and Visioning - the method of figuring out how people will organize themselves around the use of 
these new technologies is referred to as the modeling process. The method of turning those models into 
actionable templates for behavior is referred to as the visioning process. 

4. Knowledge networks (and knowledge neighborhoods): describe the network of individuals within an 
organization who share a common interest in the same set of knowledge. · 

5. Knowledge economics - describes how individuals and organizations value, give away, buy, sell, and trade 
. knowledge as a form of currency. Knowledge economics defines how people working along the value chain 
contribute tot he delivery of the corporation's value proposition through their contribution and use of 
knowledge. 

Knowledge Base system is the computer infonnation systems that can be defined acco_rding to one of four criteria. 
We can say that_ a knowledge management system is: 

1. Any computer system that works for a business or individual, managing data or information in the support of 
decision-making. 

- 2. Any computer system developed in support of the efficient exer':ise of one of the knowledge management 
principles, inclu_ding value chain, value proposition, modeling, vision, knowledge neighborhoods, and 
knowledge economic. 

3. Any computer system, which integrates the collection and application of business knowledge ( data + context + 
appiication) to the solution of specific business problems. 

4. A system identified by the right buzzword. One can define a select list of unrelated software applications and 
claim that this particul~r grouping defines the set of knowledge management systems. 

There are several papers have been done related to RP topic. One of the topic which is our case study is related to 
rapid tooling (RT). · Since rapid prototyping (RP) and rapid tooling (RT) are similar technology. This topic is the 
expression of an example of what RP related topic has been study so far. This example is the case study of selection 
and evaluation of rapid tooling process chains with Protool written by Uwe Kaschka and Peter Auebach. This 
journal describes a two-step decision support methodology for selecting and evaluating manufacturing process 
chains and its application in software system Protool. Since special attention is paid to the production of models, 
prototypes,_moulds, and dies using new and innovative technologies such as rapid prototyping or high speed cutting. 
The main goal of this ·case study is to compare rapid prototyping process chains among one another as well as 
conventional m~nufacturing technology for example NC-milling. to rapid tooling. The methodology allows the 
selection of suitable process chains considering the criteria quality, time, cost, and ecology for given manufacturing 
tasks. It's also demonstrated the different features of Protool for the production of an injection mold. Using RP 
technique creates rapid tooling. In this case, · tooling created by Rapid tooling is solid and inexpensive, bulk 
complicated tools are cost-effective to produce and the tooling can be converted to aluminum or steel via the 
investment casting process for use with other materials and high_ temperature molding processes. 

Risk Cost of Buving the •right Rapid Prototvping Machine 
Advantages (Right Decision) 

• Can be_a leader in the market 
• Can fabricate the models in a short Period. Therefore, the product can be launched in advance to 

competitors. 
• Prototypes with the characteristics of finished pr~ducts allow detailed evaluation and analysis to help avoid 

costly design iteration. 
• Enable in making an optimum design to meet customer requirement. 
• More complex objects can be made · · 
• . Use fewer pans on fabrication. 
• Prototype '_s quality can be improved 
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Disadvantages (Wrong Decision) 
• Waste money 
• Lost time and could not cover the advantage lists above 

Risk Cost of Not Buving the Rapid Prototvping Machine 
Advantages (Right Decision) 

• Save money 

Disadvantages (Wrong Decision) 
• Lost an opportunity to be a market leader 
• Longer fabrication time. Therefore, the product can be launched slower. Thus, lost the market share. 
• Finished prototypes not allow detailed evaluation and analysis. Occurrence of redesign is possible. 
• Can not meet every customer requirement because less complex objects can be made Lower product's 

quality 

There are currently 3 types of RP method,- which are liquid-based prototyping, solid-based prototyping, and powder
based prototyping. In liquid-based prototyping system, there are variations to this technique by the various vendors 
and they are dependent on the type of laser method of scanning or exposure, type of liquid resin, and type of 
elevation and optical system used. In addition, there are several types of RP machine using liquid-based 
prototyping. The applications of each RP machine using liquid-based prototyping technique are specified by its key 
strengths, advantages and principle, which are varies among each individual RP machine type. In solid-based 
prototyping system, the basic common feature among these systems is that they all utilize solids, in one form or 
another, as the primary mediuin to create the prototype. Again, the applications of each RP machine using solid
based prototyping technique are specified by its key strength, advantage and principle, which are varies among each 
individual RP machine type. For solid-based prototyping system, they are special groups of solid-based RP systems 
~hich uses powder as the prototyping medium. They are similar to liquid-based rapid prototyping systems because 
they generally have a laser to draw the part layer by layer, but the medium used for building the model is a powder 
instead of 'photo-curable resin. In the same way, the applications of each RP machine using powder-based 
prototyping technique are specified by its key strengths, advantages and principle, which are varies among each 
individual RP machine type. 

Because applications of e~ch RP machine using several type of prototyping system are specified by its key strengths, 
advantages and principle. it is hard for investors, especially in Thailand. to match the feasible RP machine with their 
work. It is our job to develop this information to computer system, which is called database. 

In the aspect of RP database, it is quite difficult to record all data or information of RP in one table of database due 
to a lot of information of RP. Because it is hard to find the information that the user needs. and computer will work 
slow in processing. So it must separate the data into groups, the group that contain similar or same types of 
information. Each group will put in each table and each table will relate with other table according to any situations 
or cases of the users, so that the users can search and retrieve their specific information efficiency. For more 
comfortable, the application of knowledge Base is used to search, retrieve, and make feasibility decision to the users. 
Knowledge Base principles will used to develop the database by build Web Warehousing. For the decision making, 
the relevant methodology is the method that will be applied for more effective and efficiency. To make this 
database and Knowledge Base propose to the public, the Internet must be related. 

To express this web base decision, the Internet will be used. The reason is that Internet can be able to penetrate into 
everywhere in the world. It is also easier and faster to contact with one who interested than other source of 
information. To make the RP web site attractive to Thailand Industrial sectors, there are many features to concern. 
The RP web site done for this project will be easy to navigate. In case that it is hardly to navigate, the bookmark 
should be provided. Otherwise, if there are any visitors come to visit the web site and they cannot search for the 
desired information easily. They may leave the web. Sometime, people come to see and then leave from the web 
immediately. The reason is that the web may not interest or contain something not related to the visitor desired. The 
counter should be enhanced in order to check the attendance of the Internet user and then adjust it to be more 
interesting of the Internet user. 
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The other feature that will be concerned on constructing the web site are loading speed, separation of infonnation. 
the number of screen, etc. the information in one page should not exceed IO screens. If there are more than IO 

screens, the information should be separate into sub-topic and link it together by the content page. 

_____ ...... __ 
........ _.,.,. ... _,,..,.. --CIII------

a; ... .... _. ., __ 

_Figure 2 - Database Development 
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Figure 4 - Introduction of RP at Web page 
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Figure 3 - Fonn Interface for Data Entry 

Select your related criteria 

Figure 5 - Selection Criteria for RP at Web 

CONCLUSION 
Currently, this research work is still going on and the research team has been developing with the web construction 
and knowledge updating with web resource available. 
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ABSTRACT 
We consider the problem of strategically locating facilities in a variety of industries. It is well known that location 
of various facilities such as manufacturing plants, warehouses and research and development centers are influenced 
by a number of factors. In addition to real estate, transportation, taxes, utilities and other costs, firms also look for 
other factors such as educational resources, environmental concerns and labor availability. This paper reports a 
research plan and preliminary results of a project aimed at identifying significant factors corresponding to industry 
and facility types. 

INTRODUCTION 
Facility location is an important strategic issue for any organization. In addition to optimizing a company 's logistics 
efficiency, location is a significant determinant of a firm 's overall competitive strategy. 

Existing mathematical models for plant and warehouse location essentially balance the costs of building new 
facilities with the costs of transportation. However, these models do not capture the long-term impact of location 
decisions. For instance, in practice, these decisions are strategic in nature with a planning horizon of several years 
into the future . Distribution managers are faced with the prospect of deciding locations for plants and sources of 
raw materials without even knowing the exact specifications of the final product [2]. This clearly complicates the 
plant location decision. 

The complexity of this problem is further increased by some important forces that strongly affect the outcome of 
such decisions. These include non-quantifiable quality of life factors such as labor availability, health care, 
educational resources, etc·. Further, in a globally competitive environment, other concerns include the reliability of 
infrastructure, wage differentials, technological sophistication, and the overall social and political climate of a 
country [ 4 ]. This paper identifies a preliminary list of factors that have a bearing on plant and warehouse location 
decisions in a global environment. The paper also presents a research plan for analyzing these factors as they relate 
to type of facility and industry. 

FACILITY LOCATION FACTORS 
Decisions involving strategic facilities location involve a multitude of factors , some that are quantifiable and 
economic in nature, and some that are non-quantifiable and intangible in nature. In general, location planners are 
concerned with the following factors : 

A. Economic issues 
Al. Cost of leasing 
A2. Land cost 
A3. Inbound transportation cost 
A4. Outbound transportation cost 
AS. Warehouse storage and management cost 
A6. Labor cost 

B. Infrastructure issues 
B 1. Availability of water 
B2. Availability of skilled labor 
B3. Public warehouse space 
B4. Communication systems 
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A 7. Utilities cost 
A8 . Property taxes 
A9. Tariffs 
A 10. Tax incentives 
A 11. Currency exchange rates 

B5. Fire protection 
B6. Proximity to highways 
B7. Proximity to airport 
B8. Proximity to cargo dock 



C. Oualitv of life issues 
C 1. Labor relations 
C2. Educational institutions 
C3. Health ·care facilities 

D. Legal issues . 
D 1. .Environmental laws 
D2. Labor laws 

C4. Public safety 
CS. Cultural amenities 

D3. Income repatriation laws 
D4. Foreign investment law 

Some of the factors listed above require elaboration. This is provided below with brief examples. 

Tariffs are duties imposed when product or equipment is transported across international, state, or city 
boundaries. When faced with extraordinarily high tariff duties, companies respond by e_ither not sen•ing those 
locations or by setting up manufacturing plants within the country. Obviously, high tariffs in a number of 
borders lead .to a proliferation of production facilities, each with low allocated capacity. However, global 
agreements on foreign trade such as the EC Community, NAFT A, etc. as well as regional agreements have 

. allowed companies to consolidate their operations without incurring high tariffs. The resulting economies of 
scale in their manufacturing plans have allowed them to be.more competitive. 

Tax incentives are special reductions in tariffs or taxes to attract and influence finns to locate their facilities in 
specific areas. In .the context of a single country, often these are regions with lower economic development. On 
a global l~\'.el, some countries offer tax incentives for certain type of industries consistent with their national 
priorities . Often, these incentives are a key factor in the final location decision for facilities location decision 
makers. 

The safety of their employees as ~ell as that of nearby residents is a central issue for many, if not all companies 
[2]. Sites that are known to be contaminated by hazardous wastes are rejected by firms considering relocation 
or expansion in order to minimize any liability and negative publicity. 

TYPE OF FACILITY 
It seems clear that location factors that are more important for one type of industry may have a negligible 
impact on another type of facility. For instance. labor wages may be a strong determinant in the location of an 
apparel-sewing factory whereas the same factor may have almost no impact on the location of a textile R&D 
facility. Therefore, this researc~ is based on the assumption that each type of facility will be influenced in 
varying amounts by each location factor. In this· se'cti9n, we propose a classification scheme for facilities. This 
classification will allow an investigation of the extent to which each factor affects location decisions for each 
type of facility. · · 

The classification is based on three dimensions - type of location decision, type of industry and function of the 
facility. The details of these dimensions are given below. 

A. Tvpe of location decision 
A 1. Continue current location 
A2. Capacity expansion in curre!'}t location 

B. Tvpe of industrv 
B 1. Food processing 
B2. Textile 
B3. Apparel 
B4. Machinery Manufacturers 
B5. Furniture 
B6. Chemic.als 
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A3 . 
A4. 

Plant closing 
New facility location 

B7. Drugs and pharmaceuticals 
· B8. Petroleum 

B9. Rubber and tire 
B 10. Metalworking 
B 11. Computer equipment 
B 12 .. Refrigeration 



Bl3. Power generation and transmission 
B 14. Household appliances 

C. Function of facilitv 
C 1. Manufacturing 
C2. Research and development 

BI 5. Automotive 
BI 6. Aerospace 

C3. Warehousing 
C4. Corporate offices 

Each combination of the three dimensions represented above gives rise to a type of facility. Thus a 
maximum of 256 (4 X 16 X 4) facility types will be considered. For example, facility type A2B7C3 
represents capacity expansion of a pharmaceutical company warehouse. 

DATA COLLECTION AND ANALYSIS 
The approach for collecting and analyzing the data is described in this section by referring to three tables. 
Table 1 presents ( only part of the table is shown here in the interest of space) the location of a number of 
facilities. The data is obtained from newspaper reports, trade magazines, and Internet resources. Rows of 
this table represent facility types based on ,the above classification system. Columns represent actual 
location sites. An "X'" in a cell indicates current location of each type of facility . With reference to Table 
1, location 2 currently has facilities of type A2B I C4 (Capacity expansion of food processing company's 
corporate office) and A4B9C3 (New facility for a tire manufacturer' s warehouse). 

T bl 1 L a e : ocat1on o rv · anous T ypes o fF T. ac11tJes 
Facilin· Tvpe Location Sites 

A B C I 1 2 3 4 5 6 ... 
1 1 1 X X 
1 1 2 X X 
... .. . . .. 
2 i l 4 X 
2 I ., l i X X I -

2 I 2 2 X X X 
.. . ... . .. 
4 9 3 X 
4 I 9 4 X 
... I .. . . .. 

Table 2 is used to relate location factors to location sites identified in Table 1. The public information 
available about each location is analyzed to assign a score that represents the degree to which the site is 
attractive/unattractive for each location factor. This score is based on a scale of-3 (most unattractive) to 
,... 3 ( most anractive). 

Table 2: Attractiveness of Location on Each Location Factor 
Location Location Factor 

Site l 2 I 3 I 4 5 6 ... 
1 -2 -1 I 0 ! 3 2 2 
2 0 0 I I I 2 -2 -3 
3 l 3 I 3 I 2 -2 -I 
4 2 -1 I ., i -3 3 2 - ,t. 

5 I l ! 3 I 0 -2 -1 
6 0 -2 I 2 i 2 l I 

I 

i ... i 

The last table (Table 3) is based on the data in Tables l and 2. It relates the type of facility to location 
factor. To explain how the entries in Table 3 are obtained, consider the row corresponding to facility Type 
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AIBICI. Since AIBICI had locations in Sites 1 and 3 (see Table I), the values in Table 3 are computed 
by adding the scores of location factors for sites 1 and 3 in Table 2. Note that the values presented in Table 

3 are based on the partial Tables 1 and 2. 

Table 3: Relationship Between Location Factor an dT fF T ype o ac1 lh' 

Facilitv Type Location Factor 
A B C I 2 3 4 5 6 ... 

1 1 1 -1 2 3 5 0 1 
1 1 2 3 2 1 -1 1 1 

... . .. ... 
2 1 4 0 0 1 2 -2 -3 
2 2 1 2 4 6 2 -4 -2 
2 2 2 I -1 I 0 3 3 
... ... . .. 
4 9 3 0 0 1 2 -2 -3 . 
4 9 4 0 ~2 2 2 1 I 
... ... ... 

A correlation analysis of the data in Table 3 will allow conclusions regarding the impact of each location 
factor on each type of facility. · 

SUMMARY 
The ·paper presents a classification scheme for representing location factors and types of facilities. Based 
on empirical data, the effect of each location factor on type of facility can be determined. The main 
contribution of the paper is a systematic approach for incorporating non-quantifiable factors into the 
strategic location decision-making process. 
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ABSTRACT 
Diverse and complex demands of customers of today urges enterprises to reduce the product life-cycle and to 
produce safe and high quality product with low price. Efficient product configuration management (CM) can resolve 
these problems. Although various standards for configuration management exist, however, there are no 
internationally agreed upon standards. Further, existing configuration management standards do not address the 
issue of int~grating heterogeneous, autonomous, and distributed information, especially for virtual enterprises. This 
paper proposes an architecture for product configuration management in industrial virtual enterprises. Based on the 
World-Wide Web (WWW) and Common Object Request Broker Architecture (CORBA), it will enable the 
integration of heterogeneous, autonomous, and distributed information. Further, the architecture adopts a rule 
concept that will provide an active mechanism for configuration management. To make the architecture generally 
applicable, this paper also identifies core objects and functions for configuration management extracted from various 
configuration management standards. A prototype system supponing the proposed architecture mechanism is 
illustrated. The proposed architecture and the prototype will provide a generalized framework and implementation 
guidelines for efficient configuration management systems in industrial virtual enterprises. 

INTRODUCTION 
The product configuration management is panicularly imponant today since customers want various product designs 
with high quality and low price. According to MIL-HDBK-61, "the absence of CM or ineffectual CM can lead to 

· equipment failures due to incorrect pan installation or replacement; schedule delays and increased cost due to 
unanticipa,ted changes; operational delays due to mismatches with suppon assets; maintenance problems, down-time, 
and increased maintenance cost due to inconsistencies between equipment and its maintenance instructions; and 
numerous other circumstances which decrease operational effectiveness and add cost" [MIL97]. There have been 
several efforts to define configuration management and set standards for it. However, few of them have addressed 
the issues of active mechanism using rule concepts and configuration management for virtual enterprises that is the 
enterprise of the future . 

The National Industrial Information Infrastructure Protocols (NIIIP) consortium has defined a virtual enterprise and 
an industrial virtual enterprise as follows: "A virtual enterprise (\'E) is a temporary organization of companies that 
come together to share costs and skills to address business opportunities that they could not undertake individually; 
An Industrial Virtual Enterprise (IVE) is a kind of VE that focuses on the sharing of engineering and manufacturing 

· information'' [NII198] . Sharing data and technology of each panicipating company, (industrial) virtual enterprises 
can reduce the time and cost of product life-cycle. and can satisfy diverse demands of customers [Hard96]. In the 
field of advanced intelligent manufacturing, Park and Favre! defined new emerging concepts - agile manufacturing, 
virtual enterprises, extended enterprises - as Next Generation Manufacturing Enterprise (NGME), and considered 
virtual enterprises as the most advanced and efficient form of modern networked enterprise organizations [Park99]. 

This paper addresses the issue of active mechanism of configuration management by adopting a rule concept. It also 
deals the issue of product configuration management for heterogeneous, autonomous , and distributed industrial 
virtual enterprise by proposing an architecture and describing the implementation of the environment. To make the 
architecture generally applicable, core objects and functions for configuration management are identified from 
various configuration ma~agement standards. 

The remainder of this paper is organized as follows. Section 2 presents related works on configuration management 
and system integration for virtual enterprises. Section 3 describes the components of the active configuration 
management environment for industrial virtual enterprises. A prototype implementation is presented in Section 4. 
Section 5 concludes the paper. 
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RELATED WORK 
There have been several efforts to define configuration management· and how to manage the concept [ ANS In 
ISO94, Lyon96, Meta96, MIL97]. Major standards related to configuration management are EIA-649 (National 
Consensus Standard for . Configuration Management), IEEE STD 828-1990 (Software Configuration Managemeni 
Plans), ISO 10007 (Quality Management - Guidelines for Configuration Management), ISO-10303-203 (Application 
Protocol: Configuration Controlled Design), MIL-HDBK-61 (Configuration Management Guidance}, MIL-STD-973 
(Configuration Management), and MIL-STD-2549 (Configuration Management Data Interface). The MetaphaseTM' 
a PDM (product data manageme~t) software, also provides configuration management concepts that are 
corresponding to ISO-I 0303-203 [Meta96]. However, these standards and PDM softwares do not provide active 
mechanisms and capabilities to handle heterogeneous and distributed environments such as virtual enterprises. 

The NIIIP project is a DARPA funded project led by IBM performing research on the protocols needed to suppon an 
virtual enterprise [NIII98]. The following are three categories of protocols: 

How product data can be shared by members of an VE 
How processes can operate in an VE 
How an VE can be instantiated at the start of a project and dismantled at the end 

Hardwick et al: have implemented a proto_type information system for IVE based on the NIIIP reference architecture 
[Hard00]. It integrates heterogeneous, distributed legacy applications with STEP, CORBA, and the Internet. Even 
though the implementation contains engineering objects such as part agent, shape . agent, cost agent, and analyst 

· - agent to support industrial virtual enterprise, the system architecture is too general to apply to configuration 
i;nanagement. The architecture should be extended for efficient configuration management in industrial virtual 
enterprises. The architecture proposed in this paper extends the NIIIP reference architecture by adding the 
compoqents for configuration management and a rule concept. 

Park and Favrel have studied on the information system infrastructure for virtual enterprises. The research, however, 
presents no further detail i~formation for system integration. It only presents the major three components and overall 
architecture [Park99]. Zhang et al. have proposed an Internet based STEP data exchange framework for vinual 
enterprise [Zhan00]. They mai_nly focused on the research about the data exchange using STEP standard between 
member companies in a virtual enterprise, but did not deal with the issues of interoperability of heterogeneous 
application systems in member companies. Kobler and Norrie also developed a product information system which 
supports enterprise-wide access to product structure data through the WWW [Kobl97]. 

Rule management has been studied in the active database area, since it can enrich the database facilities such as 
integrity ~onstraint enforcement. derived data maintenance, authorization checking, version management, and etc 
[Kim95]. Research has been performed· in both relational databases and object-oriented databases. Most of them are 
based on the ECA (Event-Condirion-Action) or EA. (Event-Action) paradigm, so their rules are similar to the 
production rules used in the artificial intelligence area. This paper adopts the ECA paradigm for configuration 
management to provide active mechanism. 

COMPONENTS FOR ACTIVE PRODUCT CONFIGURATION MANAGEMENT 
Core Objects and Core Functions of Configu·ration Management 
In this section, the core configuration objects and functions · extracted from current PDM softwares and various 
standards of configuration management will be presented. The core objects of configuration management are 
product, product configuration, part, part version, BOM, supplier, activity, employee, work request, work order, and 
work result. Tte object diagram is shown in Figure 1. 

The core functions of configuration management are product structure identification, configuration identification, 
work management, and rule management. The product structure identification is a basic function for configuration 
management and is composed of product structure navigation, product and pan version list ·viewing, and version 
information viewing. The configuration identification is composed of configuration list and composition viewing, 
and comparison of configurations. The work managemen_t is also important because the seamless communication of 
inter~organizations is essential in virtual _enterprise environment. The rule management is the newly adopted concept 
in this paper, which is the core part of active mechanism of the architecture. It is composed of rule enforcement, rule 
addition and deletion, rule modification, and rule retrieving. 
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Figure 1. Core Object of Configuration Management 

Active CM Components 
The active environment for configuration management shown in Figure 2 adopts the NIIIP reference architecture for 
virtual enterprises and extends it with new . components for configuration management and rule management. It 
selected the Internet technology to communicate product and process information with participating companies in a 
virtual enterprise. Object technology is the key technology for the integration of heterogeneous legacy systems and 
new applications in a virtual enterprise. It uses the Object Management Architecture and the CORBA. The legacy 
applications and services can be integrated as objects using wrapper technology or adapter technology developed by 
OMG. The STEP provides the unified approach of modeling and exchanging product information throughout the 
product life-cycle. The architecture also requires monitoring of each engineering activity and storing of its log data 
in the work history database. The rule management is added in the architecture for active configuration management. 
The rules are to be defined for some important events that require active responses from the system to maintain the 
engineering constraints of part and product data. 

Pan Supplier I 

Pan DB J 
~ 
~ 

! 

Pan Supplier 2 Part Supplier ~ 

L Pan DB J L Pan DB 

~ ~ 
! ! 

11;1:bfo,if, I 
CM Ru~ l I ! l 

~--. ~ @@ A":7:.'' 

Figure 2. Components for Active Configuration Management 

The architecture has nine components for active configuration management, reflecting the above core objects and 
functions . The following is the description of each component: 

Configuration Browsing Agent: This component lists all product configurations and displays detailed 
information of an selected configuration. It calls the BOM generating agent to show the configuration structure. 
The user can compare the current configurauon and the previous configuration through this component. 
BOM Generating Agent: This component generates the BOM structure of a selected part or a product. It is 
used in navigational browsing of parts and products. 
Part Agent: This component displays part data to the users and updates data of the part. It also derives new 
versions of the part and may cause the creation of new configurations. 
Shape Agent: This component shows part drawings, stored .in the form of STEP AP203, using STEP viewer or 
CAD tools. The displayed drawing could be revised and saved through the part agent. 
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·Analyzing Agent: This component performs an engineering analysis for current configurations. Engineers or 

rule managers may invoke the analysis operation in one of the two ways. If the operation can be perfonned 
auiomatically, the invocation must be defined in a rule. If not, engineers must explicitly perform the invocation. 
Engineering History Managing Agent: This component is used for engineering activity management. It monitors 
all the activities and stores the data related to an activity such as the start time, end time, engineer's name, the 
result of the activity, and comments from engineers. 
Global CM Manager: This component manages the product-level configuration. It communicates with the local 
CM mangers to get part information and also creates a new product configuration. . 
Local CM Manager: This comp·onent communicates with the global CM manager to provide local data and 
services. 
CM Rule Manager: This component makes the system active. Rules are to be defined according to the ECA 
paradigm. The rule manager monitors all system operations and detects the predefined event. Then it fires a rule 

· if the condition of the rule is satisfied. The local and global engineering constraints, workflow related rules. and 
etc. can be expressed ECA rules. For example, a local engineering constraint that enforces a weight limit of an 
engine can be specified as follows: 
EVENT EngineObj. update_ changes() 
CONDITION EngineObj.get_ weight() > 180 
ACTION EngineObj.undo_changes() 

IMPEMENTATION OF A PROTOTYPE 
- Svstem Overview 
· This section describ_es a prototype system reflecting the proposed architecture. The prototype is implemented 
assuming the following situation, which is an engineering environment for configuration management. It focuses on 
major functions of configuration management, not all the functionalities proposed in Section 3. The scenario 
represents the heterogeneous and regionally diverse industrial virtual enterprise. 

SCIENAIRO: · 
An industrial virtual-enterprise, called IVE. is a consortium of companies producing luxury automobiles. All the 
pares for an automobile are designed and produced by domestic companies, except for an engine supplied by a 
foreign company. Domestic companies have their engineering databases on MS SQL servers running on 
Windows NT servers. On the other hand, the foreign engine manufacturer uses an Oracle database on a UNIX 
server. 

The prototype is developed in the following software environment. To support interoperability of hardware and 
operating system, JAVA is selected as the target programming language. The relational database management 
systems - Oracle 8i and MS SQL Server 7 .0 - are used to store product and part information, because most 
engineering companies are using these systems. YisiBroker for Java is used as a CORBA ORB, which integrates the 
heterogeneity of engineering applications. 

CORBA Objects 
This section explains CORBA objects, which are the. model of engineering data exchanged between participating 
companies. These objects satisfy the partial fun.ctionalities of the nine component objects defined in Section 3. They 
ericapsulate the legacy objects with wrapping technique. The COREA objects, implemented in the prototype system, 
are Products, ProductBOM, Configurations, ConfigStructs, PartVersions, Activities, and Rules. These objects are 
shown in Figure 3. Each CORBA object contains the basic functionalities for configuration management. 

The Products interface provides three operations - findProduct(), getProductName(), and getProductld(); The 
findProduct() operation searches the proper product between various product data stored in databases. The 
getProductName() and getProductld(). operations return the name and id of the product found by the findProduct() 
operation, respectively. The Configurations interface has findConfigurations() and getConfiginfo() operations. The 
findConfigurations(} operation finds all configurations suitable to given query conditions, and the getConfiginfo() 
operation returns the information of found configuration. Th~ ProuductBOM interface composed of three operations 
- findsubPart(), getPartName() and getPartld() operation. This interface somewhat simplified for implementation. In 
this prototype, it is assumed that the BOM structure has o,rie depth BOM composition and other information such as 
quantity and lead time is not considered. However, it can be easily extended in the rf;!al world situation. The 
findsubPart() operation finds all sub parts of a given product, and the getPartName() and the getPartld() returns the 
name and id of a part. The PartVersions interface provides four · operations - findVersions(), findPartVersions(), 

·' getPartVersion(), and insertNewVersion(). The findYersions() operation finds all versions of given part, and the 
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findPartVersions() operation returns a particular version satisfying given conditions - part id and part version id. The 
getPartVersion() operation displays the informatio~ of a part version found by query operation. The 
insertNewVersion() operation is used in deriving a new version from a current version. It adds a version to version 
tree. The ConfigStructs interface has -findConfigStructs() and getConfigStructs() operation, which navigates the 
configuration structures and returns the information of a configuration structure. The Rules and Activities interfaces 
are also defined for an active mechanism, and accumulating ~nd reusing engineering ·knowledge of activities, 
respectively. 

I Products: 
findP.rooucts( ): 
getProductName(): 
getProudctld() : 

• 

Configurations: 
f1ndConfigurat1ons( ): 
getConfiglnfo() ; 
nextResult() : 

Activities: 
insertStartmgActivity() 
insertEndmgActivity( ); 
findAnAct1v1ty( ): 

Rules : 
insertRule(): 
findARule(): 

• 
lntemet(TCP/IP) 
VisiBroker(ORB) 

PartVersions: 
findPartVers1ons( ): 
findVers1ons() ; 
getPartVers1on(); 
next Result(); 
insertNewVersion() ; 

ProductBOM: 
findsubPart() : 
getPartName(): 
get~artld(); 

ConfigStructs: 
findConfigStructs( ): 
getConfigStrcuts( ): 
nextResult( ): 

Figure 3. CORBA objects 

Prototvpe Svstem 
In this section, the prototype system is illustrated with screen captures. Each illustrated function is implemented 

· using the CORBA objects described in the previous section. 
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. Cost Constraint: 
~~- c:.; Event PartVersion .insertNewVersion() 

Cond it ion Confi gurations .getOverallCost() < 1400 
Action print_err_msg & PartVersion .undo() ; 

Figure 5. Rule Checking 

The prototype supports navigation of product structure stored in heterogeneous and distributed data sources as 
shown in Figure 4. It supports a derivation of a new version of a part. If the derivation violates a previously defined 
rule, the rule manager checks the constraint and rejects the transaction of the derivation as shown in Figure 5. Figure 
6 illustrates comparison of the existing configuration and a new configuration including the part version. Figure 7 
shows an example of rule definition. 
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Figure 7. Rule Definition · 

CONCLUSION 
This paper proposed an active product configuration management environment arc.hitecture for industrial virtual 

-. enterprises, which is based on the Internet, CORBA, STEP, and a rule _concept. It will enable active configuration 
management that efficiently controls engineering activities involving communication among diverse companies with 
heterogeneous, autonomous, and distributed data sources. The CORBA objects for implementation of the active 
environment were.described and a prototype system utilizing these objects was illustrated. The proposed architecture 
and the prototype will provide a generalized framework and implementation guidelines for configuration 
manaeement systems that can shorten the product life-cycle, minimize production cost, and guarantee the quality of 
prndu~ts in industrial virtu_al enterprises. 
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Oil and Petrochemical industry in the Arabic Gulf region is recently approached, less than sixty years ago. The 
beginning of the first oil refineries and petrochemical plants were first placed in the fifties of the twentieth century. 
The marvelous story of its growth, however, is unique. After world war two, Manufacturing moved to new energy, 
Petroleum replaced coal as the main power. For the past three decades, the development of the industry of oil and 
petrochemical ran in double figures. 

The industrial countries worked on improv.ing operation and encouraging the introduction of new-sophisticated 
technology in oil and petrochemical industries. In this paper, new management approaches to this industry will be 
introduced along with some case studies from the Arab Gulf (ARAMCO and SABIC as well established oil and 
petrochemical firms in Saudi Arabia). Global outlook for the oil and petrochemical industry in the twenty first 
century is presented in away that we consider some of the major players in the market such as OPEC as the mover 
and shaker of sufficient supply and a major source of price and demand stability in the international market. A 
comparison with other power sources is presented along with the expected alternative for the future power resource. 

INTRODUCTION 
Petrochemicals are the chemical products, which are derived from petroleum fractions , petroleum by-products 

· and/or from natural gas constituents, which are extremely numerous. Most petrochemicals are synthesized to the 
following ,basic products: methane. ethylene, propylene, aromatic hydrocarbons and C4 hydrocarbons. 

Oil and petrochemical industry in the Gulf is rather recent, less than sixty years old. Through this period, the 
industry witnessed accelerating growth internationally in production capacity. Industry developed from exploration 
and drilling to production and refining and petrochemical synthesis, to the marketing of crude oil, natural gas and 
petroleum products in domestic and international markets. The acceleration in oil and petrochemicals industry was 
furthered by the fast international economic growth in general. This was maintained by the numerous innovations 
and the major shift in demand towards crude oil and the petrochemical products. As a result of world war two, 
manufacturing shifted to new energy; petroleum replaced coal as the main energy source. This development was 
particularly fastened by the availability of cheap hydrocarbon feed stocks, the development of technology and the 

. cheap labor. 

It is clear that the Gulf region has promising prospects for promoting and establishing a wide range of oil and 
petrochemical industries in view of the following factors: 

The availability of crude oil at low and reasonable prices . 
Wide range of raw materials for long time is available at a competitive price. 
Adequate government financial resources are available to support this industry. 
Oil and petrochemical industry employs relatively less laborers compared to other industries. 
The availability of low cost labor in the region. 
Local demand increase in the market for various petrochemical products. 

CURRENT MANAGEMENT PROCEDURES 
In the Gulf region, the oil and petrochemical companies are totally owned by the government with the exception of 
minor joint ventures with some foreign operating companies in certain countries. These states have fully assumed 
the managerial, technical and financial responsibilities of the oil administration, mainly through their national oil 
companies and corporations. It is very useful, however, to highlight some certain important features for the oil and 
petrochemical industry management pattern under the state control. 

Decisions on oil affairs are no longer guided by commercial profit consideration alone. In fact, major oil 
issues. including investments for the exploration, production and price policies, marketing policies, etc, 
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have become part of the decision of the state which, in tum is dominated by considerations of national 
sovereignty, as well as general political requirements. · 
National oil companies have to fit themselves into the state's strategies and development plans. From now 
on, optimization of oil and petrochemical operations is weighted up in terms of the social, and even 
political benefits for the nation. In other words, the costs of the national oil enterprises tend to become like 
those of other state-owned enterprises, integrated into the national overall social cost. 
Each country is conducting its operations territorially and generally in separation from other governments. 
Their oil plans become part of the overall investment plans on the national level. Such policy-making in oil 

-and petrochemical operatio'ns ultimately affected the financial management optimization of the industry 
and its growth. . 
The absence of coordination among the producing countries tends to reduce their bargaining power in the 
world market for the supply of petrochemical and oil services, materials or the construction of productive 
and loading capacities. 

NEW MANAGEMENT PROCEDURES 
Today, as thi$ century comes to a close, the industrial countries worked on improving operation and encouraging the 
oil producing countries to seriously consider the introduction of major change.S in the current management 
procedures. In fact these countries should consider the improvement of its daily operations and hasten the 
introduction of new technologies in all spheres of its activities such as: 

Increasing the use of .computer is they personal, micro, or main frame ones. 
Using new techniques in offices, plant operations· and marketing through the increased use of modern 
means of communications (for example; internet}. · 
Setting up an independent electronics industry market in the oil and petrochemical industry, which helps 
entering the ag~ of electronics. 

Under the states cc,mplete management, new management approaches to the industry of oil and petrochemicals can 
be highlighted, it is assumed that these methods could increase the production of oil and petrochemical industry in 
the Gulf region and they are as follows: 

Cooperation and coordination among the oil producing countries in the area of exploration, drilling, 
geological assessment, geophysical surveys, and . in the s_upply services and construction, etc. This would be 
very helpful in maximizing the gains of the national companies and could well achieve a reasonable degree 
of self-reliance and could at least improve their bargaining position against the foreign suppliers. 
Exchange of information and technology and the use of modem technologies such as computers in the area 
of oil and petrochemical industry would be ·more instrumental in reducing investment risks. The exchange 
of information and experiences would enormously help the national companies in overcoming the 
increasing technical difficulties and the· rising cost. 
Establ_ishing petroleum service companies [ ~uch as "the Arab petroleum for petroleum Engineering work 
and technical designs" which was established in 1977). Also the help of opening new offices around the 
world to help promote the international demand for petrochemical products. 
Establishment of new joint programs within the region for the development of research and for training in 
technical and human resources. These resources would secure faster and more efficient results and could 
therefore contribute to reducing the reliance on foreign expertise. 
An immediate attention by all top decision-makers should be paid to change, restructure and expand the 
ownership of the existing companies, to the extent of gradually transforming them into public or private 
sectors; Gradual privatization would accomplish the following: 

a- Governments would generate new income through the sale of shares and bonds. 
b- Partial privatization \.\~ould lead to improve efficiency and better use of manpower. 

Efforts should be directed to look for alternative sources of energy after depletion of oil and invest in non· 
oil businesses to make a good financial stance for the coming generations. 

Sabic and Aramco 
This section presents a brief description of two giant oil aJ1d petrochemical firms in the Gulf (Sabic and Aramco). 
With the manufacture of isopropanol commercially in about 1919 from petroleum's propylene, the petrochemical 
industry began [l]. In 1969, Saudi Arabian Fertilizer Company (SAFCO) began production as the first natural gas 
based petrochemical plant in the region. Saudi Arabian Basic Industries Corporation (SABIC) began in 1976 with 
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the joint-venture approach . The venture unites the abundant natural resources and financial strength of the kingdom 
with foreign company's management, technical, and marketing abilities. 

Large-scale collection and processing of gas began in 1982. Typically. the gas is sweetened. dehydrated, chilled and 
then passed to the demethanizer. Thus the gathered and treated gas is a relatively cheap fuel gas and feedstock for 
the giant petrochemical complexes located in Ju bail in the eastern- province and in Yan bu in the western province. 
Ethylene is the major petrochemical substance in industry as it can be converted into many derivatives. 

SABIC plant in Yan bu has an output capacity production of 2 billion pound a year of ethylene, whereas at the jubial 
complex it has the capacity to manufacture approximately double Yanbu's yearly capacity of production. SABIC 
complexes in Jubail and Yanbu produce about 6 million tons of petrochemical products and about one million tons 
of fertilizers. [2]. Figure (I) illustrates SABIC tree of petrochemicals. 

Saudi Aramco is the largest oil producing company in the world. Its function is to manage, operate and maintain 
Saudi oil fields ; Aramco, furthermore , operates petroline, the pipe line going east to west and was previously run by 
Petromine and shifted to Aramco to trim pipeline operation costs. 

During the reign of the founder of modern Saudi Arabia, King Abdul-Aziz Ibn Saud. Aramco started oil exploration 
through the rights granted to Standard Oil of California (SOCAL) now known as Chevron, Aramco oil company 
production capacity is more than IO million barrels per day these days. Although big efforts today are focused on 
raising production capacity and maximizing refining technology advancement. Expansion projects are mainly in the 
eastern province now, because it is near to the production and processing facilities that are capable of producing 
several oil products and grades. 

FUTURE OUTLOOK 
With a view to the 21 st century, we believe there are very good reasons why the price of oil will remain at a realistic 
·level. Due to the increase of economic activity in many industrialized countries and the change of weather in the nor 
there hemisphere. the demand on oil is expected to rise sharply on the medium to long range. This prospect puts us 
before the question of how to of cater for the increase in demand and from where the world can get the extra 
supplies. To answer this question, it is worthy noting at this point that the non-OPEC oil producers had total proven 
reserves of crude oil approximately 25 percent (25%) of the world 's total proven crude oil reserves. The total 
worldwide production of crude oil from non-OPEC producers is approximately 60 percent (60%) and the other 40 
percent (40%) is coming from OPEC producer. This means that non-OPEC producers remaining reserves are likely 
to be depleted faster than those of OPEC [I] 

It is worthy mentioning that non-OPEC producers reach their current output through operating at maximum 
capacity, while OPEC countries produce well below their actual capacities. There upon, the OPEC producing 
_countries will have an ever-growing share in the market of supplies; the world will have a growing dependency upon 
oil from OPEC member countries. Moreover, OPEC member countries also hold 40 percent (40%) of the natural gas 
world reserves, hence that sector gains a large share of the energy marketing the years a head, as it is expected to do 
[ 1 ]. This means the world will increasingly tum to OPEC not only for oil, but also for its gas supplies. 

OPEC, since its inception, is trying to reach a stronger degree of understanding between the interests of producers 
and consumers. It regularly and actively exchanges views and opinions with consumer bodies and counties in a 
number of international activities on energy fonns. consumption and rationalization. Riyadh international 
conference of power 2000 is one of the resent examples of such offered. It calls for a dialogue and it promotes better 
and greater understanding not only between its members, but also between oil producers and 
out-of-OPEC producers and consumers. 

Accordingly, OPEC continues to solicit the co-operation of non-OPEC oil producers in maintaining and achieving 
market stability. During the Gulf crisis ( 1990), traders and brokers were keen to push the price of oil above OPEC 
roof. OPEC members promptly increased their output supplies and placed them gradually on the market, the desired 
effect was achieved by bringing the price of oil down to its reasonable rate. Therefore, major consumers will 
continue to depend on OPEC activities, not only as the biggest and growing supplier, but also as a source of stability 
in the world energy market. 
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So far, great efforts have been exerted to develop alternative energy fonns. These efforts, however, are troubled wit~ 
technical, environmental and legislative barriers, which will take many·years to resolve. Electric vehicles are placea 
on the European and American markets, yet manufacturers and consumers are unhappy with their perfonnance ana 
price. There is an increasing criticism of atomic power generators. Reactors are a threat to human health and to 
environment; there are difficulties in handling, fear of leak, waste disposal problems and storage technical 
difficulties. This should make the oil industry energetic, and sometimes aggressive to win and maintain its power for 
years to come. Therefore, contemplating the future of oil and petrochemical industry, we can comfortably be at ease 
of the world demand for the coming 50 years at least. In the meantime, efforts should be directed . to the alternative 
sources of energy after depilation of oil and the spread of silicone made articles. 
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ABSTRACT 
Many researchers and practitioners have developed and evaluated deterministic models of production process with 
lead times. However, they have some deficiencies to apply to the industrial practice, due to unrealistic assumptions. 
One such assumption is the requirement that lead times are integer. This assumption makes it difficult to model the 
operations with significant post processing lags, and also operations with significant processing times accurately. 

Therefore, we propose a framework for the modeling of the integrated production/ distribution with time lags that 
are non~integer using the concept of dynamic production function. The dynamic production function has 
characteristic that reflect well the situations, whether lead times are integer or non-in_teger. Experiments show that 
this model is a more reasonable than previous production/distribution models. 

INTRODUCTION 
-A supply chain may be defined as an integrated process thrnugh which organizations deliver their products and 
services to their customers. This chain is traditionally characterized by a· forward flow of materials and a backward 
flow of information. In a practical viewpoint, the supply chain concept arose from a number of changes in the 
manufacturing- environm~nt, including the rising costs of manufacturing, the shortage of resources, shortened 
product life cycles, and the globalization of markets[ I]. 

Many researchers and practi~ioners have developed and evaluated deterministic models of production process with 
the purpose of coordinating important and interrelated logistic decisions such as capacity management, inventory 
allocation, and vehicle routing. And they have primarily investigated the various process of supply chain 
individually. Recently, there has been an increasing attention placed on the performance, design, and analysis of the 
supply chain as a whole. However, they have some deficiencies to apply to the industrial practice, due to unrealistic 
assumptions. One such assumption is the requirement that processes occur instantaneously. This assumption makes 
it difficult to model the operations with significant post processing lags, and also operations with significant 
processing times accurately. We consider output lags · and . input/transfer lags to overcome an existing weak points 
and extend it to the model with non-integer lead times. 

Benton and Krajewski[2] study, through simulation, .how poor supplier performance impacts on the quantity and the 
distribution of inventories and. customer service in a variety of manufacturing environments. They measure supplier 
performance in two dimensions: lead time uncertainty and the quality of materials supplier. 

The research concerned with dynamic production function have been studied from very early time. Shepard[3] 
developed the first axiomatic steady-state model of production. The first general activity network model was 
developed in Shephard et al.[4], which introduces intermediate product transfers between activities and activity 
dynamic production correspondences. Hackman[5] extends this framework, replacing activity correspondences with 
activity dynamic prod_uction functions. Hackman and Leachman[6] introduce a general framework for modeling 
production. They use the framework to develop more accurate models of production. Components of production 
lead time are categorized in terms of the model elements of the framework, and a linear programming fonnulation 
incorporating lead times is derived. Their formulation has no more variables or constraints than familiar 
formulations, and hence is suitable for the usual aggregate· level application of linear programming. 

In this paper, we introduce a general framework for developing and evaluating deterministic model of 
production/distribution process with time lags under supply chain management (SCM) circumstances using the 
concept of dynamic production function. The production model of our problem can be seen. as a special case of the 
general framework proposed by Hackman and Leachman[6] in developing the model of production process. 
However, in their paper, the authors are more interested in modeling of production planning and scheduling than in 
-the actual solving of the model. 
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Two mathematical models are described in section 2. The general production model with lead time is introduced in 
section 2.1, the dynamic production model with time lags in section 2.2. In section 3, we propose the framework of 
the integrated dynamic production/distribution model with time lags under SCM circumstances. Some numerical 
experiments are presented and discussed in section 4. The final commer.ts are followed in section 4. 

MATHEMATICAL MODEL 
In order to propose the integrated dynamic production/distribution model with time lags, we first need to clearly 
define the general production model with lead time and the dynamic production model with time lags. 

We define the required notations as follows: 
Index 
i product 

k DC(distribution center) 

/ customer 
time period 

Variables 

J,., : inventory of product i in time t 

x,., : start rate of product i in time t 

B,.k, : inventory of product i at distribution center k in time t 

q,.k, : quantity of product i to DC k in time t 

Q,.klr : quantity of product i from DC k to customer l in time t 

Parameters 

hil : inventory holding cost for a unit of product i in time t 

Hikr: 

p,.,: 

Cikl: 

cik/r: 

d,.,,: 

.T,./: 

D ikr : 

inventory holding cost for a unit of product I at DC k in time t 

production cost for product i in time t 

transportation cost for product i to DC k in time t 

transportation cost for product i from DC k to customer I in time t 

final demand for product i of customer I in time t 

production capacity of product i in time t 

stocking capacity of DC k for product i in time t 

output/transfer lag 

input lag 

The General Production Model With Lead Time 
This model can be described by inventory problem. A general multi-product fonnulation .assuming linear production 
costs, linear inventory holding costs, and capacity constraints is as follows: 

T N 
MIPl: Min I I.(hJ,.1+ P;,xJ (1) 

t==l i=l 

s.t. Ji(r-1) -1,.; +x,.(1-l,) = dit' \::/t , i 

x,.(1-L,) 5.T,.1 , \::/t,i 

xii ~o, llr~o; 
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(4) 



One unrealistic aspect of the assumptions which the early production . model has is the requirement that process 

occur in.stantaneously. This model overcomes the problem by adding the fixed lead time Li . The lead time is the 

definition of the assumption · that each unavoidable lead time is independent of the production rate and can be 
expressed as an, integrai' number of time periods. The objective function minimizes the total combined linear 
inventory holding costs and linear production costs. Constraints (2) balances inventory available against the external 
demand. Constraint (3) •ensures that the quantity is limited to production capacity. And constraint (4) is a 

technological on decision variables. 

However, this model has a fatal deficiency in considering the realistic lead time. If the lead time is not integer, 
· ensuring inventory balance only at the integer time grid points is not enough to ensure feasibility. Many researchers 
overcome this difficulty by either overlooking it and rounding lead times to integer amounts or by subdividing the 
natural time period so that lead times become integral. The first approach either underestimates lead time -
potentially leadirig to infeasibilitie•s - or overestimates lead times - potentially leading to excessive work-in-process. 
The second approach greatly increases problem size. In next section, we introduce the dynamic production model 
with time lags to correct above difficulty. 

The DYnamic Production Model With Time Lags 
This is a linear programming ·model that proposed by Hackman and Leachman[ 6] assuming time lags are integral. In 
previous work, all significant tjme lags are lumped under the single heading lead time. Thus, they demonstrate that 

-. previous formulat ion does not reflect the sophisticated phenomena. To do so, they define two different types of lags 
~ontributing to lead time and formulate the following model. 

T N 
MIP2 : Min . "f."f.(hJit +PuXit ) (5) 

t :=li =I ' 

. t t 

s .t. IiO - f ir + I xi(HL-t+Llt >> = I dit , 'tit ,i (6) 

r=l r=l 
N le 
I:a; X; (, -LB-) $ ~ , -, "it ,k 
i= I I 

(7) 

X;, ~O, I;,~O ; (8) 

where X;, , di/, denote constant production and demand rates of flows respectively during time periods. 

The objective function has same meaning as on~ in section 2.1. Constraint (6) is a inventory balance equation using 

the concept of _dynamic production function . This ~quation considers all decision variable X;, until time period t, 

hence is possible to simplify the 'formulation and do not affect the number of balance equations required by the 
precision of the lead times. Constraint (7) represents ihe limitation for production and a technological constraint on 
decision variables represents in equation (8). . 

They also drive a discrete time model when lead times are not necessarily integral and retain the assumption that 
activity intensities, service capacities, and final demands are constant rates during unit length time periods. In this 

case, to evaluate inventory balance of product i at time t, one must express the integral functions in terms of the Xu 

in a manner which accounts for the non-integer limits of integration. For a real number r, we let r• denote the 
smallest integer greater than or equal to r , and let r· denote the larger less than or equal to r. According to their work, 

the integral is expressed, for all t ~ 0 , as 

\

(t )x,'(-L,)· ' . . . if t-Li < (-LY 

l-r x . ( r )d r = [(- r;)· + LJi(-L r + • L _ x.ir , otherwise 
-l- 1 

· ' (-L, ) <r~(, - L, )· 

' +[(t-L,)-(t-LJ b-L,)' . 
(9) 

• · where L; is equ~l to LAi + LB; . In equation (9), the coefficient~ of the first and last terms of the lower expression 
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express the fractions of intensity in the first and last time period which are included within the limits of integration. 
The · middle term simply sums up intensities of all tim~ periods, if any, in between. The upper expression accounts 
for the degenerate case when both limits of integration lie in the same time period. 

If the time lags are not integer, ensuring inventory balance equation(9) only at the integer time grid points is not 
enough to ensure feasibility. This formulation is not only accurate but it requires significantly fewer constraints than 
would be included in a model employing a time grid fine enough to make all lead times integer. We examine this 
formulation is more reasonable than a general production model in numerical experiments. 

THE FRAMEWORK FOR THE INTEGRATED DYNAMIC PRODUCTION/DISTRIBUTION MODEL 
In this section, we propose the framework for the integrated dynamic production/distribution model under SCM 
circumstances. Assuming that there is single plant and the allocation of distribution center(DC) and the potential 
service zone which should be served by DC is determined, linear holding inventory costs, linear production costs, 
and linear t,ransportation costs are given, the proposed framework is as follows; 

MIP3: Min 2-(h;Jit + PuXit) + L (HiktBikt + ciktqikJ + L cikltQiklt (10) 
i,t . i,k,t i,k,l,t 

t 
subject to l;o-1;, + LXi(r-(LA;+LB;)) = "'Iqikr , 

r=l 

Vi,t 
k . r 

( 

BikO- Bikr + L qikr = 
r =I 

L Qiklr 
I, r 

Vi,t 

Qkl, =dik/1' "di,l,t 

X;
1 

$ T;
1 

, "di, t 

q ikt $ Dikr, "di, k, t 

xii ~O, "di,t; l;
1
~0, Vi,t; l;1 ~0, "di,t; 

qi/a~ 0 Vi,k,t; Qiklr ~ 0 "di,k,/,t 

(11) 

(12) 

(13) 

( 14) 

(15) 

(16) 

(17) 

In this model, the objective function minimizes the total linear production costs, the total holding costs in DC and 
the total linear transportation costs. Constraints (11) and ( 12) include inventory balance for each production and 
each distributor respectively. The constraint ( 13) allows the quantities from DC to customer to satisfy the final 
demand, assuming that intermediate product transfers from DC to customer are instantaneous. Constraints (14) and 
(I 5) are the production capacity limits and the stocking capacity limits for DC respectively. Others are the 
technological constraints on decision variables. Particularly this model accounts for lead times of supply from the 

. plant to the DC's by defining lagged availability for products in the inventory balance constraint. 

NUMERICAL EXPERIMENTS 
In this section, we firstly test the efficiency of the dynamic production model compared with the general production 
model and secondly show the validity of our framework for the integrated dynamic production/distribution model. 

The LINGO, a good efficient software, is used to solve the LP programming and we simulate the given situation 
using the results from the mathematical model by ARENA, a modeling language for the simulation. We set the 
measurement in this simulation to the level of inventory and the quantity of shortage within each period. When lead 
times are integer, we found the results from MIP 1 and MIP2 are same with each other. Therefore, we experiment by 
setting lead times to non-integer. Because it cannot reflect the non-integer lead times in the case of the general 
production model, we test. the model by rounding lead times to integer amounts. In case of the dynamic production, 
we use the non-integer lead .times without any changes. As mentioned before, we assume that the cost of production, 
holding and transportation is a linear. In this experiments, we make a difference with the production cost and others 
on purpose of promoting the production. 

Before beginning the experiments using non-integer time lags, it is a very important to revise the MIP2, MIP3 using 
the idea of equation (9). We name these models the revised MIP2 and MIP3 respectively in this paper. 
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In first experiment, we execute the mathematical ·model within I 0, 15 and 20 periods respectively by LINGO and 
consider that lead times are rounded up and down in the general production model. Table l shows the average level 
of inventory and shortage per unit period through the simulation for the given situations when the time lag is equal 
to 1.2. As shown in Table 1, when the time_ lag is rounded up in general. production model, the level of inventory 
increases. In the reverse case, the level of inventory decreases than previous but the shortage occurs. Considering 
that the values in table are average value, the differences between MIP 1 and the revised MIP2 are very significant. 
Because the revised MIP2 considers the time lags in the step of planning, it has a good performance in step of 

· simulation: Moreover, as the horizon grows larger, average the level of inventory per unit period from the revised 
MIP2 becomes more efficient than others. Table 2 shows the results from simulation, when the time lag is equal 10 

2.6. Also in this table, same phenomenon occurs as one in Table 1. 

Table 1. Average level of inventorv and shorta2e through simulation(time lag= 1.2) 

10 periods 15 periods 20 periods 
horizon size 

inventory Shortage inventory Shortage inventory shortage 

revised MIP2 31 27.13 15~75 

MIPl with 
91 131.2 137.5 

rounding up 
MIPI with 36.8 4.2 44.4 4 47.9 3 

roundinsz down 

Table 2. Averasze level of inventorv and shortasze throuszh simulation (time lags= 2.6) 

horizon size 
10 periods 15 periods 20 periods 

i~ventory Shortage inventory Shortage inventory shortage 

revised MIP2 is.3 25.47 33.1 

MIPI with 
49.8 79.47 

rounding up 75.4 

MIPI with 
36.6 12.6 70 12 81.3 roundinsz down 9 

Table 3. Averasze level of inventor\' and shortasze throuszh.simulation (time lags= 2.8) 

horizon size 
5 periods 10 periods 

inventory ·shortage inventory shortage 

revised MIP3 8.6 4.2 

general with rounding up 86.4 45.8 

general with rounding down 20.4 51.6 36.8 33.6 

Secondly, we try to test the revised MIP3 and compare it with the general production/distribution model which has 
the inventory J:,alance equation that is similar to constraint (2) of MIP l. After solving the revised MIP3 by LINGO 
and simulating, we can get Table 3. It shows average level of inventory and shortage through simulation when time 
lag is equal to 2.8 during five and ten periods respectively. In this case, we cannot solve the revised MIP3, when the 
horizon is more than ten periods due to computational complexity. 

Through the above experiments, we know the proposed integrated production/ distribution model using the concept 
of dynamic production · function is prior to the existing· general model. Although MIP3 is simplified with many 
assumptions, it is very useful idea to apply a real problem. 
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CONCLUSIONS 
In this paper, we introduce the model using the concept of dynamic production function and show the efficiency of 
the mathematical model that is applied it to through experiments especially when time lags· are non-integer. And we 
propose the framework for the integrated production/distribution model under SCM circumstances. Because the 
proposed model uses the idea of dynamic production function, we expect that it contributes toward the new 
achievement of SCM. 

Our future work is organized around this goal: enlarging its scope. The assumption might be improved by adding 
some constraints to framework and considering new situations. And we have the plan to develop the model and 
solving methodologies for continuous-time production planning as in Stephane Dauzere-Peres et al.[7]. 
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SUMMARY 
A simulation model was developed to show the level of RM, WIP, and FG inventory under the conditipns of 
inaccurate customer forecasts and uncertain supply chain delivery dates. The suppliers and customers are world
wide. The simulation model illustrates a general approach for inventory estimation and reduction when a network of 
suppliers and customers exists. 

INTRODUCTION 
The goal was to create a computer model of in-plant inventory for the purpose of better controlling inventory with 

· uncertainties in customer orders and supply time. The manufacturing plant was located in Indonesia, while suppliers 
were in Japan and the customer in Aust!alia. Getting reliable data in a real-world situation is difficult and time 
consuming. ln this case, for example, several different versions of the Bill of Materials (BOM) for a product might 
.be needed before one without mistakes was obtained. Classical economic order qu~ntity (EOQ) equations did not 
seem to apply here. The company does not order the EOQ when the material reaches some order point as detennined 
from the EOQ equ.ations. Instead, they order all raw material based ori actual customer forecasts. Unfortunately, the 
forecasts, in most cases were unreliable. 

WHAT THE MODEL SHOWS 
The model shows the amount of RM, WIP, and FG inventory based on 13 months of customer forecasts. The 
~mount of inventory is expressed 3 different ways: number of finished product, United States dollar value, and the 
number of days of inventory. The· model shows the amount of safety stock needed. depending on the customer 
forecast accuracy. It shows the money to be saved in inventory costs by reducing shipping time and/or getting more 
accurate customer forecasts. · 

ASSUMPTIONS 
The customer sends a forecast once every 4 weeks. This forecast contains a firm order for the first month, and a 5 
month forecast. The firm order is received 1 month. prior to the date the customer needs the product. 
Figure l_ shows an e~ample customer forecast. 

Amount 
. requested 

Finn Month 2 Month 3 Month 4 Month 5 Month 6 
1650 .}050 1100 1000 950 900 

Figure 1. Typical customer forecast 

In this case, for example, the customer.might send this forecast in December, meaning that they want 1650 units in 
January for sure, and are forecasting a need for 1050 in February, 1100 in March, 1000 in April, 950 in May, and 
900 in June. The supplier needs 8 weeks to manufacture the parts and 3 weeks to ship. The company needs 1 week 
to manufacn.lre the product and 3 w~eks to ship. The company owns the parts from the supplier the moment they are 
shipped. At that time, the parts are added to the company RM inventory until they reach the shipping dock after 
manufacturing, when they ~re removed from FG inventory. The company orders parts once per month based on the 
forecast received from the customer. A picrure of this invemory process is shown in Figure 2: 
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Receive customer 
forecast 

-----1►• Order 
parts 

SuJlElier manufacturing time ► When do we own parts?~ 

After received from supplier Shipping time to plant 
Sit in RM 

After manufactured by 
supplier. Add to RM inventory Shipping time to pla~t 

Parts received at plant. 
Add to RM inventory 

Pans received at plant: warehous~ ~ 

Put into production. Plant manufacturing time Add to FG inventory. 
Remove from RM inventory. 
Add to WIP inventory. 1 week 

After received Sit in FG inventory 

After manufactured Sit in FG inventory 

Remove from WIP 

Shipping time to customer 

Customer picks up. 
Remove from FG inventory 

Figure 2. RM, WIP, and FG inventory status 

COSTS 

Customer 

owns ~ 
product?~ 

Customer 
receives. Remove 
from FG 

RM inventory cost, including shipping, was taken from the BOM for the product. WIP inventory cost was calculated 
· based on the labor hours added to the product midway through the manufacturing process. FG inventory cost is the 
RM cost with the entire manufacturing cost added. Inventory carrying costs were not included in this model. 

CUSTOMER FORECASTS 
Once per month, the customer sends a forecast that shows a firm order for products to be delivered the first week of 
the following month. Then there is a forecast for the following 5 months that can be changed by the customer. One 
of the reasons for high plant inventories was the inaccuracy of these forecasts. A firm order of 1114 from the 
customer could have a range of 1344 in the 5 months of previous forecasts, before it became a firm order. 

SIMULATION MODEL STRUCTURE 
The simulation model user enters 12 months of firm orders and forecasts into an Excel spreadsheet, exactly as they 

. might be received from the customer. Figure 3 shows an example of the Excel input for the case where the customer 
forecasts are always equal to the actual order. 

Month 1 Month 2 Month 3 Month 4 Month 5 Month 6 
Forecast 1 1650 1050 1100 1000 950 900 
Forecast 2 1050 1100 1000 950 900 850 · 
Forecast 3 1 t"oo 1000 950 900 850 800 
Forecast 4 1000 950 900 850 800 750 
Forecast 5 950 900 850 800 750 800 
Forecast 6 900 850 800 750 800 850 
Forecast 7 850 800 750 800 850 900 
Forecast 8 800 750 800 850 900 950 
Forecast 9 750 800 850 900. 950 1100 
Forecast 10 800 850 900 950 1100 1200 
Forecast 11 850 900 950 1100 1200 1300 
Forecast 12 900 950 1100 1200 1300 1400 
Forecast 13 950 I 1100 1200 1300 1400 1500 

Figure 3. Customer forecasts in Excel for 13 months 
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This can be considered to be actual customer data, and can be changed by the user to run different experiments. For 
example, to verify the model accuracy, this data can be arranged so that the customer forecast for 5 months always 
exactly equals their final finn order. An ideal situation that will never happen. Other scenarios investigated were: 

. Firm order is always · 100 less than forecasted the previous month 

. Firm order is randomly different than forecasted the previous month by 
+- 100. This is close to reality . 

. Firm order is randomly different than forecasted the previous month by 

+-200. 
·. Firm order is randomly different than forecasted the previous month by 

+- 672. (A figure obtained from actual forecasts). 

To make sense of all this detail before writing the simulation model, it was necessary to make a Gantt chart to show 
supplier manufacturing time, supplier shipping time, producer manufacturing time, finished goods shipping time, 
and the customer firm order and 5 week forecast. Without this chart, it is difficult to see the timing of changes to 
RM, WIP, and FG inventories. Figure 4 shows a small portion of the Gantt chart. You can see what needs to be done 
during each period of the model. 

N N+l N+2 

. Mfr 1650 Mfr. ships 
1650 
~upplier ships 1050 

Supplier m{rs 1000 

N+3 
Period 

N+4 N+5 

1650 

Mfr 1050 Mfr ships . 
1050 

N+6 

Supplier ships 1100 

Supplier mfrs 950 

Figure 4. Small portion of Gantt chart 

N+7 N+8 
1050 
1050 

Mfr 1100 

The model itself was programmed in AweSim for the convenience of available probability distributions and output 
statistics. However, events in this model are not randomly scheduled, so simulation software is not actually needed. 
The next event is always one week from the last. event. The clock is advanced in one week increments, and at that 
time, orders are placed, lead times ~alculated, material is received, manufactured, or shipped, and inventory levels 
recalculated. One week -time .intervals were a natural ihc~ement in this situation with such long lead times for 
forecasts, ordering and shipping. The niodel initially reads in 13 months of customer forecasts from an EXCEL file. 
Then calculates inventories for 52. weeks. Figu~e 5 shows the simulation network. 
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Figure 5. AweSim network 

CONCLUSIONS 
Excel input to the simulation model makes it easy to run different customer forecast scenarios. Actual labor hours, 
labor costs, and material costs were included in the cost of inventory, as well as actual lead times for supplier and 
company shipments, making it very realistic to the users. The inventory value shown as output is accurate for the 
product modeled. Output from the model shows RM inventory, WIP, and FG inventories 
over time for the different scenarios. Inventories were expressed in terms of the number of days of inventory on 
hand, the dollar value and the number of units of inventory on hand. 
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CAPACITATED SATELLITE FACILITY MODELING FOR INVENTORY ROUTING PROBLEM 

Hyunji Lee and Gyunghyun Choi. 
Department of Industrial Engineering, Hanyang University, Seoul. Korea 

ABSTRACT 
Inventory Routing Problem (IRP) includes a part of inventory that associated with assigning customers to days of 

· the weeks and a· part of routing that associated with routing customers on a given day. A unique aspect of routing 
problem is the presence of satellite facilities where vehicles can be reloaded and customer deliveries continued until 

· the closing time is reached. This paper additionally assumes that the satellite facility has a limited capacity. While 
some previous research reports are to address first Inventory decision and subsequently routing decision and use 
heuristic approach to consider trade-off between those two criteria, we develop a integrated Inventory/Routing 
mixed integer programming model and subgradient algorithm using Lagrangian relaxation with a primal recovery 
techniqu.e. 

INTRODUCTION 
Inventory routing problem(IRP) is the well-known ·and widely studied topic among the supply chain management. If 
we consider a number of fac·tories, multi-warehouses, and multi commodities, the underlying problem becomes so 
huge and complicate that no simple standard algorithm may not be applied. In addition, if we want to have an 

- optimal plan for several days of routing schedule, the resulting problem might be unmanageable. This type of 
· problems in conjunction with vehicle routing problem(VRP) are studied .in numerous research works during the last 
decade ( Dror, et al. 1987; Federgrune and zipkin, 1984) . However, their research treated the problems as either 
separate_d ones or some simplified version by dropping some requirement. 

In this research report, we propose a primal-dual algorithm that can handle such large size problems by using 
subgradient method for Lagrangian dual as well as using a primal recovery technique ( Sherali and Ulular, 1989; 
Larson and Liu. 1989; Sherali and -Choi, 1996 ). Also, we suggest a integrated model for IRP with capacitated 
satellite facilities that in studied in Bard, et al.(1997) and Bard, et al(l 998). In those works, they considered the 
uncapacitated case,- so that the routing schedule of vehiclerbecam_e simple. 

In the general IRP problems, the objective of the- IRP is to minimize annual delivery costs, actual routing plans can 
only be issued in the short term. To deal with these two different time scales, Bard ( 1998) introduce a incremental 
cost , long:-term cost measure to serve as a criterion· for .customer selection. It is a cost incurred by not serving a 
customer on his or her optimal day. If the customer services on one day latter than his optimal day, then his 
incremental cost mean·s shortage cost. Otherwise he services earlier, his incremental cost means inventory holding 
cost. In many IRP applications, pa_nicularly those iov9lving fuel deliveries, suppliers have found it beneficial to set 
up several satellite facilities: These depots are geographically scattered throughout the service area and permit 
drivers to refill their vehicles with the commodity duri.ng shift. This leads to an effective increase in vehicle capacity 
and perhaps an increase in route length. Whereas the central depot holds an unlimited supply of the given 
commodity, satellite facility has own limited supply capacity. 

In the following, Section 2 is devoted to descript the integrated IRPSF model, and, in Section 3, the decomposition 
procedure and solution algorithm are present. Section 4 reports in the implementation and the computational results 
obtained on test instances. 

INTEGRATED IRPSF MODEL 
For each variable or parameter of the model, the following indexes have been defined. d = 1, ... ,D, denoting 

the day; v = 1, ... , V , denoting the_ vehicle; i =· 0, 1, ... , N , denoting the node include depo.t, customer, satellite 

facilities, that is i = 0 means the node is depot, i e F means the node is satellite facility , i e I means the node is 
customer, and the whole_ set of node indicated as {o} u / I....J F = N . 

Variables and parameters of the model a~e defined as foll~ws; 
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decision variables 

binary variable equal to I if customer i . is selected for day d, 0 otherwise. · 

binary variable equal to I if vehicle v travels along arc (i,J)on day d, 0 otherwise. 

quantity of product transported on arc (i,J)on day d . 

Parameters 
c iJ transportation cost from node i to node j . · 

q; expected demand of customer i ( i e / ) for planning horizon. 

W; satellite facility i ( i e F ) available capacity. 

l;d incremental cost for customer i on day d . 

f fixed usage cost for a satellite facility. 

m number of vehicles avaqable each day. 
C vehicle available capacity. , 
T maximum time permitted for a route. 

The integrated Inventory Routing Problem with Satellite Facility model (IRPSF) may therefore be formulated as 

subject to Iud iJ,· - Iud JA.- = 0 
k 

LLLU diJ•· =l 
d I ,. 

LLudofr ~m 
ie l ,. 

for deD,ve V ,je N 

for i E / 

ford ED 

for jeN,keN,deD, ve V 

" d . . " . d . _ _ L- x ,1 - L- :x 1* - qr Jd for je I , d ED 

for je F ,d eD 

k 

Ixd jk - LXdij ~wj 
* 

L (u d iJ,· + z/ Jn· ) ~ 1 

J I 

for i , j E N O , d E D _ 

for all v, d E D 

IIui,. =z;d 
J ,. 

for i E / , d ED 

for i E / 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

The objective function ( 1) of the model includes both customer assignment costs and routing costs (transportation 
costs and fixed usage cost for a satellite facility). Equation (2 ) provides continuity of flow ensuring that the number 
of arrivals at a node is equal to the number of depanures. Equation (3) ensures that each customer has exactly one 
successor might be another customer, a satellite facility, or the depot. Constraint ( 4) means that no more than m 
vehicles can be used on any day. The analogous vehic le capacity restriction is imposed by constraint (5). Constraint 
(6) is the commodity flow conservation equation assuring flow balancing at each node. Constraint (7) means that 
total quantity of commodity reloaded at a satellite facility is less than or equal to a pre- specified satellite facility 
available capacity. Constraint (9) assures that each route is completed by time T. Constraint ( 10) means that the 
customer scheduled for service on a given day must be visited by exactly one of vehicles. Equation ( 11) assures that 
each customer is assigned to exactly one day. 
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DECOMPOSITION PROCEDURE AND SOLUTION ALGORITHM 
Lagrangian dual(LD) methods are widely used approaches for solving specially structured constrained problems 
through the process of dualizing complicating constraints in order to obtain easier subproblems. These subproblems 
give a lower bound on the original objective function value. The solution procedure adopted is based on the attempt 
to decompos,e master problem into subproblems that have same structure for each day, . with the aim of obtaining 
smaller subproblem, which are easily solvable. Therefore, by relaxing constraints(3) and (11) which coupled in each 
subproblem for a day, we can get d separable subproblems. Thus, by applying Lagrangian multipliers µ; and 

~;, respectiv.ely to constraints (3) .and (11), we obtain the Lagrangian dual problem · 

LD= max 0(µ,a) 
µ.~ 

where 0(µ, CT) is the optimal objective value of the following Lagrangian subproblem. 

subject to (2), (4),(5),{6),(7),{8),(9),(10) 

05z$1, 0$u51, and z,u,xeR 

(12) 

(13) 

LD can be solved by'a cutting plane or tangential approximation approach to recover both primal and dual optimal 
solutions to LP. Howe·ver, a more popular approach to solve the non-differentiable optimization problem LD is 
subgradient optimization techniques, which are quite promising, and easy to implement in practice. This is 
particularly useful when such problems arise via linear programming relaxations of non-convex discrete or 
continuous optimization problems. In such cases, subgradient optimization techniques can provide a significant 
computational advantage over simplex based or interior point LP solvers. The reason for this is the quick and simple 
manner in which an optimum can be found for LD via this approach. 

While such a subgradient optimization approach can be quite powerful in providing a quick lower bound on LP via 
the solution of LO,' the disadvantage is that a· primal optimal solution to LP is not usually available via this scheme. 
Such a prill'!al solution is of importance not only ~vhen LP itself is the primary problem of interest, but also in the 
context of branch and bound approaches where a solution to the linear programming relaxation LP might be required. 
Moreover, the availability of a primal solution can. provide a natural stopping criterion based on the duality gap for 
the subgradient optimization procedure that .otherwise lacks such a feature. 

Algorithm proposed in this paper consists of two stages. First, we attempt to solve the Lagrangian dual problem 
using a subgradient-based algorithm in conjunction with the fixed target value and pure-subgradient method . 
Given any iterate(µ, at ~ 0, k ~ 1 , a sub gradient gk of 0{¥it ,¥4) is computed by 

gf =·(III(ut,.t -1] 
d J ,. 

(14) 

where (uµt ,zot) E {(u,z) I u,~ solves for B(µk,ak )} : As we take the pure subgradient method , we can set 

d* = gk, and then the new iterate (µ ... ,,a*•') is d~termined by (µk•I , a k+i); = (µ. , a 1c ),. + .A.kd1c for each i , 

where A.k > 0 is a suitable step length. There are several step-length rules that perform well computationally, but for 
which no primal convergence results· are known. Among them, we take the step length rule given by 

331 



(15) 

where w is a target value and /3;, ( 0 $ c1 $ /3;, $ c2 $ 2) is a control parameter for Block Halving strategy of 

Sherali and Ulular(l989). When rule(l4) is employed with subgradient method using ·a fixed upper bound target 

value, w ~ 0· for all k, we have that there exists a subsequence of dual iterates that converges to a dual optimal 

solution. 

After a certain number of iterations, or when some other stopping criterion is satisfied, the · algorithm turns to its 
second stage. In the second stage, the algorithm not only continues to perform the dual procedure as in the first stage. 
but also generates a sequence of updated primal solutions using some convex combination of the Lagrangian 
subproblem solutions. At the k -th iteration, let us define 

(z X U) - f. µ* (z x u) where p
1
*_ ~ o fior l _< ;· _< k and ~p

1
' = I 

, ' k - £- j , ' (µ.a), ~ (16) 
j=I 1sl 

Each (z, x, u t is a convex combination of optimal solutions to the Lagrangian subproblems x rr ) of LS(;r j) for 

j = 1, ... , k . We take a average weighting rule(l 7) for convex combination weight p; studied in Sherali and Choi 

(1996). 

(17) 

Also, Sherali and Choi( 1996) prove the primal convergence of sequence {(=, x, u )}. . 

At the end of this stage, the algorithm evaluates the extent of feasibility and optimality of the incumbent primal 
solution using the available dual object function value. Below, we present an algorithmic statement for each stage of 
algorithm. For convenience, we will express dual solution(µ, a) as ¥o , and primal solution (z, x, u) as x. 

Primal-Dual Algorithm. 

lnitializatio11 Put iteration encounter k = O, N1 ,N2 
as maximum primal dual update iterations and parameter 

0 < /Jk < 2-. Choose a target value w as the known UB of optimal object value. Select a staning dual solution 

¥q and compute x~, gk and d* (if any other subgradient based algorithm is employed), 0(¥q ). Put the 

incumbent solution as ~ ¥q , ; = 0(¥q ) . 

Step l(Dua/ update). Compute Ji.k = /3* (w-0(¥q ))/!Id* !1
1 

and find (¥c). 1) ,- = (¥q + JA l for each component i 

Step 2. Given ¥q.1 , compute x~ .. , g •• 1 , B(¥q.1 ). If ; < 0(¥<'L1), update the incumbent solution as ¥6=¥q.1 , 

; = 0(¥q ◄: 1 ). If llg •• 111
2 

$ c 1 or k = N 1 + N2 , terminate the algorithm with a near optimal solution ¥Q.1 • If 

k + 1 ~ N1 , go to step3 with the incumbent solution ¥{ having an object value = = 0(¥<L1) ,. Otherwise, 

compute d •• 1 , increment k by one. and return to Step l 

Step 3(Primal Update). 

•• I 

If k + l = N
1

, initialize r.* =ff. Compute ¢, = p;:
1 

and find a new primal solution 
P1 

using x •. 1 = LP;·1
xY¢i = ¢.x , + p::ix,4. ,, And compute d*•I • increment k by one, and return to Step i . 

1zfti'1 

332 



COMPUTATIONAL RESULT 
The test problems are randomly generated using a standard linear programming generation scheme. The 
computational tests have been executed in a Pentium II, 400 MHz , 128MB RAM, and the algorithms were 
implemented using C++ language and the CPLEX Library for solving a~ the linear programming problems involved. 

As before, f ~ denotes the optimal primal objective function value, ~ denotes the incumbent dual solution that 

gives the best dual objective function value ; = o{ ~), and i is the primal solution obtained at tennination of 

· Stage II , with 9bject function f . Also, 0(%) and P(%), respectively, represent the dual and primal optimalities in 

percentage that were achieved during the procedure, and are computed as follows. 

Furthennore, to indicate the feasibility of primal solution recovered by some primal recovery schemes as presented 
in Section 2.2, we present the measure as follows. 

where IVI denotes the cardinality of the set, V , of the violated constraints and and g is the sub gradient obtained 

at tennination of Stage II. For Stage I and II, the parameters that we have used are N1 = 100, N 2 = I 00 , the initial 

step-length_ parameter '/31 = 1.2 . For termination parameters, we used c, =10-6, l:2 = 0.005, c 3 = 0.001. Table!.. 

presents the computational results . 

Table 1. 
COIJlPUtational Result for LP-Relaxed problems. 

Data Column Row Nonzero 
Optimality(%) F (%) 

D p 

1 234 222 1052 99.9992 97.3841 97.4659 
2 812 512 4372 99.9994 98 .9429 97.7374 
3 1870 1580 8665 99.8721 97.3327 97.4878 
4 , .1866 1090 10086 99.6933 100 100 
5 4665 2680 25215 99.9753 98 .8402 97 .7592 
6 3076 1740 · 16796 99.9993 99.6572 98 .7344 
7 8380 4650 45380 99 .9966 99.5982 96.5468 
8 6792 ~694 37272 99.9999 99.4710 98.7028 
9 15990 8635 88290 99.9983 99.1954 95.8357 
10 10916 5840 60636 99.9996 99.8892 98.9230 
11 28580 15140 157980 · 99.9992 96.8901 96.7264 
12 17920 9444 99120 99.9998 99.9709 97.8416 
13 . 44800 23460 247800 99.9762 97.4739 96.5611 
14 161180 82610 903780 99 .9867 98.9727 98.4659 

The computational results show that the dual solution (?btained lies within 99 .96% of average optimality. Moreover, 
the primal recovery schemes produce primal solutions that lie on 98.83% near optimal and 97 .77% near feasible 
solutions as average. This result indicates that schemes used can be quite powerful in providing a lower bound on LP. 

'. 

, . 
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Table 2. 
Computational Result for Lagrangian dua problems. 

LP LD relaxation bound 
Data Column Row .Nonzero IP value relaxation Optimality(%) 

F(%) 
bound(%) D p 

I 178 176 · 810 1396 82.4571 99.8383 "89.5604 84.0153 

2 178 176 810 1684 72.9572 90.2901 90.5511 96.0000 

3 262 192 1362 1752 98.30 99.9792 99.8927 98.2103 
4 264 196 1416 2070 78.36 96.5217 96.5132 100 
5 302 282 1402 2814 72.5302 98.0832 94.2651 96.8571 
6 348 244 1828 2107 85.7142 96.7992 96.0313 98.3333 
7 348 244 1828 1583 93.9861 98.9671 98.3601 98.6667 
8 354 333 1629 1715 88.7463 96.3987 95 .9044 99.3333 
9 556 366 2964 2259 90.5002 95 .6781 96.4736 96.0000 

Even though we can see the excellent primal-dual performance for the Lagrangian dual for the LP-relaxed problems, 
the optimal objective value of IRPSF might be quite far form the optimal value of the LP-relaxed problem. 
Thus, we also present some computational results of Lagrangian dual performance of IRPSF (Table2). As we know, 
the LD bound is quite better than the LP bound, also we can see that the primal optimality and feasibility are still 
promising. Therefore, the proposed algorithm can be used to the Lagrangian dual of IRPSF directly for the moderate 
sized problems. 

CONCLUSION 
We proposed a capacitated satellite facility problem for IRP and a primal-dual algorithm that can be used to find a 
near feasible, near optimal solution to the given MIP, as well as to find optimal to its LP relaxed · problem. 

• Throughout the computational test, we recognized that we can use some heuristic techniques to find the exact 
optimal s9ltition from the approximated solution. 
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ABSTRACT 
Distribution scheduling as well as vehicle routing problem are the most difficult and imponant dee· • bl . . . . . 1s10n pro ems 
f~r t_he ~anufacturin~ and/or d1stnbut1on co~pames. In this paper, ':e_ present a mathematical model for the 
dis.tnbution strategy m two-levels supply cham ~nd propose a data mmmg technique as the method to dev 1 
distribution strategy in conjunction with mathematical program. e op 

INTRODUCTION 
In these days, managi~~ suppl~ chain is one of the mo~t impo~ant ta~ks t~ the m~st manufacturing companies 
because of the .compet1t1ve environment~. In mat_hemat1c~! p~mt of view, 1t contains problems such as production 
scheduling, distribution scheduling, vehicle routmg, posmonmg, and so on. And it seems very difficult to find the 
optimum values for the real w?rld problems and there is no dominated known algorithm. However many researchers 

- have tried to develop integrated models (~radley and Arntzen, 199_9; Erenguc, et al., ·1999; Blanco, et al., 1998) and 
present methodologies to find good soluuons (Fumero and Vercelhs, 1999). But as the size of problem grows, it is 
·very endurable task to get a wanted solution. 

In this · paper; w·e propose a mathematical model that is developed to determine distribution strategy on the · 
circumstances of er Korean beverage maker and distributor. The data contains the demand information of over 1,400 
customers and 120 products. Based upon this demand information, we try to determine distribution schedule to fill 
the customers' order in a certain planning time horizon. To solve the mathematical model for distribution scheduling 
strategy, we use the clustering method, one of the data mining techniques. to reduce problem size. This method 
could be treated as one of the decomposition methods those separate whole problem to several small problems. 

This Korean beverage company produces more than one hundreds products and provides those products all over the 
Korea. Also it has several distribution warehouses those fulfill the orders of customers within each covering area. 
The beverage products have various weights and volume·s and each product is packed into a delivering box that has 
unique weight and volume. And also the chara~teristics of those customers such as the volume, frequency, interval 
of orders from each customer is various and the location, inventory holding-cost, delivering-cost is quite different 
from each other. · 

We develop Mixed Integer Program (M_IP) model distribution scheduling (Wolsey, 1998; Kasilingam, 1998) and use 
neural network clustering technique to re.duce problem size and then solve it with !LOG CPLEX ver6.5. In detail, we 
divide customers into 4 clusters based upon the demand characteristics with IBM's Intelligent Miner for Data. The 
demand data is composed with customer number, product number, delivery due date and order quantity and we use 
some dimensions such as each custome.r's monthly order quantity and order frequency to extract each customer's 
characteristics.· With this process we have 4 groups of customers and choose 18 products, and 12 planning time
horizon as the underiying problems. 

THE DISTRJBUTION MODEL 
Clustering Customers . . 
Before introducing mathematical model, we use clustering technique to find customers' characteristics. The data we 
have is about the demand information of customers and it is composed of customer index, product index, due date 
and order quantity. As mentioned, the data come from a branch distribution warehouse of a Korean beverage 
company and use the Neural Network Clustering Technique of IBM's Intelligent Minder for Data to find custo~er's 
characteristics. In this process we use · daily order quantity, order due date, ordered product, the total quantity of 
order and the frequency of order in a month as clustering axes and the last two dimensions was inserted into data for 
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better results of clustering. Based upon the results of neural network clustering, we summarize clustering results in 
Table 1. 

Table l. 
Result of clustering 
Customer Group Cluster I Cluster 2 Cluster 3 Cluster 4 

Cluster Size . 
_ drde(Qu.an.ti!Y ... _ 

_ 6,910 (~..:..81o/o) _ _ ·--~t§.§9-.H~.§lliL __ .... -2,480 (18.24%) 1539 (11.32%) 
__ Very_S_!llalll.1::1) Very Small (1-~-- __ . _yery_~~~!LOJ . --__ Smal! (1~10) 

Total Order E l . Evenly Dispersed . 
ven y Dispersed But a little small Evenly Dispersed Very Large _ Quanticy __ 

-~ Ord~r_f ~q_uen~y 
Mostly Ordered 

Products 

:_:. -~o~[Ltj__-=~_-·· __ ·· -~1o~(1:.:sy-____ - _ Low(2.:..st .. _ -. _ Fr~q_u~n_!ly _(14-26) 
Almost Every Only Clean Soda A Few Products Major 20 Products 

Products and Coke and Other Products 

The business environment of the branch office is quite same as that of most beverage companies encounter with. 
Serious competitions over market, high pressures from customers and the importance of relationship with customers 
are the common issues those should be kept in mind and considered by managers. And some differential 
characteristics of the branch warehouse are that it deals with many small size retailers and business area is a little 
small. Based upon the clustering results and circumstances of the branch office, we characterized each clusters as in 
Table 2. 

Table 2 
Characteristics of 4 clusters 

Cluster 1 

. Cluster 2 

Cluster 3 , 

Cluster 4 

Characteristic 
Small shop group that has very small demand, low order quantity, rare ordering and treating many 
roducts . 

Food restaurant group that has small demand, a little small order quantity, very rare ordering and 
treatine onlv two products (Clean Soda and Coke). 
Drink shop group that has small demand, a little order quantity, very rare ordering and treating a few 
roducts . 

Supermarket group that has large demand, large order quantity, frequent ordering and treating major 
products and a little other products 

It is important to build 'business strategies based upon the characteristics of each clusters. First of all, building 
distribution schedule is the first thing that the manager should do. We wonder what is the better distribution strategy 
and how much is the gap between two strategies. that is. the first strategy is to find optimum distribution scheduling 
that encompasses all customers and the second is to find that of each 4 clusters. We devise a mathematical model to 
test the two strategies. 

From an overall perspective. our model of distribution scheduling links between distribution warehouse, and 
customers and determine when to visit, what to be and how many to be delivered. It can be described as a single 
distribution warehouse, multiple products, multiple customers and multiple time-periods problem. We consider 
products' weight and volume at the same time and time-different visiting costs, time-different inventory holding 
costs. We assume that timely usable delivering capacity (truck capacity) is affected by the total amount of products' 
weight that is supposed to be delivered in a certain time period and also assume that the total amount of products' 
volume that is supposed to be delivered is affected by the capacity of customers' inventory warehouse and stocks in 
customers' warehouse. That is quite common assumptions in heavy weight product industry such as beverage and 
petroleum industry. 

Mathematical Model of Distribution Scheduling 
Indices are as follows : 

i : Index for customers 
j : Index for products 
t : Index for planning time periods 
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V ;, : Visiting cost of customer i in time period• t to deliver products 
Si ; Inventory cost of customer i's warehouse per unit volume · 
DC : Total weight capacity of trucks usable in time period t we: : Volume capacity of customer i's warehouse that is consistent among whole planning time periods 

w . : Unit weight of product j . 
J • 

v . : Unit volume of product J . 
/ : Quantity of prod~ct j delivered to customer i in time period t . 
if : Demand quantity of product · j ordered from customer i that should be delivered in time period l . yt Binary integer that is I if any product is delivered to customer i in time period t and O otherwise. 
I iJr : Inventory quantity of product j in customer i 's warehouse in time period t . 
M : Very large number (big M) 

Mathematicai Model is as follows: 

subject to 

minimize Z = ' 'U y + ' ' ' S v I ~~ II it ~~~ i j IJ.f 

LLX!i1 w i -5:DC,, 'tit 
i j 

})vJijr +vixijJ -5:WC,., 'vt,i 
j 

x ij
1 
~ My;

1
, 'vi,J,t 

)';
1 

E {0,1} 

Xijr E {0,1,2,3,4 ......... ,n} 

i j { 

-2) 

3) 

4) 

5) 

6) 

1) 

Constraint 1) balances inventory available against customer's demand. Constraint 2) ensures that the total weight of 
delivered products should not exceed available truck capacity. Constraint 3) indicates that the total volume of 
stocked and delivered products in customer's warehouse could not exceed the capacity of customer's warehouse. 
Constraint 4) ensures that we can deliver products .if we visit customer. 

The objective of ab~ve model is to establish distribution schedule to minimize the sum of visiting cost and inventory 
holding cos-t. lnvent.ory holding cost could be defined based upon what perspective it is considered. On the 
perspective of customer, it is the inventory holding-cost that occurs when customer receives delivered products from 
distribution warehouse before the wishful date he ·ordered. It can be viewed as the penalty cost that is imposed to 
distribution warehouse when the disfributioh warehouse delivers the ordered products before the date the customer 
wanted. · 

COMPUTATIONAL RESULTS 
Before testing with this model, we determined the problem size. We choose 20 customers, 18 products and 12 time 
periods as test data. Based on the result of clustering, we could decompose the original test problem ( customer: 20, 
product: 18', time horizon: 12) into 4 small problems. The fist small problem is composed with l O customers, the 
second is composed with 4 custo'mers, the third is composed with 4 customers and the last is composed with 2 

customers and the other factors such as number of products, planning time horizon are all same. The selection of 
each small problem's size is based on each cluster 's size (cluster A: 50.82%, cluster B: l 9'.63%, cluster C: 18.24%, 
cluster D: 11.32%) and we select customers for each small problem non-redundantly. But making test data is not so 
easy because we did .not have cost information and we did not consider information that is needed in mathematical 
model in clustering step. That means clustering resu.lts would be changed if we cons.ider cost information in the 
clustering process. With the help of innovative technology many company will be able to get more information 
about the customer and it may improve the results of clustering. However we tested one whole problem and 4 

clusters problem with the mathematical model and 4 randomly generated clustering problems to compare the effect 
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of clustering. We used /LOG Cplex ver6.5 to solve the problems and the test result is as following Table 3. 

Table 3 
Test results 

Neural Randomly Randomly 
Clusters Network Generated Generated 

Clustering Clustering 1 Clustering 2 
Cluster l Objective 2405.31 2522.07 3499.69 

Customer: 10 Time 516 Sec. 95 Sec. 120 Sec. 
- --- - - ----·--·--- ---------------- --- - ----- --- -- ·- ------ --- --- - . 

Cluster 2 Objective 595.118 1230.86 852.44 
Customer: 4 Time 2 Sec. 4 Sec. 1 Sec. 

Cluster3 Objective 1417.49 664.16 795.03 
Customer: 4 Time 10 Sec. 3 Sec. 2 Sec. 

- -- - - - - --- ---- -- - . ·---------- ------ ----------- -- --- ---- · - - - - - - - - --
Cluster 4 Objective 880. 7 5 851.65 428.53 

Customer: 2 Time 2 Sec. 0 Sec. 2 Sec. 

Randomly 
Generated 

Clusterine 3 
2812.27 
245 Sec. 
980.648 
1 Sec. 
1187 

19 Sec. 
465 

1 Sec. ---- -- - --- - -- - - - ---- -- - - - ----- - --- --- -- -- - - -- - . ---
TOTAL Objective 5298.668 5268.74 5575.69 

Whole (Optimum) 
Customer: 20 

Time 530, Sec.. 102 Sec. 125 Sec. 

Objective 4367.98 
Time 2034 Sec. 

5444.918 
266 Sec. 

Randomly 
Generated 

Clustering 4 

3193.54 
38 Sec. 
1053.7 
2 Sec. 

1130.44 
3 Sec. 
428.53 
0 Sec. 

5806.21 
43 Sec. 

Test Time is measured on the platform of Microsoft NT4.0. Pentiumll-400Mhz CPU and 256M RAM 

As we can see in the above table, the objective value of clustering test is 5298.668 and the optimum value is 4367.98. 
The average objective value of randomly generated clusters is 5523.8895. Upon this test results it is not enough to 
insist that the decomposition of the whole problem into clustering is better than randomly generated clustering 
method. But if the problem size is so big that it is impossible to test, it is quite useful method for testing along with 
random selection. As mentioned above, the clustering did not consider all aspects of the customers' attributes. If we 
collect rriore information about customer, clustering technique may give us better results than random selection. 
Further research must be followed in this direction to find the effects of clustering decomposition and what kind of 
attributes is useful. Another way using this clustering decomposition is that if we want to make decision we can 
choose different objective and constraints those are critical or important to customers. That means we can reduce 
problem size and build . separate strategy over customers. As an example, we divide customers into 4 groups and 
each group has their own characteristics. Cluster 2 has the characteristics of very small demand, low order quantity, 
rare ordering and treating just two products. We can use this characteristic in the mathematical modeling. We can 
reduce the pro~uct size in mathematical model. Another example is that cluster 4 has the characteristics of very large 
order quantity, frequently ordering, treating 20 products. So it is practical to set the objective as minimizing 
customers' inventory level and considering only 20 major products. It means that we can increase customer's loyalty 
by reducing customer's stocks and frequent contacts with him. From a global point of view it will be quite 
undesirable method. but maximizing customer's profit is a quite useful silver bullet for survival in such a 
competitive market. 

To compare the optimum result and clustering result, it is time to take a look at the results in detail. Like the other 
distribution warehouse, the branch office wants to maintain the order fill time (the time that the salesman spends to 
deliver products) as small as possible. If they can save order fill time, they could cultivate more customers and 
increase relationship with customers in saved time. That is why we introduce visiting number into the objective and 
take trade-off between visiting cost and inventory holding cost. The visiting results of whole test and clustering test 
are as following Table 4. 

338 



Table·4 
Visitin•g Results of whole test and clustering test 

No 

O: Optimum Result, C: Cluster Result, Y : Visit to deliver • Empty : Otherwise 

Date I 2 3 4 5 6 7 8 9 IO 1 I 12 
VS. O C O C . 0 C O C O C -0 C O C O C O C O . C O C o· . c 

Cus. l · y Y Y Y ___ .. ___ _____ Y___ ____ Y Y 
·- ~2 - ___ Y Y __ __ .--------- ------- ,f-_ Y _______ ··-----. _____ . Y Y 

Cus.3 __ __ ____ Y _ Y _ __ Y _ Y _ ________ __ ________ __ _______ . __ Y Y 

Cus.4 . Y Y y y 
... __ Cus.5 . _ . Y Y ________ __ Y y y --y -- ·- ---- --·----------- y . y 

___ Cus.6 _ __ Y Y __ ___ Y __ ___________ Y __ . _________ Y __ ____ )_' _ _ 

Cus.7_ y y y 

_ _ Cus.8 _____________ __ ___ __ Y .. y ___ v _ ___ __ __ '( ____ _ y y y 

Cus.9 
Cus.lQ 
Cus.11 
Cus.12 
Cus.13 
Cus.14 

y y 
y y y 

y y 

y 
y y 

y 
y y y 

-·- - -·-· - - . 

y y 
. - -- -- ·- . 

y y 
y 
y 

y y 
y y 

·------- ---- -· 
y 

y 

y 

y 

y 

Cus.15 _____ · Y_ Y _ - --- ··- __ ____ --~ __ Y _ ____ _ _____ v___y ___ - -- -
. - - ------- ----

3 
Cus.16 Y Y . _____ _______ . 

. ··-- •- Cus.17 _ __ Y _ Y Y Y Y Y 

y Y _ y y 
y 

___________ Cus.18 __ _ ., _ ----- y~ Y ~ y------ -~~--------- --- -- -·- ----- ------- ----- y · ·y 
Cus.19 y y y 

-- ·•- ----- - _____ '!._ __ 

Cus.20 y y y y y y y y y y Y Y v· 

Visiting t'imes_ii:icrease about 25% in clustering test result and especially in cluster 2 and 3. It means that the demand 
of customers in cluster 2 and 3 sometimes can be covered by the extra quantity if the salesman includes those 
quantities into delivering iist _when the salesman loads products those to be delivered to customers in other clusters. 
And also the portion of cluster 2 and .4 is very small and the order frequency of those clusters is very small. So it is 
practically good method to assign a little capacity of usable truck for cluster 2 and 3 and deliver those demand 
together when the salesman deli,,ers the other clusters' demand. It can reduce the size of mathematical program and 
test time of it. 

Another trend in test result is that as the frequency of visiting increases the clustering test result becomes more 
similar to the whole test result. It can be shown in the result of cluster 4 and it is quite understandable as it is. It 
means that managing major customers those have large portion of demand and have frequent ordering separately 
could help reducing problem size and managerial tasks. And there are common problems in demand pattern. 

1,;,:: 
:• ... ' ... 

1:-: 
, ___ --_---_-_-··_·-_--_-_-------A1i\-, --·-

--::,·,, ------------.-------
. ,~... I~ 

/'\ \ i \ 

Fig. 1. Demand pattern of Can Coffee in a month Fig. 2. Demand pattern of Can Coffee in two years 

Fig. 1 and Fig. 2 show that the demand pattern of a ceriain product (Can coffee). Fig. 1 indicates that there is 
"Hockey Stick Effects" and Fig. 2 shows .that there is "Bullwhip Effects" (Lee, Padarnanabhan and Whang. 1997). 
This is the result of.price discount at the bottom of a month and it induces demand amplification (Lee and Billington, 
1-992), the main cause of high stock and high inventory level. To relieve those ungraceful results, cautious attitude 
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toward introducing constant price strategy and vendor-managed inventory (VMI) system (Gill and Abend. 1997) 
should be taken. Information sharing with customers. can increase supply chains efficiency and reduce inventory 
level (Cachon and Fisher. 1997). With clustering results and mathematical testing results, we developed managerial 
tips for each clusters in Table 5. 

Table 5 
Managerial tips for clusters 

Clusters 

Clustering l 

Clustering 2, 
Clustering 3 

Clustering 4 

Managerial tips 

Half of customers are in this cluster. Strengthen relationship with customers and gather 
information about customers. Make efforts to visit frequently not by salesmen but by marketers. 
Divide the customer into managerial size and allocate salesman with whole responsibility. 

Allocate extra capacity to the usable trucks when planning other cluster's distribution schedule 
and cover customers with this extra capacity. And develop a way to disperse the demand such as 
consistent price strategy. 
Manage Separately. It can help managerial tasks and reduce distribution scheduling problem size. 
And develop strategy that could reduce customer's inventory level such as vendor-managed 
inventory (VMI) system and build one-to-one relationship with customers. 

CONCLUSION 
This research addresses a multi-customer and multi-product distribution-scheduling problem in conjunction with 
clustering technique. We use neural network clustering technique to divide customers into 4 groups based on the 
characteristics of each customers and devise mathematically a distribution-scheduling problem. As a result, 
clustering decomposition method has not enough evidence that it is better than randomly generated clustering but it 
is a quite useful method in the managerial perspective. There should be more efforts to test the efficiency of 
clustering decomposition and to develop clustering criterion. With those efforts, we develop managerial tips for 
distribution scheduling and customer management. 
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ABSTRACT 
In this global internet market era, the companies are asked for improving their customer o·rientation. They need to 

develop their ability to respond quickly to customer's requirements. An efficient and effective flow of products and 

information in supply chain become two of the most important building block for being a prospering business. In 

_ this sense, an efficient production process system should be developed. Since the ~roduction process is usually 

organized according to a fixed number of stages, so an integrated problem planning should be done. In this paper, we 

address a planning problem for a multi-stage production system. This problem represents a system process product 

and mat~rials through different production stages that are part of supply chain. The objective of such planning is to 

achieve optimal or near optimal results on some performance such as total cost. precision of delivery time etc. An 

approach based on Genetjc Algorithm is developed. Several numerical experiments are done to see performance of 

this approach. 

INTRODUCTION 
Logistics problem is one of the problems in operation management and operations research that requires us to make 

decision in several stages. It is defined as the process of anticipating customer needs and wants; acquiring the 

capitals, material, people, technologies and information necessary to meet those need and wants; optimizing the 

goods-. or service-producing network to fulfill customer request; and utilizing the network customer request in a 

timely way [2]. In this recent year, researches in logistics problems that involve in the multi-stage chain have taken 

great interest of many researchers. A network design problem for two stages, multiple plants and multiple 

capacitated depots is introduced in [5] . The objective is t~ decide product flow quantity from plant to depot and from 

depot to customer in order to . minimizing system's overall cost. Azevedo and Sousa [ 1] introduced an order plan 

model for multi-stage production system. Such a system processes products and materials through different 

production unit that are part of logistics chain o~ganized in several phases. They assume that the production process 

is organized according to a fixed sequence of stages. In this case they try to determine, for each incoming order, an 

'optimal' path ( concerning cost) through the network .. The research considering two stage decision making was also 

done by Pikrul ·and Jayaraman [5]. Another similar problem is also introduced by Sim et. al. [4]. They gave the 

heuristic method based on Lagrangian relaxation using LP solution iterative method. Also, there has been an 

enormous research interest in topic such as supply chain management ([ 4 ],[ 13 ]), network organization related to this 

multi-stage process flow problem ([7], [ 11 ]). Kim and Lee [ 11] also discussed briefly the production/distribution 

planning in supply chain management. They proposed an iterative analytic-simulation approach as a solution 

procedure. A good review on multi-plant coordination models can be found in Bhatnagar ([ 12, [ 13]]. This kind of 

problem is usually considered as on of the supply chain network problem. Figure 1 shows the supply chain process 

for the logistics system which is characterized by a forward flow of goods and a backward flow of information [3]: 
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Figute 1. Supply Chain Network System Figure 2. The illustration of three stages logistics system 

To solve this kind of problem, most of the solution algorithms used in the literatures are branch and bound 

techniques and Bender decomposition-based algorithm. Although these techniques are well known, they do have 

some inherent disadvantages. In more real world case, it becomes necessary to consider the problem involves in 

more stage number. This paper considers the multi-plants and multi-warehouses for multi-stage logistics problem. 

We assume that the production/distribution process is organized according to a three sequence of stages. It can be 

viewed as a network of nodes (suppliers, plants. distribution centers (DCs), customers). Figure 2 given by Yu [ 1 O] 

introduces an illustration of this problem. In this paper. we develop a heuristic method based on genetic algorithm 

approach to find the distribution pattern that can minimize the total cost. This will provide a decision maker a good 

' tool for designing a production/distribution strategy that best site plants and distribution centers (DCs) and their 

capacity. 

MATHEMATICAL MODEL 
Now we present a comprehensive mathematical model that considers real-world factors and constraints. We assume 

that the number of customers and the number of source centers as well as their demand and capacity are known in 

advance. The number of potential plants and distribution centers as well as their maximum capacity are also known. 

Our formulation uses the following notations: 

Indices 

number of source centers (i= 1. 2, .... I) 

J number of feasible plants (j=l, 2, ... , J) 

Parameters 

a,. capacity of source i 

bj capacity of plant) 

C1,; capacity of distribution center k 

d, demand of customer I 

S ij unit cost of producing product in plant j 

using material from source i 

cost of transporting product from plant j to the 

distribution center k 

Variables 

number of products produced in plant j using 

raw material in source center i 
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K 

L 

number of feasible DCs (k= 1, 2, .... K) 

number of customers (/= 1, 2, : .. , L) 

uk, cost of transporting product from distribution k 

to the customer I 

fj fixed cost for operating plant j 

gA fixed cost for operating distribution center k 

W an upper limit on total distribution center that 

can be opened 
p an upper limit on total plant that can be opened 

YJ1< ·number of products to be shipped from plant j 

to distribution center k 



number of products to be transported from 

distribution center k customer l 

w . = {I, 
J 0, 

if production . take place in plant I 
otherwise . 

z. = {
l, 

O· 
if distributi on center k is opened 

otherwise 

The problem is to choose the subset of plants ·and distribution centers to open that can satisfy all capacity and 

demand requir~ment imposed by cu_stomers so that the total cost can be minimized. It can then be stated by the 

following mixed integer programming model (MIP): 

min L L s ii x ii + L L Ii• y i• + L L u ii z ii + L f i w i + L g • z • 
(1) 

' J J k t I J t 

subject to 

for all i (2) 

(3) 

(4) 

for all k 

(5) 

(6) 

I .z«i ~ d,, for all / (7) 
t 

w
1
,z* = {0,1}, for all j,k (8) 

x .. , y .k , z kl~ 0 , for all i, j, k, I 
.lj J 

(9) 

The constraint (2) ensures source capacity 1s enough. The constraints (3) and (5) are the capacity constraint for the 

plants and distribution centers, respectively. The constraints (4) and (6) ensure that the opened plants and opened 

distribution c~nters do ·not exceed the upper limit. of opened plants and opened distribution centers, respectively. 

Constraint (7) ensures that all demand are met. Without loss of generality, we can assume that this problem 

performs the balance condition . since we can ·change the unbalance problem into balance by introducing dummy 

supplier or dummy customer. 

SPANNING TREE BASED GENETIC ALGORITHM 

The use of spanning tree-based genetic algorithm for solving some network problems was introduced by Gen and 

Cheng in ([6]; [8]). They employ Pr~ fer numbers in order to represent a candidate solution to the problems. The 
verification for the excellence of the Prii fer number was also addressed by Zhou and Gen [9]. It is shown that we 

can use only m+n-2 digits perm_utation to uniquely ·represent a distribution network with m sources and n 

destinations where each digit is an integer between 1 and m+n inclusive. 

Representation and Initialization 

Each chromosome in this problem consists of five parts. The first part is a J digits 0-1 variable which represents 

.. . the opened/closed plants. The second part is a K digits 0-1 variabie which shows whether the distribution center is 
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opened or closed. The last three parts are three Pr ii fer numbers which represent the sub-tree /-J, sub-tree J-K and 

sub-tree K-L. However, it is also feasible for us to generate an infeasible Pr ii fer number that can not be adapted to 

generate the transportation sub-tree. To this reason, we need to check the feasibility Pr ii fer number using the 

feasibility condition given in [ 6]. After checking for the feasibility, the Pr ii fer numbers are decoded into spanning 

trees using procedure given in [ 6] in order to determine the distribution pattern in each stage. Another important 

thing in GA that we have to check the feasibility of the chromosomes for all given constraints. There are two ways 

for handling with the infeasible chromosome. First is to reject the infeasible chromosome and generate a new one. 

Second is to design the procedure for repairing that infeasible chromosome. However, it will usually take more 

computational time if we use the first choice. In this research work, we design procedure for checking the capacity 

feasibility of the opened plants and opened distribution centers to satisfy demand requirement of the customers. 

Also, we d~sign the procedure for repairing the infeasible chromosome. The process of generating the feasible 

chromosome is done pop_ size times in order to generate the initial population. 

Genetic Operations 

Cossover 

The crossover is done for exchanging the information of two parents and providing a powerful exploration capability. 

We begin with defining a parameter Pc of an evolutionary system as the probability for crossover. This probability 

gives us the expected number Pc• pop_ size of chromosomes which undergo the crossover operation. First, we 

generate a random real number r in [O, I]. Next, we select he given chromosome for crossover if r < Pc and repeat this 

process pop _size times. In this paper, we employ a one-cut-point crossover, which randomly selects a one-cut-point 

and exchanges the right parts of two parents to generate offspring. 

Mutation 
Modifying one or more of the gene values of an existing individual, mutation creates new individual to increase the 

variability of the population. Here, we use inversion and displacement mutation that can guarantee to generate 

feasible chromosome when the parents are feasible. 

Evaluation and Selection 

As in nature, it is necessary to provide driving mechanism for better individual to survive. Evaluation is to associate 

each chromosome with a fitness value that shows how good it based on its achievement of the objective function. The 

higher fitness value of an individual , the higher its chances for survival for the next generation. Selection is to select 

individuals to be parents in the next generation accord ing their fitness value. So the evaluation and selection play a 

· very important role in the evolutionary process. For this problem, the evaluation -procedure is done by Converting 

Prufer numbers into spanning trees and then Calculate the total cost and the total fixed cost of trees according to the 

objective function . As to selection, we adopt the elitist selection strategy [9] in which duplicate chromosomes are 

prohibited. 

NUMERICAL EXAMPLES 

We implement our proposed method using Visual C language and run on a Pentium 500 PC. The performance of the 

proposed algorithm is evaluated by using numerical examples with three different scales. To see the efficiency and 

the effectiveness of the method, we also develop the traditional matrix based genetic algorithm for solving the test 

problems. We begin with relatively small size problem. The GA parameters are set as follows: Pc= 0.2 and Pm= 0.4. 

To confirm the effectiven·ess of this algorithm, the experiment was run l O times for each computational study. The 

best distribution pattern for the first problem is shown in Figure 3. 
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Figure 3. Illustration of the optimal distribution pattern Figure 4. The average fitness value in the generation 

It can be seeri ~hat the optimum is reached for opening only 3 plants and 3 distribution centers though we allow open 

up to 4 plants and 4 distribution centers: The average fitness values for this problem using both spanning tree and 

·matrix based genetic algorith111s are illustrated in Figure 4. From this figure, it is clear that our proposed method 

shows better speed of convergence and also average fitness value. The following Table summarizes the results of the 

· numerical experiment for all of the test problems. 

Table 1. Comparative result of the test problems using mGA and stGA 

problem Parameter spanning tree-based GA matrix based GA 

pop_si: 

e max_gen worst average best Times ACT worst average best Times ACT 

I 25 750 28960 28920 28870 6 1.54 28960 28942 28870 2 1.64 

30 l000 28920 28875 28870 9 2.62 28960 28924 28870 4 2.66 

50 1500 28870 28870 28870 10 5.66 28960 28915 28870 5 5.82 

2 30 l000 39790 39601 39470 0 3.46 40104 39876 39585 0 4.39 

so 2_000 39740 39600 39470 0 13.17 4001 l 39774 39585 0 13.79 

100 5000 39600 39483 39370 4 53 .50 39740 39637 39370 l 62.06 

3 JOO l000 5402b 53646 53380 0 15.49 54345 54022 53427 0 21.20 

200 3000 -53435 53273 53170 4 94 .03 54070 53673 53303 0 122.54 

300 5000 53380 53200 S3170 8 242.33 53957 53512 53170 l 296.40 

* ACT means average computation time 

"Times" in Table 4 means the number of appearances for the best fitness value in the problem. It is shown that for 
small size problem, both methods can search the optimal solution with in almost the same computational time. 

However, it is also shown that our _method gives more number of appearances for the best solution. For relatively 

large-scale problems, we show that our algorithm not only effective in searching optimal/near optimal solution but 

also more efficient in the sense of computational time and required memory for computation. However, since the 

search space for this kind of problem is so large, it is very important to set the experiment with reasonable population 

size and maximum generation in order to ensure that we_ have a good result. 
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CONCLUSION 
In this paper we proposed a spanning tree based genetic algorithm (stGA) approach to find the best 

production/distribution in multi stages logistics system. We utilize the Prufer number that is known to be an efficient 

way to represent various network problems. Even though the structure of the proposed methods is very simple, 

experimental results show that our algorithm not only can search better optimal/near optimal solution but also give 

better performance in the sense of computational time and required memory for computation . than those of matrix 

based genetic algorithm (mGA). So we believe this method will be an efficient and robust method to solve this kind 

of multi-stage logistic chain design problems 
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Abstract 

In this paper we consider a manufacturing system which procures raw materials from suppliers 
and processes them to convert to finished product. The problem is to determine an ordering policy 
for r~w materials and finished product to satisfy a deterministic time-varying demand process. 
We present an opt.imal and two heuristic procedures. 

1 Introduction 

In .rcalit)', a _quantity of raw materials (QR) needed in any production is dependent on a production 
size (QM). Therefore, it is desirable to consider QR and QM simultaneously. This could be done by 
treating purchasing and production by a single model. 

In this paper w~ extend the model to satisfy a deterministic at a constant demand to a time
varying demand processes. For each batch we determine an economic manufacturing quantity and 
raw material which minimise the total cost. We apply a dynamic programming approach that gives 
an optimal policy. We also develop two heuristic procedures. 

2 Mathematical formulation 

A ge_neral cost model is developed by considering (QM) and (QR) simultaneously. We considered 
the raw material . ordering cost, manufacturing set-up cost and raw materials and finished product 
inventory. carrying cost. 

To develop the model, t·he following terminology is used: 

• The finite production rate is P u_nits per unit time. 

• The demand rate of finished proq,uct at time t in {O, H) is J(t). 

• There is a fixed manufacturing set-up cost of c~ for each production run. 

• There is a ordering cost of CJ for raw material j. 

• There is a carrying invei:itory cost of hp per unit per unit time for finished goods. 

• There is a carry~ng inventory cost of h; p_er unit per unit time for raw material j. 

• Q Mi is the production quantity of the ( i + l.)st batch. 

• QRij is the raw material quantity for raw_ material j of the (i + l)st batch. 

• n is the total number of batch replenishment (and therefore we define tn ·= H). 

• Tj is the amount/quantity of raw material j required in producing one unit of a product. 
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Figure 1 illustrates the gnph of finished product against time for the ( i + 1 )st batch. Figure 2 
represents the raw material level during the production period. We assume that during production 
finished product becomes immediately available to meet the demand process. If the input rate (P) 
is infinite then the stock, of finished product is described by the curves Y1 (t) for t in (ti, ti+l ). If the 
input rate is finite then the stock level is given by Y2(t) fort in (ti,t;) and Y1(t) fort in (t;,ti+I), 
For an infinite P the time-weighted stockholding for the batch is area Ai whereas for the finite P it 
is area Ci. The area of Bi is the difference between Ai and Ci. Dii is the time-weighted stockholding 
for raw material j . for the ( i + 1 )st batch. 

From these definations, we arrived at 

Y1(t) = t•+i f(t)dt- l f(t)dt 

1.••+i f (t) dt t, :::; t :::; t;+1. (1) 

Y2(t) P(t - ti) - f.t f(t) dt 
t, 

(2) 

It follpw that 

Ai J.ti+l Yl (t) dt. 
t, 

(3) 

B, = l; [Y1(t) -y2(t)] dt. (4) 

Therefore the inventory carrying cost of finished products for the ( i + 1 )st batch is 

Let y3(t) be the level of raw material during the production period. For a raw material j, we get 

y3(t) = Tj [ {"

1 

f(t)dt - P(t - t;)], t; :,; t:,; ti, 

It follow that the total time-weighted raw material for this batch is given by 

In order to satisfy the demand during (ti, ti~i), we have 

P(t: - ti) = ti+l J(t) dt. 
lt; 

3 The dynamic programmin·g formulation 

(5) 

(6) 

(7) 

For simplicity, we only consider one type of raw material (j = 1). Define the single stage cost (SSC) 
of meeting all demand from time ti to time ti+·l by a single production at time ti, when stock of 
finished product and raw materi.al arc zero, as · 

(8) 
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Let C( n, t) be the minimum total cost of meeting all future .demand, initially with no stock of finished 
product and raw material at time t with exactly n batches. 

The dynamic programming formulation for this problem is: 

C(O,H) = 0 

C(0, t) = 
C(n,t) = 

oo O~t~H 
min {SSC(t,x) + C(n -1,x)} 

t$:r$H 

where n = 1,2,3, ... , 0 < t < H. 

(9) 

The solution to equation (9) proceeds by calculating values C(n, t) backwards in time from the 
horizon H. C(n, 0) is the optimal n-batch policy. 

For a linearly increasing demand rate over the interval (0, H), we have 

f(t) =,a+ bt a > O; b > O; 0 ~ t ~ H. 

Subtituting (10) into (1), (2) and (5) we obtain 

and so (3) and (4) give 

Y1 (t) 

Y2(t) 

y3(t) 

l t: b 2 2 
{ a(ti+l - ti)+ 2(ti+l - ti) - P(t - ti)} dt 

t, 

a(ti+l - ti)(t: - ti)+ ;(t;+l - tf)(ti - ti) - f (ti - ti)2 , 

(ti+1-ti )2 b 2 
2P [a+ 2(ti+l + ti)] . 

We found that Di1 = r 1Bi. Thus we get 

(10) 

(11) 

(12) 

(13) 

We evaluate C(n, 0) for different values of n . Numerical results on testing problem suggest that C(n, 0) 
is convex in n, and n • is the optimal batch size if 

C(n·,o) ~ C(n· -1,0) and C(n·,o) ~ C(n• + 1,0). 

However, it would be desirable to use simpler procedures if the cost penalty of so doing were 
insignificant. In the next section. we consider two heuristic approaches. 

The total relevant cost (T RC( n)) of the model in n such batches is 

n-1 n-1 

TRC(n) = n(cp + ci) + hp{ I)Ai - Bi)}+ h1 L Dil· (14) 
i=O i=O 
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4 Heuristic procedures 

In this section we extend the Phelps's approaches which are similar to the policy (T, Qi) in Omar [1] . 
. We also extend th~ Silver-Meal heuristic procedure [6]. Again, we assumed j = l. 

4~1 Heuristic 1: (T, Qi) Policy 

In this policy, batches are made at fixed and regular intervals of time T. For n replenishments, we · 

have T = * and ti= i;;, i = 0, ... , n. 
Using (13) and (14) we obtain 

h H 2 n-i · b H 
TRCH 1(n) = n(ep + c1) + ;n2 ~ {[a+ 3(3i + 2);-] 

i=O -

_·2_ [a+ ~(2i + 1) H ]2 } 
P 2 n 

h1r1H
2

[ bH(Zi l)] 2 
+ 2Pn2 a+ 2n + 

h H 2 
{ bH an 

n(cp + c1 ) + ;n2 [an+ 6 (3n + 1)] - 1;-[(a + bH) 

b2 H 2 
} h1r1H2 b2 H 2n 

- 12n (4n2 - l)] + 2Pn2 (an+ abHn + -3-

b2H2 

- 12n ). (l5) 

where T RC Hl ( n) is the total relevant cost under Heuristic 1 with n replenishments. 
As with the optimal policy, numerical results suggest that T RC HI ( n) is convex in n. Therefore, 

n* is optimal when 

4.2 · Extended Silver's heuristic procedure 

Silver [6J modified the Silv:er-:rvleal heuristic and determined each lot size sequentially, one at a time, 
by minimizing the total cost per unit time. However this procedure need some adjustment particularly 
when there is a well-defined ending point in 'the demand pattern. 

From (13), the total reievant cost per unit time (TRCUT) for a batch made at time O which meets 
all demand of finished product and raw material up to time T is 

1 { hp T2 2bT l bT 2 TRCUT(T) = T Cp + -
2
-[(a + 3 ) - p(a + 2 ) ] 

h1r1T
2 

( bT) 2 } +c1+~a+ 2 . 

The necessary condition for T RCUT(T) to be minimum is that 
d[TRCUT(T)])/dT = G(T) = 0. If f(t) -= a +bt , this gives 

G(T) = [ahp _ a
2
hp - a

2
h1r~]T2 [2bhp _ abhp - abh1r1]T3 

2 2P .· + 3 P 
2 2· 

[
3h1r1b - 3hpb ]T4 _ ( ) + . 8P c,, + C1 . 

When b > 0, the root of (17) is unique and is a global minimum. 
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5 Numerical example 
We demonstrate these procedures by a numerical example. For this example, demand increasing 
r earlv with a = 6, b = 10, Cp = 300, hp = 15, C1 = 50, h1 = 5, r1 = 1, p = 1000 and H = 5. 
m Fr~m a dynamic progTamming method, an optimal number of batches is 4 with the production 

startinu times O, 1.6260, 2.8978 and 4.0010. The total cost for this optimal policy is 2855.23. Similarly. 
Heuristic 1 gives the same number of production batch. However, the minimum total cost for Heuristic 

1 is 2914.18 which is 2.07% high than the optimal cost. The best batch production starting times 
. from the Silver approaches are at 0, 1.3865, 2.5460, 3.5755 and 4.5180 with the minimum total cost is 

2941.42. 
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ABSTRACT 

Current literature does not show a model that allows the evaluation of the strUctural characteristics of supply chains 

for the purpose of choosing the appropriate partners. This paper suggests a reference model with a cause-effect 

structure and applies it to evaluate the state of three real supply-chains in the apparel-textile sector. 

INTRODUCTION · 
A supply chain is a network of firms that procures raw materials, transforms these materials into finished goods at 

processing firms and delivers the finished goods to customers through distribution fir'ms (Bhatnagar and 

Viswanathan~ 2000). From this point of view, an apparel supply chain is a network of textile firms. apparel finns and 

· garment retailers. The laner need a reference model that specifies the structural characteristics of the texti le and 

apparel firms in order to choose the right supply chain partners. Howev~r, this kind of model is not available in 

· current literature, which includes only reference models of effective procedures for the supply chain partners 

(Lummus and Vokurka, 1999). This paper presents a reference model that specifies the structural characteristics of 
the textile and apparel firms so that the retailer can deliver garments with the managerial characteristics desired by 

the target market that consist oflarge variety, low cost, rapid delivery, and the absence of defects. The second part 

of this paper, applies th1s.reference model to evaluate three apparel supply chains. 

SUPPLY CHAIN REFERENCE MODEL 
· The suggested reference model is a qualitative cause-effect model constituted by three types of variables: Gannent 

managerial characteristics at the retailer point of sales, supply chain control variables and supply chain state 

variables (Figure 1 ). The control variables are the structural characteristics of the apparel and textile firms that can 

focus the garment managerial characteristics on the ones· desired by the target market. The supply chain state 

variables· are those that link the garment managerial characteristics to the supply chain control variables according to 

qualitative di~ferential equations. The latter have t~e following structure: The rate of an effect variable equals the 

weighted sum of the variation rates of the causal variables that influence it. These weights can vary between -100% 

and + I 00%, however a weight is positive when the increase/decrease of the causal variable produces the 

increase/decrease of the effect variable· and a weight is negative when the increase/decrease of the causal variable 

produces the decrease/increase of the effect variable. At this point, note that solutions of the reference model can be 
obtained by minimizing the deviations between the current and the desired values of the managerial characteristics 

as explained elsewhere (Macedo and Ruiz Usano, 1994). 

The control variables of the reference model (Figure 1) were identified from an extensive review of supply chain 

literature. The variables "fabric designed jointly by the textile and the apparel firms" and "garment designed jointly 

by the apparel firm and the _retailers" are suggested by Forza and Vinelli ( 1996) and corroborated by Michaels 

( 1999) and Howe et al. (2000). The variables "flexibility of t_he textile firm production system" and "flexibility of the 
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Figure 1. Reference model of an efficient textile firm- garment assembler-retailer syppJy chain. A bold symbol 
has a value of 100% and a light symbol has a value of 0%. · 
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apparel firm production system" are suggested by Gilmour (1999) and Mason-Jones et al. (2000). The variables 

"common terminology for textile and apparel firms" and "common terminology for apparel firms and retailers" are 

pointed out by Elliman and Orange (2000) and McGuffog and Wadsley ( 1999). The variables "long term cooperation 

between the textile and the apparel firms" and "long term cooperation between the apparel' firm and the retailers" are 

proposed by De Souza et al. (2000) and confirmed by Hollis ( 1996). The variables "real-time communication of 

apparel firm sales to textile firms" and "real-time communication of retailers' sales to apparel firm" originate from the 

works of Mclvor et al. (2000). Finally, the variables "efficiency of textile firm distribution planning system" and 

"efficiency of apparel firm distribution planning system" are suggested by Bhamagar and Viswanathan (2000). ·At this 

point, note that most of the control variables of the reference model are also included in the supply chain 

interorganizational cost management practiced by Japanese manag~rs (Cooper and Slagmulder, 1999). 
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Table 1. Current performance of the supply chains and expected gains ~f the component firms become integrated. 

Supply chain performance · Supply chain 1: SCI Supply chain 2: SC2 Supply chain 3: SCJ 

Textile firm delivery delay of a typical size 1.5 - 2 months 1.5 - 2 months 1 month 

lot of fabric when it is not in stock 

Apparel firm delivery delay of a typical size 1 month unknown 1.5 months 
lot of ganrients when it is not in stock 

Average stock of garments in the apparel firm $25 ,000,000 $3,000,000 $1.000.000 

Expected reduction of garments stocks in 90% 70%-90% 90% 
the apparel firm if its operations are 
synchronized with the ones of the retailers 

Average stock of garments at one retailer $200,000 $1,000,000 $200,000 
point of sales 

Expected red:uction of garments stocks at a 20% . 25% 0% 
retailer point of sales if the retailer 
operations are synchronized with the ones of 
the apparel firm 

Retailer manager has knowledge to evaluate no no no 
supply-chain efficiency 

The values ·or the .reference model variables can vary between 0% and 100%. However, when the desired values of 
the managerial characteris~ics are fixed to 100% for "garment variety at the retailer point of sales" and to 0% for 

· "garment defects at the retailer poi_nt of sales'', "garment cost at the retailer point of sales" and .. garment delivery 

time at the retailer point of sales" and the reference model is solved, all control variables (in hexagons in Figure I) 

reach values of 100%. These values are used in the next section as benchmarks to evaluate the current situation of 
three supply chains. 

REFERENCE MODEL APPLICATION 
The ref e_rence model above was applied to evaluate three apparel supply chains (SC) located in Eastern Canada. A 

knitting firm ( 400 employees, 50% of its knitted fabrics are fashion so that they change from one year to another), 

an assembler-of swim.ming suits .(600 employees, -50.% of its assembled suits are fashion) and a network of 

swimming suits retailers (800 employees, 85% of their· sold suits are fashion) constitute the first supply chain (SCI). 

· A weaving firm of wool fabrics (700 employees, 80% of its weave fabrics are fashion) , an assembler of dress pants 

and jackets ( 1000 employees, 10% of its produced garments are fashion) and a network of men garments (2200 

employees, 60% of their sold garments are fashion) constitute the second supply chain (SC2). A weaving firm of 

synthetic fabrics (970 employees, 45% of its weave fabrics are fashion), an assembler of dress pants ( 400 employees, 

10% of its pants are fashion) and a network of men garments (300 employees, 60% of their sold pants are fashion) 

constitute the third supply chain (SC3). The components of these supply chains are independent firms except SC2 

whose retailer and assembler are pan of the same firm. The current performance of these firms, obtained by 

questioning their managers, is illustrated in Table 1. As noted the delivery delays of the texti~e and apparel firms are 

long when they have to make their products; in addition, they maintain high stocks of finished products '. However, 

huge reductions in the stocks and delivery times of thes~ firms are expected if they become we)) integrated. 

The reference model was applied in the following way. Firstly, questions related to each ·control variable of the 

reference model were formulated (first columns of Tables 2 and'3) and asked to the managers of the firms above. 
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Table 2. Evaluation of the structural characteristics of 3 textile firms that belong to 3 supply chains. 

Reference model control variables SCI: Knitting firm SC2: Weuing firm SC3:Weaving firm 

Flexibility of the textile firm prod.uction 100% 100% 100% 
system 

Improvements to reduce machines set-up Knits are sequenced Specific weaving Machines for 
times so that colored machines are dyeing small lots of 

fabrics are knitted al located to weave fabric are available. 
lastly colored fabrics 

Fabric designed joint.ly by the textile and 100% 0% 0% 
the apparel firms 

Frequency of communication between the Daily One time per year One time per year 
garment designer and the fabric designer 

Real time communication of apparel firm 100% 0% 0% 
sales to textile firms 

Percentage of apparel firms that communicate Ninety percent Zero percent Zero percent 
their sales to textile firm on real time using 
EDI or internet 

Efficiency of textile firm distribution 100% 100% 100% 
planning system 

Characteristics of the textile firm distribution Use of a specific Production plans Shipping activities 
planning system delivery truck for and shipping are controlled in 

each customer operations are real time using bar 
integrated codes 

Number -of managers that synchronize the 6 managers 8 managers 3 managers 
textile firm production plans with the ones of 
the apparel firms 

Delivery delay of a typical size lot of fabric 1 day I week I day 
when it is in stock 

Common terminology for textile and 100% 100% 0% 
apparel firms 

Use of common definitions by the textile and The textile firm The textile firm Nothing is done 
appare I firms gives the apparel gives the apparel 

firms a book of firm a book of 
fabric specifications fabric 

specifications 

Long term cooperation between the textile 50% 50% 50% 
and the apparel firms 

Percentage of fabric purchasing contracts of Zero percent Zero percent Zero percent 
two or more years 

Improvements in the textile firm to reduce the Improvement of Purchase of new Automatic 
defects of the fabric supplied to the apparel knitting machines to machines. Fabric inspection system 
firm eliminate waves in quality tests 3 for colored weave 

knitted fabrics times per week fabrics 

Improvements in the textile firm packaging to The fabric length in Fabric rollers are Fabric rollers sizes 
support apparel firm operations the shipped rollers shipped on respect the 

has been doubled to metallic racks as dimensions of the 
ease fabric dyeing in requested by the apparel firm 
the apparel firm. apparel firm spreading 

equipment 
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Tabie 3. Evaluation of the structural characteristics of 3 apparel firms and 3 retailers that belong to 3 supply chains. 

Reference model control variables SCI: Swimming 
suits assembler 

Flexibility of the apparel firm production 66% 
system 

SC2: Jackets 
assembler 

33% 

SC3: Dress pants 
assembler 

33% 

Reduction of machines set-up times Automatic cutting CAD system to design Automatic cutting and 

Layout that facilitates the modification of the 
quantity of produced garments 

Garments structures that ease the production 
of different garments 

Garment designed jointly by the appar~I 
firm and the retailer · 

, Frequency of communications-between the 
. garment designer and the retailer 

Real time coinmunkation of retailer sales 
to apparel firm 

Percent'age of.retailers that communicate 
their sales to the apparel firm 

Days between retailer sales .communicated to 
the apparel firm · 

Percentage of retailers that communicate their 
sales to the apparel firm using EDI or internet 

Efficiency of apparel firm distribution 
planning system 

Characteristics of apparel firm distribution 
planning system 

Number of managers that synchronize.the apparel 
firm production ·plan with retailers operations 

Delivery delay of a typical size lot of 
garments when it is in stock 

Common terminology for apparel firnis 
and retailers 

Use of common definitions by the apparel 
firms and the retailers 

Long-term cooperation between the 
apparel firm and the retailers 

Percentage of garment purchasing contracts 
of two or more years 

Improvements in the apparel firm to reduce the 
defects in the garments supplied to the retailers 

Improvements in garments packaging to 
support retailers ·operations 

machines and use of and grade patterns. spreading machines 
standard markers Pressing machines with 

automatic adjustment 
to fabric characteristics 

Implementation of Nothing done 
production cells 

Nothing done 

Garments structures Garments structures not Garments structures 
not designed for designed for easiness. 
easiness to assemble to assemble 

100% 100% 

Often · Often 

33% 100% 

Three percent Une hundred percent 

Fourteen . days One day 

One percent One hundred percent 

50% 100% 

Specialized firm Specialized firm 
transports ·the transports the garments 
garments 

Fe~ managers 20 managers 

2-3 days 1-5 days 

100% 100% 

Retailers purchase Retailers use style 
forms include terms/ books written by the 
definitions specified apparel firm 
by the apparel firm 

66% 

Zero percent 

lmpleme11t-ation of a 
quality control system 

Garments packaged 
in sequences 
required by retailers 
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100% 

One hundred percent 

lnspection of all 
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Garments packaged in 
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0% 

One time per year 

33% 

Three percent 

Seven days 

Zero percent 
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100% 
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Secondly, their answers were analyzed to give an aggregate mark between 0% and 100% for each control variable 

(in bold in Tables 2 and 3). Thirdly, these marks were (:Ompared to 100%, which is the required mark for a well

integrated supply chain. At this point, note that any deviation from 100% indicates that the retailer should look for 

other apparel and textile partners. The following deviations were noted: In all analyzed supply chains, the long-tenn 

cooperation between the textile 8:fld the apparel finns (bottom of Table 2) and the flexibility of the apparel firm 

production system (top of Table 3) are not adequate. In addition, in two of three supply chains the retailer sales do 

not have rapid/real-time communication with the apparel finn (middle of Table 3). Furthermore, the long-term 

cooperation between the apparel firm and the retailers (bottom of Table 3) as well as the apparel firm distribution 

planning system efficiency (middle of Table 3) is not sufficient. Hence, the retailers should look for new textile and 

apparel firm partners whose structural characteristics eliminate or at least reduce the noted deviations. Another 

possibility is that these retailers could work with their current partners in order to reduce these deviations. In this 

way, the re,tailers will be able to rapidly deliver large varieties of garments devoid of defects but at low prices, as 

required by the customers. 
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ABSTRACT 
, For a variety of reasons, the management of complete product or service supply chains is deservedly receiving much 

attention. Historically, supply chain management has focused on strategic actions intended to track product flow 
.and find lower cost methods of delivering the product or service to market. More recent work has recognized the 
need to control the flow of information and value across the supply chain as well. In addition, the need to expand 
the scientific· und.erstanding of supply chain decisions is being recognized. Traditional analytic modeling of supply 
chains has been a process of optimizing to detennine structure, developing a computer simulation to model 
performance, and running experiments to evaluate operational policies for average and robust performance. The 
.traditional analytic proc'e~s· makes use of optimization, simulation, and control methods. All of these methods use 
the computer as the solution tool. In addition, each of these methods as well as natural graphical models tend to 
view the supply chain as a network of organizations with flows . Object modeling provides a means of representing 
supply chain components that preserves the natural network structure while facilitating computer implementation for 

· optimization, simulation, and control. This paper presents a conceptual framework for the organization of supply 
chain infonnation into computer objects suitable for operational decision-making. 

BACKGROUND 
A wide variety of quantitative tools are available for application with supply chain systems. These methods include 
optimization, simulation, intelligent search, and control. Each of these approaches may be used a component in 
determining an overall_ supply chain policy. Four in~tance, Hicks [Hick 99] proposes a four-step sequential 
methodology to supply chain strategic planning (see Figure 1 ). Optimization, simulation, and simulation
optimization are used to solve a different part of the master-planning problem. The first step identifies the structure 
()f the supply chain by solving a static optimization problem. The second step is to construct a simulation model of 
that chain to represent its dynamics. The third step is to test various operating policies to determine the policy 

Constructive Optimization Solution 

Simulation / Dynamic Evaluation 

Policy Optimization ( Controller 

Robust Operation Control 

Figure I: Typical Supply Chain Analysis 
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combination with the best expected performance. The final step is to modify the operating policies to get lower 
variance, more robust performance. The described process would be performed in a customized manner for each 
supply chain. The process would benefit from a more structured, predictable representation of the supply chain data. 
In practice, supply chains are becoming more dynamic, meaning that the sequential nature of this process will 
change so that solution techniques are much more interactive. This change serves as further motivation for a 
standard data representation. 

OBJECT MODEL DEVELOPMENT 
A consistent representation of supply chain data would facilitate not only supply chain research, but also education 
of engineering students. Thus, the broad problem addressed by this paper may be stated as "How does one model 
the flow of product, resources, and information in a supply chain in a manner that is suitable for planning, control, 
and simulation and for engineering education and research.'' In particular, the desire of the paper is to develop, at a 
conceptual level, flexible and open model constructs. The constructs must include consideration for the following 
characteristics of modem supply chains: 
Dynamic behavior - Supply chain structure, members, and operating policies must be able to change quickly 

without manual intervention. 
Natural modeling - Constructs should be understandable and modifiable by persons with supply chain 

understanding who may lack programming and abstract modeling skills. Constructs should be created 
using terminology and form consistent with real world supply chains. 

Hierarchical - Constructs should initially be created to observe fundamental behavior in simple supply chains at a 
high level. However, the ability to modify supply chain entity models to include more detail must be 
available. 

Scaleable - The same ( or very similar) model constructs should be used for small, simpl,e supply chain as large, 
complex chains. · 

IT/ERP link - A dependable link between corporate data models, web-enabled commerce and the supply chain 
models developed here must be achieved and used to supply the model with real-time data. 

, Operationally useful - Constructs must have a realistic quantifiable basis that allows optimization and simulation 
and the computation of value. 

Value foc'us - The model must focus on total value added rather than cost minimization. In particular, the models 
must be able to appropriately model customer expectations and tradeoff. 

Engineering education/research - The constructs must be useful for furthering supply chain engineering education 
and research, promoting increased understanding. 

In addition to meeting these requirements, the proposed modeling approach is based on two observations and a 
resulting proposition. 

OBSERVATION 1: Supp(v chains are naturalZv and traditionally modeled as networks, with supply chain entities 
(suppliers. manufacturers, assemblers, distributors, retailers, and customers) as nodes andflows (material, 
informational, and financial) as arcs. The term chain implies the underlying network model. For example, one of 

· the simplest supply chain problems is the two-stage transportation model. Materials flow along arcs with associated 
costs. The problem is formulated as a linear program to minimize transportation costs. Other optimization models 
begin to solve problems with a higher level of detail considering production costs, inventory costs, operational costs, 
and customer demand information. In order to do this, other attributes of the supply chain entities and flows must be 
known. Thus network representation facilitates normative models for operational use. Other useful supply chain 
models use computer simulation. As with optimization models, the supply chain is depicted as a network, often 
using icons or graphics to represent supply chain entities. Similar representations are often used in many conceptual 
/ strategic supply chain discussions. The simulation model for each ·supply chain entity and flow must include 
necessary processes as well as attributes. For example, a manufacturer goes through the· process of production -
converting raw materials into finished goods based on available capacity and at some cost. This process depletes 
raw material, increases finished goods, accumulates costs, and makes units available to fill demand. This model 
considers the time dynamics of the system, enabling better control decisions. It is important to note that the variety 
of supply chain network structures continues to increase through ' B2C business and B2B outsourcing. Thus network 
representation facilitates descriptive (evaluative) models for operational use. 

OBSERVATION 2: Both optimization and simulation models use the computer as the solution tool. In addition to 
simulation languages and optimization algorithms, data needed as input is maintained in computer databases or 
accessible across the Web. Clearly, any model construct developed as part of this research must have a robust 

360 



computational implementation. Most common data structures do not represent information in a fonn useful by 
multiple analysis tools and accommodating changes in supply chain system structure. 

PROPOSITION: An object model approach naturally preserves the network structure of the chain while facilitating 
computer implementation. Object models capture the key attributes, processes, and interactions of real world 
objects for computer implementation. Object models have several characteristics that assist in the modeling of 
supply chain networks: 
Encapsulation - all the data, processes and messages associated with an object are kept (at least con_ceptually) in 

"one place." Information that should be shared (with other objects) can be and infonnation that should be 
· hidden (from other objects) can be. One can quickly change the system structure of the supply chain by 

instantiating the new participants and relationships and getting rid of old participants and relationships. 
Inheritance - allows for increasing differentiation of supply chain entities while maintaining similar structure, often 

· termed an "is a type of' relationship. For instance, you can differentiate between a raw material supplier 
and a part supplier, while both suppliers maintain the attributes and processes common to all suppliers. 

Polymorphism - makes sure that the processes that are modeled are capable of recognizing different data and object 
data types and reacting accordingly. For instance a ship process may be different based on package size or 
desired transportation mode. 

Composition - allows objects to be aggregates or composites of other objects, often te.rmed "owns a" or "has a" 
relationships. The cfardinality o(these relationships is similar to that of enterprise data models. 

_ Object model data can be linked to the RDBMS data model common in corporate ERP systems. This feature allows 
~omputer object status to be updated in real time. The same computer objects can be used for optimization, 
simulation, and intelligent search based attempts to improve operation. The combination of optimization routines 
for improvement and simulation for evaluation is a rich research area. 

Object modeling of supply chains requires the determination of key supply chain entities and flows and then 
determine representative 4ata and processes. The primary method for graphical representation of an object model is 
Unified Modeling Language (UML). Similar to ER data models, UML [Fowl 97] represents object classes as nodes 
with associated data and processes and object relationships as arcs with inheritance (triangles), composition, and 
aggregation (diamond) indicators as well as cardinality. A UML model can be used for automatic generation of Java 
or C++ class definitions (though process steps still need to be pro.grammed explicitly). 

OBJECT MODEL 
A high level description of the object model is now given. Space limitation prohibits a more detailed description. 
Object cl~sses are divided into four general groups - objects representing supply chain entities, objects needed to 
collect and manage data, objects needed to interface with user, and system objects needed for optimization, 
simulation and control (see Figure-2). Primary supply chain objects include the chain, made up of participants and 
relationships. Each participant manages a set of assets1 changed by making transactions, which when made with 
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Figure 2: Top Level Inheritance Hierarchy 
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other participants result in asset flows. Data objects may collect data from the enterprise database or from the 
Internet. System objects may be optimization objects that formulate and solve optimization problems involving 
supply chain objects, simulation objects that evaluate chain performance over time (including event clock and 
random variate objects) and control objects involving operational policy implementation. 

Supply chain participants are further divided according to the inheritance hierarchy in Figure 3. Each participant 
node in the full-blown UML representation has its associated list ·of attributes and methods shown in the node. 
Supply chain function is modeled as the exchange and reallocation of assets among supply chain participants. 

Participant 
PARTICIPANT 

- Location 
- Money 

- Information 
Customer - Capacity 

- Material 

+Star1RelationshipO 
+EndRelationshipO 
+ReallocateAssetsO 

+ EnactDealO 
Supplier Assem bier Distributor Retailer 

Figure 3: Participant Inheritance Hierarchy 

Asset classes are shown in Figure 4. Each of these assets can be further divided into more specific objects through 
composition relationships. The assets of material and money are fairly easy to model because they exhibit · 

- conservation of flow. The capacity asset is a function of the supply chain participant type and the resources 
available ;o that participant. The information asset is the most complex to model because it does not exhibit 
conservation of flow - if a supplier sends information to a manufacturer, the supplier does not lose the information, 
though the supplier may loose some advantageous position since the information is no longer confidential. 

Asset 

Material Money 

Assembly Production Storage Transport 

Figure 4: Asset Inheritance Hierarchy 

Asset allocation by a supply chain participant may be changed by engaging in a deal with another organization (an 
external transaction) or by performing a transformational activity (an internal transaction). Representation of 
common supply chain participant activities as changes in asset mix is shown in Tables 1 and 2. These tables are 
intended to be representative, not exhaustive lists. In the object model, an internal transaction is performed 
according to a .. recipe" object. The recipe for a produce transaction would specify the amount of time, raw material, 
capacity, and money is required and information generated in the manufacturing of some finished good. An· external 
transaction is performed according to a "'deal" object detailing a specific agreement between participants and is 
composed of "flow" obje~ts between the supply chain partners (see Figure 5). 
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Table 1: External Transactions 

Action !Give !Get !Other Affected Assets l 
Sale Material Money Information I 

Buy Money Material Information I 

Info Sale Information Money I 

Info Buy Money Information i 

Mat / Info bargain M~terial Information i 

Info / Mat bargain Information Material I 

Table 2: Internal Transactions 

Action !Give !Get !Other Affected Assets 

Undefined Material Capacity 

Produce Capacity Material Information Money 
.... 

External . Material Money • 
External Money · Macerial 
Experiment Material Information Money Capacity 
Quality Improve Information Material 
Learn Money Information Capacity 
External Information Money 
IGrow Money Capacity 
Downsize Capacity Money 
Productivity lmpr~ve Information Capacity 
Learn/Experiment Capacity Information 

Transaction 

Internal . External 

Recipe Flow Deal 

Material Money Information 

Figure 5: Transaction lnh~ritance/Composition Hierarchy 

Once implemented, the system might function according to the following process. The system would initialize by 
instantiating supply chain domain objects. The initialization process would read participant, asset, deal, and recipe 
data from the enterprise database. These objects would be supplemented by objects constructed to represent 
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potential participants found on the Web. Once objects are consttllcted, the user could select an optimization routine. 
The routine would create an optimization object that would obtain required data from the domain objects, formulate 
the optimization program, solve the problem, and if appropriate, build the resulting supply chain. Once the supply 
chain is built it may be modified by the user. The user may then run a search/evaluation routine that creates control 
and simulation objects to perform an intelligent search to find robust operational policies. The control object 
intelligently determines potential.ly robust policy combinations, ~nd the simulation object evaluates the performance 
of the policy combination. The advantage of the system is that it gives the user a computational model of the supply 
chain to modify and test. Figure 6 presents the system architecture. 

Web 
e-Commerce 

Data 

Enterprise 
Database 

Model: ER/IDEF 
Implementation: RDBMS 

data 

Real 
time 

data 

Supply Chain 
Objects 

Model: UML 

Optimization 

Operational de isions 

Figure 6: System Architecture 

Search/ 
Evaluation 

Construction Policy 
Control , Control 

Operation 
Controller 

Having described this system at a conceptual level, several areas for further research emerge. Some balance must be 
achieved between abstraction for general use and specification for accurate modeling. Object models assist in 
addressing this problem through inheritance. Methods to formally link object models to data models and Web 
marketplaces as well as to perform optimization and simulation using object data must be designed and cQded. The 
information asset, which does not exhibit flow conservation, must be appropriately represented. Finally, the analysis 
of the chain should focus on value maximization, not cost minimization. This requirement inherently includes 
proper modeling of demand. Value maximization also implies the development of some equitable distribution of 
value across the supply chain. 

Our approach to addressing these issues is to construct a test bed for a specific problem, namely a supply chain with 
delayed differentiation. Data model and Web connections. information flows , and value issues will be developed for 
the specific problem. Based on the observed behavior of this particular implementation, approaches to deal with the 
open issues can be formed. 

[Fowl 97] 
[Hick 99] 

REFERENCES 
Fowler, M. UML Distilled, Addison-Wesley, 1997. 
Hicks, D., .. A Four Step Methodology for Using Simulation and Optimization Technologies in 
Strategic Supply Chain Planning," Proceeding of the 1999 Winter Simulation Conference, Edited 
by P. Farrington, H. Nembhard, D. Sturrock, and G. Evans, Institute of Electrical and Electronic 
Engineers, New Jersey, 1215-1218, 1999. 

364 



DEVELOPMENT OF A PERFORMANCE MEASUREMENT SYSTEM FOR SUPPLY CHAINS 
. IN MANUFACTURING FIRMS 

DINA W. HEGAZY • NAHED S. MOHAMED** Y ASSER A. HOSNI••• 

• Consultant - Supply Chain Man~gement Services, Hazem Hassan Co., Cairo, Egypt 
•• Associate Professor, The American University in Cairo, Cairo, Egypt. 

•••Professor, University of Central Florida, Orlando, Florida, USA 

ABSTRACT 
The concept of supply ·chain management is becoming an essential element in today's world of shortening product 
life cycles, complex corporate joint ventures, and stiffening requirements for customer service. The current view of 
competitiveness and strategy is based on the foundation that customer value is created by business systems 
consisting of networks of firms and not just individual firms. Thus, it is necessary to consi~er the complete scope of 
supply chain management from the supplier of raw materials, through factories and warehouses, to the customer. 
One of the majpr barriers to implementing supply chain integration and/or improvement is the lack of conceptual 
and analytical approaches for the measurement of supply chain performance, and the relative costs and benefits 
associated with greater inter-dependence between trading partners. Thus, the aim of this research is to develop a 

- performance measurement system for supply chains in manufacturing firms. The system developed characterizes 
· performance from customer-facing and internal-facing perspectives . . The internal facing measures deal with 
expenses/costs and · assets/utilization, whereas the customer-facing measures are concerned with delivery 
performance/quality, and flexibility and responsiveness. The system uses benchmarking as a means to focus supply 
chain manag~~ent efforts on those areas most in need of improvement. 

INTRODUCTION 
Supply Chain encompasses all activities associated with moving goods from raw materials stage through to the end 
user as well as associated information flow. The need to share information across the supply chain is of paramount 
importance. Also, it is very important to assure the accuracy of this information because distorted information from 
one end of a supply chain to the other can lead to tremendous inefficiencies: excessive inventory investment, poor 
customer service, lost revenues, misguided capacity plans, ineffective transportation, and missed production 
schedules. This phenomenon is known as the ''bullwhip effect" (Lee et al, 1997). The presence of performance 
measurement for supply chains is of utmost importance. Pagel ( 1999) examined how companies can continue to 
simplify the effectiveness of the entire supply chain by applying best business practices, such as supplier partnership 
and effective use of manufacturing planning and control systems to achieve cost reduction and value enhancement, 
to the ultimate ben.efit of the company, its suppliers, and its customers. Kaplan et al (1996) presented the "balanced 
scorecard" approach. The "balance" comes from looking at the management/measurement system through four 
perspectives: financial, customer, internal business process, and learning and growth. Consequently, the Balanced 
Scorecard forces managers to abandon the belief that traditional financial measures are sufficient for strategic 
enterprise analysis. Brewer et al (2000) ·e.laborated on the assertion that those who understand the interrelationship 
between supply chain management and the Balanced Scorecard will have a greater likelihood of leveraging their 
supply chains into a source of competitive advantage. In 1996, a group of consulting firms developed the Supply 
Chain Operations Reference Model (SCOR). SCOR is composed of a set of process definitions, measures and 
benchmarks to help manufacturers develop a strategy for improvement. The SCOR model is founded on four distinct 
management processes: plan, source. make, and deliver. In order to be able to assess performance of supply chains, 
it is importanr to know which areas of performance should be analyzed. Handfield et al ( 1999) mentioned that 
objective performance information should cover, but not limited to, the following areas: products and services 
offered. sales, market share, cost, quality, delivery, cycle times, assets utilized, responsiveness, and customer 
service. Burton et al ( 1997) defined seven categories in which supply chain performance should be assessed. These 
are: data accuracy and integrity, asset management, purchasing effectiveness, operating costs, cycle times, flexibility 
and responsiveness, and delivery performance. Arthur D.Little, Inc. (1999) conducted a study to simulate the "state 
of the art/science" in supply chain performance measurement. The study covered fifty-eight companies, and resulted 
into more than 630 performance measures collected and combined into 16 families. It was found that seventy three 
percent of the me?sures are in four families: procurement/supplier _management, cost, inventory, and customer order 

.· fulfillment. With the added complexities in modem organizations and the sophistication of information systems in 
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support of the production process, it would be of great help to analysts to use an efficient systematic methodology in 
evaluating the supply chain. This work involves the development of such system. The proposed system contains 
measures that can be used to highlight the strengths and weaknesses within any supply chain, and investigate 
opportunities for improvement. 

PERFORMANCE MEASURES AND ASSESSMENT IN SUPPLY .CHAINS 
The process of measurement arid assessment within the supply chain of any company has three tracks that interact 
when conclusions are drawn about the business. 

Supplier relationships and performance- This track is concerned with how the business takes in its material. It is 
related to the relationship the company has with its suppliers in terms of lead-time and flexibility and how well the 
company is served by its suppliers. Operational processes and time- This track looks at how the company is 
organized to produce the product. It concerns mapping ( charting and measuring) processes in the business, using 
time and cost as the measures and relating the inventory or stock in the business to these processes. Customer and 
products- This track is concerned with how the company delivers the product to its customers, earns its revenue and 
makes its margin. This latter track highlights six areas of focus: Velocity~ Which is the speed or rate at which raw 
materials, parts, components, finished .products processes, data and information move through the supply chain. As 
each element moves faster through the supply chain, lead · times compress and less inventory is needed to support 
demand and the faster the organization can respond to customer needs. Flexibility- Which is the ability to respond to 
changes in the environment. It includes production flexibility and design flexibility. Production flexibility is the 
company's ability to change product mix, and the ability to achieve an unplanned increase or decrease in production 
within short lead times. Design flexibility refers to the company's ability to introduce and make new products and 
modifications to current products. Quality-Which is the degree of excellence performed in designing, procuring, 
producing, selling and delivering products and information. It measures the conformance to standard for 
information, parts or components and products. Quality includes form, fit, function , reliability, . consistency, and 
accuracy. Cost- Which is the cost of conversion and movement through the supply chain. Utilization- Which is the 
effectiveness with which critical resources are utilized. Service- Which refers to both quantitative and qualitative 
measures of customer service. 

CONFIGURATION OF SUPPLY CHAINS 
A typical manufacturing facility would have to follow one or a combination of the following production methods: 
Make-to-Stock, Make-to-Order, and Engineer-to-Order. Make-to-Stock (MTS) refers to environments where 
products are manufactured and maintained in a finished goods inventory prior to the receipt of an order. Make-to
Order (MTO) is used· to refer to environments where products are manufactured, assembled or configured only in 
response to a customer order, i.e. it combines the standard make-to-order and assemble-to-order categories. 
Engineer-to-Order (ETO) refers to the process where custom products are designed, developed and manufactured 
in response t'o a certain customer's order. It is similar to the make-to-order process, except in the fact that the 
product has to be designed according to the customer's request. Since there are three different types of make 
processes, therefore there are also three different .types of deliver processes: dehver stocked product, deliver make
to-order product, and deliver engineer-to-order product. If the company is a make-to-stock company then its delivery 
process will be deliver stocked product. If the company is a make-to-order company then it wiil deliver make-to
order product and if the company is an engineer-to-order company, then it will deliver engineer to order product. 
Since the raw material is somebody else's finished product, therefore, also sourcing can be categorized into three 
categories: source stocked material. source make-to-order material or source engineer-to-order material. 

SYSTEM STRUCTURE 
The system consists of internal facing measures and external facing measures. Each category of these contains six 
metrics. The method of analysis developed uses cause-and-effect relationships and is oriented towards 
manufacturing facilities. 

Internal Facing Measures 
Internal-facing measures quantify how effectively an organization uses resources in creating value for the customer 
or how effectively a supply chain operates. Internal-facing measures include assets/utilization, and expenses/costs. 
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Assets/ utilization: . 
This area is concemec;i with how the company utilizes its assets. It involves three metrics: total inventory days of 
supply, cash to cash cycle time, and net asset turns. 

Total inventory days ofsupply: 
It is a measure that indicates approximately how many days of sales can be supplied solely from inventory. 
Inventory appears in the supply chain in several forms: raw material, work-in-process, and finished goods inventory. 
Reduction in all forms of inventory offers a great opportunity to increase the net asset turns. Six metrics are 

· proposed· for each of these three areas: Days of supply (days), dwell time, obsolescence·(%), inventory damage(%}, 
. inventory accuracy(%), and inventory adjustment rate(%). 

Cash to cash cvcle time (days): 
It is the number of days between paying for raw material and getting paid for the product. Three metrics are 
proposed: Total •inventory days of supply (days), days of sales outstanding (days), and average payment period for 
materials (days). 

Net asset turns: 
It measures the .turnovers of all the company's assets. 

Expenses/costs: 
- These measures assess how the company manages its expense,s and costs. It involves the calculation of: supply chain 
- management cost, warranty costs or returns processing cos_ts (%), and value added productivity. 

. ' 

Supply chain .management cost represented as a percentage o[sales: 
The total supply chain cost is the sum of order management cost, material acquisition cost, inventory carrying cost, 
network and management of information system, and supply chain finance and planning costs. 

· Warranty costs or retur~s processing costs represented as a percentage of the revenue: 
Warranty costs include materials, labor and problem diagnosis for product defects. This measure is a reflection of 
the product quality. If the warranty cost or returns-processing costs represent a high percentage, then an analysis of 
_the existing quality system should be carried out in terms of the following metrics related to the quality assurance 
system: 1- Inspection: performance of inspection upon receipt . of raw materials, % nonconforming of incoming 
material, inspection before costly & irreversible operations, inspection before· work that could hide defects, 
inspection upon completion of the product, inspection before stocking high-value items, inspection before shipment 
to customers. 2- Internal processes: -internal processes are analyzed with respect to percentages of scrap, rework, 
downgrading, unschequled downtime, processes under statistical control and yield. -

Value added productivit}': . 
It is a key measure of the contdbution that employees make to the organization, and is a key benchmark of the 
efficiency and effectiveness of an organization. Low value added productivity can be attributed to lack of training 
.~nci/or employee dissatisfaction. -Train-ing metrics include: % difference in value added/employee before and after 
training, % difference in defects rate before and after training, number of employees indirectly benefited from a 
single participant. Employee satisfaction metrics include: employees' satisfaction surveys, and presence of 
operational measures for employee satisfaction. 

Customer Facing Measures 
Customer facing measures quantify how well a supply chain delivers products to the customer. They are divided into 
two categories: delivery performance/ quality, and supply chain flexibility and responsiveness. 

Delivery performance/ quality: 
This area measures the reliability of the supply chain. The metrics proposed are: Delivery performance to request 
(%), order fulfillment lead time for ETO and MTO environments (days), fill rates (%), and perfect order fulfillment 
(%). 
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Delivery performance to request (%): 
It is the percentage of orders that are fulfilled on or before the customer's requested date. This measure indicates 
how well the supply chain is configured to meet customer expectations. The metrics associated with this measure 
are: sourcing flexibility (days), and_the upside production flexibility (days). 

Order fulfillment lead-time for ETO and MTO environments (days): 
It is the average actual lead-time consistently achieved from the point where a customer order is received until the 
order is received at customer's site and installation is completed. The proposed metrics are: Time from customer 
signature/authorization to order receipt, time from order receipt to order entry complete, time from order entry 
complete to start-build, time from start build to order ready for shipment, time from order ready for shipment to 
customer receipt of order, time from customer receipt of order to installation complete. 

Fill rates (%): 
It is the percentage of line items filled from the total number of line items ordered against stocked material. For 
customei:s, fill rates define the reliability of the supply chain. Low fill rates will eithe·r boost the inventory level in 
the next link of the supply chain, or will cause the customer to buy from competitors. In order to analyze causes of 
low fill rates, one must examine three .areas as follows: supplier interface, internal processes, and customer interface. 
Supplier interface metrics include: presence of uncertain lead-time, and number of times stock outs occurred due to 
raw material unavailability. Internal processes metrics include: safety stock calculations accuracy, production plan 
adherence, schedule achievement (%), raw material inventory accuracy (%), work-in-process inventory accuracy 
(%), and finished-goods-inventory accuracy(%). Customer interface metrics include the number of times stock outs 
occurred due to uncertain demand. 

Perfect order fulfillment (%): 
A "perfect order" is defined as an order that meets all of the following standards: 1- Delivered on time using 
customer's definition of on time; 2- Delivered complete, all items on order are delivered in the quantitie~ requested; 
3- Documentation supporting the order is complete and accurate - including packing slips, bills of lading, invoices, 
etc.; 4- Perfect condition: faultlessly installed (as applicable), correct configuration, customer-ready, and no damage. 
Perfect order fulfillment metrics include: % orders delivered on time, % orders delivered with shortages or overages, 
% orde~s delivered without complete and accurate documentation, and % damaged orders. The % orders delivered 
on time can be subdivided into detailed metrics as follows: Number of times error was due to order entry errors, 
number of on time carrier performance, number of times the cause was due to the non availability of the product to 
be shipped on time which could be investigated in terms of number of times there were raw material shortages 
(measured by the raw material inventory accuracy %), and the number of times there were finished products 
shortages (measured in terms of: work-in-process inventory accuracy %, finished goods accuracy %, production 
plan adherence, schedule achievement%, and number of times product was not shipped due to quality issues). 

Flexibility a~d Responsiveness: 
This area assesses how flexible and responsive the current supply chain is. It is investigated in terms of the supply 
chain response time (days), and the upside production flexibility. 

Supplv-chain response time (davs): 
It is the cumulative external and internal lead-time to deliver product to the customer. It is seen as the total "end-to
end" time. A long supply chain response time is analyzed in terms of sourcing, making, and delivery. 

Sourcing 
Source stocked material metrics: 
They are related to total source cycle time. They include: replenishment signal to procurement signal time, supplier 
cycle time, · supplier on time delivery perfonnance%, supplier fill rate %, incoming material inspection and 
verification time, and the time to transfer material to stock. 

Source make-to-order (MTO) material metrics: 
They are similar to the Source stocked material metrics excluding the supplier fill rate% metric. 

Source engineer-to-order material (ETO) metrics: 
They are related to total source cycle time. They include: ETO specifications or design to ETO request for proposal 
time, supplier ETO proposal to supplier selection time, supplier selection to procurement signal time, ·supplier cycle 
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time, supplier ori time delivery performance, incoming material inspection and verification time, and the time 
required to _transfer material to stock. 

Making 
Make 10 stock metrics: 
A set of eight metrics should first be assessed: preplan cycle time, item/product/grade changeover time, total 
item/product manufacture time, performance to ·immediate customer requested date %, make cycle time, production 
plan adherence., ratio of actual to theoretical cycle time, and forecast accuracy. A deficiency in the precedent eight 
metrics implies further investigation of schedule cycle time, schedule interval, schedule achievement, material · 
requisition cycle time, % of parts received as required, receive and put away cycle time, total build cycle time, ratio 
of actual to theoretical machining time, intra-manufacturing preplan time, machine wait time, in-process 'failure rates . _ 
(%), testing time, packaging time, staging time, and quarantine time. 

Make to order metrics: 
The first eight metrics are similar to those discussed with Make to stock. Any deficiency implies further 
investigation of schedule cycle time, schedule interval, schedule achievement, material requisition cycle time, % of 
parts received as required, receive & put away cycle time, total build time, ratio of actual to theoretical machining 
time, intra-manufacturing preplan time, _machine wait time, in-process failure rates %, testing time, packaging time, 
staging time, and quarantine time. 

Engineer to order metrics: 
They are measured by the total engineer to order time. A high value implies investigation of number of engineering 
changeovers, time from quotation to finalized engineering drawing, schedule time, schedule interval, schedule 
achieyemen·t, material ,requisition cycle time, % of parts received as required, receive & put away cycle time, total 
build time; ratio of actual to theoretical machining time, intra-manufacturing preplan time, machine wait time, in.• 
process failure rates %, testing time, packaging time, and staging time. 

Deliverv 
Deliver stocked product metrics: 
They include: time required to give quote, customer signature/authorization to order receipt time, time to detennine 
& schedule a delivery commit date, time to consolidate orders,· time to plan & build loads, time to route shipments, 
time to select carriers & rate shipments, time to receive & put away product at warehouse, time to pick product, time 
to load vehicle, generate ship docs & ship, order ready for shipment to order receipt time, and customer receipt of 
order to installation complete time. 

Deliver· make-to-order product metrics: 
They includ~: time required to give quote, customer signature/authorization to order receipt time, time to send a 
make/source signal, urder entry complete to start ~anufacture time, time to plan . &build loads, time to route 

· shipments, time to select carriers & rate shipments, complete manufacture to order ready for picking, time to load 
vehicle, generate ship docs & ship, order ready for shipment to order receipt time, verification time, customer receipt 

· of order to installation complete, and testing· time. 

Deliver Engineer-to-order product metrics: 
They include: request for proposal to completed proposal · time, customer signature/authorization to order receipt 
time, order receipt to order entry complete time, order entry complete to start manufacture time, time to plan & build 
loads, time to route shipments, time to select carriers & rate shipments, complete manufacture to order ready for 
picking tim•e, time to load vehicle, generate ship docs & ship, order ready for shipment to customer receipt of order 
time, verification time, customer receipt of order to installation complete time, and testing time), 

Upside Production Flexibility: 
It is the number of days required to achieve an unplanned Sustainable increase in production. The constraints that 

may inhibit flexibility are: internal manufacturing capacity, constraining processes, and key components/materials 
availability, and direct labor availability. . 
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CONCLUSION 
In the present work~ a performance measurement system for the assessment of supply chains of manufacturing firms 
was developed. The system consists of a balanced setof financial and non-financial measures. The financial 
measures or internal-facing measures are represented by two families of measures: measures that consider "assets 
and their utilization", and "expenses and costs". The non-financial or customer facing measures are also represented 
by two families of measures: •~delivery performance and quality", and'' flexibility and .responsiveness". To use the 
system, cross-functional measures are compared with benchmarking values. If there are any undesirable 
performance gaps between those cross-functional measures and their benchmarking values, then function-based 
measures are inspected to highlight areas of problems and identify improvement opportunities. The measures 

. selected are straightforward and can be easily applied by practitioners in the field of supply chain management. 
They cover all areas of the three subsystems of the supply chain: sourcing, making, delivery. The application of the 
system will require sharing information with other supply chain members. This represents one of the more 
significant challenges faced in supply chain management initiatives. 

REFERENCES 

Brewer, P.C. and Speh, T. W. (2000). Using The Balanced Scorecard to Measure Supply Chain Performance. 
Journal of Business Logistics, 21 ( 1 ), pp. 100.,.. 110. 
Burton, T. T. and Johnson D. H. ( 1997). Measuring Supply Chain Performance. Retrieved April 8, 2000, from the 
World Wide Web:\\"\\"\\ .:.inics.or!.! si!.!s urticles ,.measurin.htm. 
Handfield, R. and Nichols, E. ( 1999). Introduction to Supply Chain Management. New Jersey: Prentice Hall. 
Kaplan, R.S. and Norton, D. P. (1996). Using the Balanced Scorecard as a Strategic Management System. Harvard 
Business Review. January-February, pp. 75 - 85. 
Lee, H. L., Padmanabhan~ V. and Whang, S. ( 1997). The Bull whip Effect in Supply Chains. Sloan Management 
Review. Spring, pp. 93 - 102. 
Pagel, D. (1999). Managing for Optimal Performance Through Effective Coordination of the Supply Chain. 
Production and Inventory Management Journal, 40 (1), pp. 115 - 128. 
SCOR version 3 Download (1998). Retrieved February 19, WOO, from the World Wide Web: \\W\\·.supnl\'
chain .rn:!.!. 
Supply Chain Performance Measures: The Arthur D. Little Report ( 1999). Retrieved March 3, 2000, from the 
World Wide Web: ,,w\,·.arthurdlittl~.clllll tht)ll!.!ht -ldrshp tl-scr\'ic~ -· op-111!.!t supri l\'-chain .hrml. 

370 



~ GAME THEORETIC MODEL FOR JOINT COST ALLOCATION SCHEME OF EMPTY RAILCARS 
GIVEN TOTAL FLEET SIZE IN NORTH AMERICAN RAILROAD NETWORK 

QingLi 
Department oflndustrial and Systems Engineering 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061 , USA 
liq@vt.edu 

ABSTRACT 
The concept of Shapley value and its application in the concept of game theory are described. And then, a game and 
its characteristic function on the railroad automobiles industries fleet sizing problem are constructed. This paper 
Provides a strikingly different allocated costs method than those developed by previous methods and presents a 
major theoretical and practice contribution in the related problems. 

INTRODUCTION 
Background 

. In North American Railroad Network, before 1982, the practice in multilevel railcar management was to load the 
cars at the various origin points, ship them to the rail ramps, unload them, and then return each car to the loading 
point from where it originated. Because the inefficiency of such a practice, the individual railroad companies that 

· ship automobiles for any manufacturer enter into a pooling agreement, in which, upon unloading, the empty cars of 
each type are treated as part of a common pool, and are redirected to economically convenient loading locations, 
rather· than being shipped back to the same loading point of origin. Nowadays, mainly eight separated automobile 
manufacturers' ppols of cars are Chrysler, Ford, General Motors, Honda, Mitsubishi, Nissan, Subaru, and Toyota 
and a few other smaller companies such as Isuzu, Mazda, Suzuki, and Volkswage, etc. There is a new trend in the 
industry toward maintaining a universal pool of railcars for all manufactures. During the year 1999 (running from 
September 1998 through August 1999), a record of 1,175,061 multilevel loads was distributed to some 137 loading 
location (including 67 auto assembly plants) managing an industry wide fleet of 53 ,144 (31 ,196 bilevels and 21,948 
trilevels) for 17 automobile manufacturers. 

Over one third of railcar miles are due to empty railcar movement. The empty railcar movement fonn the joint cost 
in the railroads system. Of course, it is necessary -that the cost of empty railcar movement are allocated to each 
rai lroad. So far, the joint cost allocation of empty raikars has been one of the most important problems in railcar 
management, which is an area that has received little attention in literature. 

Literature Review 
For general railcar fleet management study, there are many works (Assad 1980, Dejax and Crainic 1987, Crainic et 
al. 1990, and Cordeau et al.1998). A transshipment ·model to determine daily repositioning decisions that minimize 

erwork-wide costs was proposed by G_lickm·an and Sherali (1985). Adamidou, Kornhauser, and Koskosids (1993) 
argued that the problem of finding a global profit-maximizing distribution strategy for railroads sharing a fleet of 
cars is best represented as a generalized Nash equilibrium model. 

The pooling of railcars used for the transportation of automobiles was studied by Sherali and Tuncbilek ( 1997) who 
proposed static and ·dynamic models for the fleet sizing problem. A method of allocating join empty railcar costs to 
loaded was proposed by Davis ( 1984 ), who developed a network model to distribute empty railcar costs. By the 
opportunity costs obtained from the ·dual values of the optimization of empty railcar distribution, this paper assigned 
trips a cost equal to the opportunity cost of an empty railcar at the loaded origin node less the opportunity cost of an 
empty railcar at the loaded termination node. For railroads to survive in a deregulated environment, they must know 
the precise cost incurred to support each traffic segment. The disadvantage of these two papers is that the proportion 
of annual loaded railcar-miles is -not same as the proportipn of costs, generally (see Example 1 and 2 in Section 3). 

Shaplev Value 
Obviously, the above-mentioned problem is one of joint cost allocations problems (Moriarity, 1981 ). One of the 
feasible methods is Shapley value method (Roth 1988) in cooperative game, because the pooling agreement system 
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is a standard cooperative game. Generally, a standard cooperative game is defined as: r = { N , v} , in which 

N = {i2, · · ·,n} is a non-empty finite set of players, v: 2 N ➔ R is a characteristic function defined on all subsets S 
(coalitions) of N (grand coalition) with the convention v(0) = 0. Assume now that the players form the grand 

coalition by entering one by one in some order and that all n! orderings of the players N are equally likely. Then. a 
type of fair dis~bution scheme for allocating the payoff v(N) of the grand coalition N is 

(IS l -l)!(n- 1S 1) ! . . 
xi =<pi (N ,v)= L 

1 
[v(S)-v(S-{1})],V1=l,··,n 

S~N n. 
(I) 

ieS 

where x;(''t/i ES) is the excepted marginal contribution made by player i as she enters, ISi denotes the cardinality 

of the coalitions~ N. The collection {q,,. (N, v)} i eN is called a set of Shapley values (Shapley 1953a, 1967, 

1971). 

Generally, the application areas of ShapleY, values are as follows (Roth 1988) 
1. Refonnulations and generalizations (Expected utility; Probability; Weight; Symmetric values; Potential; 

and Multi-linear extensions). 
2. The application of Shapley value in Coalitions (Coalition value and Organized cooperation). 
3. The application of Shapley value in large games (Core; Large finite games; Non-atomic economy; and 

Smooth non-atomic games). 
4. The application of Shapley value in cost allocation and fair division (Individual contribution and Direct 

axiomatic approach). 
5. The application of Shapley value in NTU games (Generalizing the Shapley value from TU to NTU; A -

transfer value; and Pure bargaining TU). 
6. The application of Shapley value in Non-cooperative game theory. 

EMPTY RAILCARS COST STRUCTURE OF RAILROAD OPERATIONS 
Usually, there are four methods currently used in rail cost estimation: ( l) the Unifonn Rail Costing Systems (URCS) 
and its predecessor, Rail Fonn A; (2) engineering approaches engineering approaches to costing; (3) statistical 
costing; and (4) flexible form costing. McBride (1983) evaluated these methods based on their advantages and 
disadvantages. 

Sherali and Suharko ( 1998) reviewed the literatures containing several empty railcar management models by 
engineering approaches. Based on the point of view of "system focus" (Glickman and Sherali, 1985) and Equations 
1-4 of Sherali and Suharko ( 1998), let A denote the set of constructed arcs associated with various origin-destination 
routes used by each S ~ N , we can obtain a formulation for min Cost ( S) as f~llows : 

Min LLcpqxpq + LcDS.qxDS.q 
(p.q )e A 

s.t. Lxpq +xDs.q =dq 't/q 
p:( p.q )eA 

Lxpq :s; sP 'tip 
p:( p.q)e A 

I pq ::5 X pq :s; u pq V(p,q) EA , and XDS,q 2:'.: 0 Vq . 

in which min Cost ( N) is the optimal total empty railcars miles in practice including all N railroads and min 

Cost (S) (for each S ~ N and S ;;:. N) is the virtual optimal total empty railcars miles including S railroads by 
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using of the static monthly or annual data. The · calculation method of min Cost ( S) is same as the calculation 

method of min Cost ( N) . Furthermore, we can consider the dynamic case based on the work . of Sherali and 

Tuncbilek ( 1997). 

CONSTRUCTION OF JOINT COST ALLOCATION SCHEME OF EMPTY RAILCARS 
In order to construct a joint cost allocation scheme of empty railcars, we consider the following game G = { N, v}, in 

which 
N: Set of players (1,2, ... ,n), railroad companies who can independently make decisions themselves. 
v : v( S) = - min Cost ( S) denotes the maximum · of profit, which is negativity of the minimum of cost from the 

empty railcars .of railroad companies ( non-empty subset S ~ N) in the pool S in a certain period (For 

example_ one year) under the coordination. 

In the context of this cost allocation problem, a Shapley value allocation scheme would al_locate to railroad company 

i E S an amount X; given by Equation (I). 

EXAMPLES 
-Example 1: Figure I depict~ a simple railroad network with nodes (A, B, C, and D) served by Railroad 1 and 
Railroad 2. Railroad I loads cars at A and ships them IO miles for unloading at B. The cars are then moved empty 
for 5 miles from B_ to C. At C, Railroad 2 loads the cars for (x+IO)' miles trop from C to D. At D, the cars are 

· unloaded then moved empty for (x+5) miles to A. The cycle repeats starting with Railroad I at A. 

Fewer ·empty .miles are incurred by moving the cars in a cycle rather than returning the empty to its previous loading · 
point. A total of (~+ I 0) empty miles are incurred for the cycle. If the empties were simply reverse routed at their 
unloading point, (x+ 20} empty miles would be incurred. Given that the railroad moves cars in the more efficient 
traffic pattern, (x+ l 0) empty miles must be allocated to the two Railroads. 

On one hand, by basis on the work of Sherali and Tuncbilek ( 1997), Railroad 1 is allocated the empty miles by: 

10 · 100 
--x(x+IO)=IO---
x+20 . x+ 20 

.r-+oc 10 

and Railroad 2 is allocated the empty miles by: 

X + 10 . }00 
- · -x(x+10)=x+--. 
X + 20 X + 20 

On the other hand, if letting the empty miles be the cost, we have by using the method in Section 2: 
v( {l}) = -10, v( {2}) = -{x + 10), and v( {1,2}) = -(x-+ 10), and 

( ) 
_ v( {l}) + v( {1,2}) - v( {2}) __ 

5 <p, V - ---------- -
. . 2 

·( ) _ v( {2}) + v( {1,2} )- v( {l}) _ -( 
5

) 
<p2 V - ---------- - X + 2 . 

When (x+ 10) of the cost of Railroad 2 is much more than 10 of the a cost of Railroad I, Railroad I is allocated the 
empty miles to be around IO by basis on the work of Sherali and Tuncbilek, this is not fair for Railroad I because 
Railroad I does not almost get any benefit from cooperation. 

373 



. • _________ IB . l _____________ · ___ -~ __ · _______________ ._ 
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Figure 1 

Example 2: The following Figure depicts a simple railroad network with nodes (A, B, C, D, E, and F) served by 
Railroad 1, Railroad 2, and Railroad 3 ( N = {1,2,3} ). Railroad I loads cars at A and ships them 9 miles for 

unloading at B. The cars are then moved empty for 5 miles from B to C. At C, Railroad 2 loads the cars for 8 miles 
from C to D. The cars are then moved empty for 6 miles from D to E. At E, Railroad 3 loads the cars for 5 miles 
from E to F. At F, the cars are unloaded then moved empty for 7 miles to A. The cycle repeats starting with Railroad 
I at A. Suppose the distances AD = 11 · mil:s, BE = 5 miles, and CF = 4 miles by the above-mentioned formulation. 

A 
' ., ' 

C 

' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ', ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ' ., ' ',, ,,," ',, 
', .," ', F 

-------------------------------·~~------------------------------., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' ., ' 

,/,/ ',,,',,, 

D E 

Figure 2 

Therefore, we can obtain an empty railcars cost structure of this railroad operations as follows: 

min Cost( {1}) = -9; 

min Cost( {2}) = -8 ; 
min Cost( {3}) = -5; 

min Cost ( {1 ,2}) = -16; 

min Cost ( {1,3}) = -12; 

min Cost ( {2,3}) = _-10 ; and 

min Cost ( {l,2,3}) = -18. 
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It can easily be verified that for this three-person game we have v( {l}) = -9, v( {2}) = -8, v( {3}) = -5 , 

v( {1,2}) = -16, v( {l,3}}=.-12, v( {2,3}) = -10, and v( {1,2,3}) = -18. Then 

. 2v( {I})+ v( {1,2}) + v( {1,3}) + 2v( {l,2,3} )-v( {2} )- v( {3} )- 2v( {2,3}) _ 49 
<P1M ~ . 6 . . - -6 

2v( {2}) + v( {1,2}) + v( {2,3}) + 2v( {l,2,3} )- v( {l}) - v( {3} )- 2v( {1,3}) _ .20 
<P2M = _ 6 - -3 

- 2v( {3}) + v( {2,3}) + v( {1,3}) + 2v( {1,2,3} )- v( {l} )- v( {2} )- 2v( {1,2}) 19 
-'P3M = 6 . =_-6 

CONCLUSIONS 
(I) Constructing a railro.ad costs system of empty railcars given total fleet size in North American Railroad 

Network to calculate v(S) = - min Cost(S) to be used in practice. Based on the works of McFarland 

( 1976), McBride (1983), Davis ( 1984), Sherali and Tuncbilek (1997), and Dennis (2001) and by 
comparison study, we construct a railroad costs system to calculate v(S) = - min Cost (S). If using the 

method of Sherali and Tuncbilek (1997), v(N) is the total empty railcars miles in practice including all 

N railroads anq v(N) (for each S ~ N and S ;t; N) is the virtual total empty railcars miles including 

S railroads. 
(2) Providing a cost allocation scheme of empty railcars given total fleet size in North American Railroad 

Network by Shapley value technique. 
(3) Doing a comparing study systematically to make sure that the scheme is fairer than the current methods are . 

. _ ACKNOWLEDGEMENT 
Partly supported . by National Natural Science Foundation of P. R. China (No. 79800003) and by International 
Research Foul)dation o:National _Education Depa1:tt·~ent of P.R. China. 

REFERENCES 

Adamidou, E. A., A. L. Kornhauser, and Y. A. Koskosidis (1993). A Game Theoretic/Network Equilibrium Solution 
Approach for the Railroad Freight Car Management Problem. Transportation Science, 27B, pp.237-252. 

Assad, A. A. (1980). Models for Rail Transportation. Transportation Research, 14A, No.3, pp. 205-220. 
Cordeau J. F :• P. Toth, and D. Vigo ( 1998). A Survey of Optimization Models for Train Routing And Scheduling. 

Transportation Science, 32(4), pp. ·380-404. 
Crainic, T. G., Florian, and J.E. Leal ( 1990). A Model for the Strategic Planning of National Freight Transportation 

by Rail. Transportation Science, 24, pp .. 1-24. · 
Davis, M. P. ( 1984). The Cost of Empty Rail Car Supply: a Method of Allocating Empty Costs to Loaded Trips. The 

Annual Meeting of the Transportation Research Board. Washington. DC. 
Dejax, P.J. and T.G. Carinic (1987). A Review of .Empty Flows and Fleet Management Molels in Freight 

Transportation. Transportation Science, 21, pp. :227-247. 
Dennis, S.M. (200 I). Changes in railroad rates since the Staggers Act. Transportation Research (Part E-Logistics 

And Transportation Review), Vol. 37, No. 1, pp 55-69. 

375 



Glickman, T. S. and H. D. Sherali (1985). Large-Scale Network Distribution of Pooled Empty Freight Cars over 
Time with Limited Substitution and Equitable Benefits. Transportation Research, 19B, pp. 85-94: 

McBride, M. E. (1983). An Evaluation of Variou·s Methods of Estimating Railway Costs. The Logistics and 
Transportation Review, Vol..19, No. 1. 

McFarland, H. (1976). Major Studies of Railroad Costs: A Review. Working Paper, Northwestern University 
Transportation Center, ~vanston, Illinois. 

Moriarity, S. (1.981). Joint Cost Allocations. Proceedings of the University of Oklahoma Conference on Cost 
Allocations. University of Oklahoma Press, Tulsa. 

Myerson, B. R. 1991. Game Theory: Analysis of Conflict. Harvard University Press. 
Roth, A.E. ( 1988). The Shapley value: Essays in Honor of Lloyd S. Shapley. Cambridge University Press. 
Shapley, L. S. 1953a. A Value for n-Person Games. Annals ofMathematical Studies, Vol. 28, pp. 307-317. 
Shapley, L. S. 1967. On balanced set and cores. Naval Research Logistics Quarterly, Vol. 14, pp. 453-460. 
Shapley, L. S. 1971. Cores of convex games. International Journal of Game Theory Vol. 1, pp. 11-26. 
Sherali, H. D. and A. B. Suharko (1998). A Tactical Decision Support System for empty Railcar Management. 

Transportation Science, Vol. 32, No. 4, pp. 306-329. 
Sherali, H. D. and C. H. Tuncbilek (1997). Static and Dynamic Time-Space Strategic Models and Algorithms for 

Multilevel Rail-Car Fleet Man·age1:1ent, Management Science, Vol.43, pp.235-250. 

376 



A GAME THEORETIC MODEL FOR ALLOCATION OF RAILCARS GIVEN TOT AL FLEET SIZE 
. IN NORTH AMERICAN RAILROAD NETWORK 

QingLi 
Department of Industrial and Systems Engineering 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061, USA 
E-mail liq@vt.edu 

ABSTRACT 
A general game theoretic model on N-player, network-based, multi-commodity, noncooperative, nonzero sum game 
given total fleet size and a game theoretic model of N -railroad problem given total fleet size are obtain. The results 
improve the work of Adamidou, Kornhauser, and Koskosidis (1993 ), which are: ( 1) adding a total fleet size 
constraint and (2) expanding two-railroad case to N-railroad with total fleet size constraint case. 

INTRODUCTION 
Prior to 1980, the practice in multilevel rail-car management was to load the cars at the various origin points, ship 
them to the rail ramps, unlqad them, and then return each car to the loading point from where it originated. 

- Recognizing the inefficiency of such a practice with respect to the fleet size that' had to be maintained, and the 
associated poor utilization due to the excessive empty miles logged, a consolidation of trilevels , and later ofbilevels, 
was initiated and completed by February, 1982. Under this program, the individual railroad companies (carriers) that 
ship automobiles for any manufacturer (shipper) enter into a pooling agreement. In this agreement, .upon unloading, 
the empty cars of each type are treated as part of a common pool, and are redirected to economically convenient · 
loading ·locations,· rather than being shipped back to the same loading point of origin. The task of repositioning 
empty cars for use in 'loaded movements is managed by RELOAD, a branch of the Association of American 
Railroads (AAR). The management team at RELOAD handles day-to-day repositioning decisions for mainly eight 
separated automobile manufacturers' pool of cars. This is done using analytical tactical models developed by 
Glickman and Sherali ( 1985} that attempt to minimize . total empty miles or empty transit times. The evolution 
summary of the railcar management process is as follows: Pre-1982: Railcars for each shipper were returned to the 
point of origin after unloading; 1982-1996: for.each shipper, a common pool of railcars was jointly managed and 
operated by a group of railroads under the RELOAD Project. Upon unloading, empty railcars were repositioned 
optimally . for each pool based on minimizing the total . empty transit times; and 1996-Present: Railcars of each 
equipment type (corresponding to multiple shippers) are put into a common pool, and are jointly managed by 
RELOAD. 

For general railcar fleet management study, there are many works (Assad l 980, Dejax and Crainic 1987, Crainic et 
al. 1990, and Cordeau et al.1998). A traditional repositioning strategy for freight cars consists of returning each 
unloaded car to its original loading point. This is a very simple and convenient approach give that a significant 
portion of freight shipments are made from the territory of one railroad to that of another. In the hope of reducing 
costs associated with empty movements, the concept of car pooling has gradually been introduced. Under a pooling 
agreement, railroads and shippers agree that cars unloaded at destination can be sent to any of a set of loading 
points. A transshipment model to determine daily repositioning decisions that minimize network-wide costs was 
proposed by Glickman and Sherali ( 1985) described two optimization approaches for the distribution of pooled cars 
that focus, re~pectively, on the benefits to the system as a whole and on the benefits to the individual railroads. The 
pooling of railcars used for the transportation of automobiles was studied by Sherali and Tuncbilek (1997) who 
proposed static . and dynamic models for the fleet sizing problem. The static model tends to underestimate the real 
fleet size required because. it is based in time,-independent data. The dynamic model is based on a time-space 
network that represents the movement of empty cars bet.ween origins and destinations over the given planning 
horizon, with an objective of minimizing the fleet size required to satisfy all demands at different points in time. The 
problem is solved by decomposing the model into a s~ries of smaller sub-problems with a shoner, overlapping, 
temporal horizon. Once a sub-problem _is solved, the dec'isions for the initial part of the considered horizon are fixed, 
and the next sub-problem is solved with the augmented flows. Tes Jara instances generated randomly with realistic 
assumptions were used to evaluate the performance of the algorith :-:-: . The models have also been used successfully 
by AAR. Furthermore, given a certain fleet size of railcars prescnbed in this paper, a procedure is suggested to 
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allocate the responsibility of providing for the railcars by the individual panicipating railroads based on their 
respective annual -loaded railcar-miles (which is proportional to business revenues). 

There have been a number of studies dealing with the numerical computation of various oligopolistic market 
equilibrium problerris Murphy, Sherali and Soyster ( 1982) present a ·mathematical programming-based approach for 
determining an oligopolistic market equilibrium. They characterize the oligopolistic equilibrium in terms of a family 
of convex problems, and solutions to this family of convex problems are shown to be Nash equilibriums in the 
formal sense of an N-person game. Their algorithm involves the solution of a sequence of mathematical programs, 
programs, terminating when the dual variable of the supply constraint equals zero. In a later paper, Sherali, Soyster 
and Murphy ( 1983) model the oligopolistic market, supplying a homogeneous product noncooperatively, as a 
Stackelberg - Nash- Coumot equilibrium. The leader (Stackelberg firm) specifically takes into account the reaction 
of the followers (Coumot firm) to its output. Adamidou, Kornhauser, and Koskosids ( 1993) argued that the problem 
of finding a global profit-maximizing distribution strategy for railroads sharing a fleet of cars is best represented as a 
generalized Nash equilibrium model. Their model includes coupling variables that link the individual 
multicomtnodity flow subproblems of the railroads and is solved through a Gauss-Seidel algorithm that iterates 
between these subproblems. When solving the subproblem for a particular rail-road, the coupling variables are fixed 
using the optimal flows obtained when last solving the subproblems for all other railroads. The approach was tested 
in a large-scale, three-railroad instance generated from actual data, and appeared to be fast and robust. Different 
solution strategies were compared as well as various demand conditions. 

GENARAL MODEL GIVEN TOTAL FLEET SIZE 
Based on the foregoing discuss, we can display the mathematical formulation of the general N-player, network
based, multi-commodity, noncooperative, nonzero sum game by defining the following notation: 

N : set of players; 

P : set of commodities; 

X; : set of decision ( control ) variable for player i E N with respect to commodity p E P ; 

Y : ,, : set of decision ( control )variables for player i, i E N, p E P ; 

X,: set of all X;, i fixed; 

YN\i: set of al1 noncontrol variables, where Y : ,, = X f 
FS: Total fleet size; 

i, j E N, i "i= j, p E P , i fixed; 

~ (X,, YN\i): profit for player i as a function of control and noncontrol variables; 

A,·: the node-arc incidence matrix for the network of player i E N ; 

S; : the supply vector for commodity p in the network of player i ; and 

d,: link capacity vector denoting the mutual capacities of arcs in playeri 's network, shared among the 

p commodities. 

The general network-based, multi-player, multi-commodity flow problem for player i can be expressed as follows: 

Optimization problem for player i (i is fixed in the following formulations) 

Max P;(X,, YN\i) (1) 

Subject to Ai ( X t + L y ,;\; ) = st (2) 
,., 

p 

Ixt sd, (3) 
p•I 
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Ixt :SFS 
pEP 
i EN 

(4) 

(5) 

To draw the correspondence between the previously stated mathematical formulation and the railroad industry, one 
would assume that: 

The objective function ( 1) is an expression of the i -th player's profit as a function of its own decisions, as · 
well as those of its counterparts; 

Equality (2) is the flow conservation constraints; 

Inequality (3) is the coupling constraints, reflecting the substitutability of different commodities, as well as 
upper-bound constraints imposed py the total demand;· 

Equality ( 4) is the total fleet size constraint; and 

Inequality (5)is the nonnegative constraints. Under certain conditions, one may wish to impose lower-as well 
as upper-bound constraints. 

Their values are the output of the optimization problems for other players. These equalities express explicitly the 
coupling betwee~ the N optimization problems. Because in the procedure that follows the Y ,:\,. variables are treated 

· explicitly as constants not controlled by player i , those variables will be assumed to be carried on simply as 
definitional constraints. 

The problem stated above is the maximization problem faced by each player. To express the problem explicating for 
all N players it is necessary to write down N. problems similar to the one just stated, one for each player i e N. 

The main complicating factor is the existence of the n,oncontrol variables Y ,:\,. in each of the N problems. These 

variables express the interaction or strategic interdependence between the players. As a result each player does not 
have a straightforward optimization proble·m to solve and it is not able to optimize its objective function 
independently and without priodmowledge of the values of the noncontrol variables. 

Thus the generalized Nash equilibrium solution · for the N -player game cannot be easily obtained. Either a 
· decomposition procedure should be employed that solves each subproblem independently, taking into account the 

strategies of the remaining players, or a single optimization problem incorporating the decisions of all players should 
be considered. -

If considering total fleet size constraint when using the algorithm of Adamidou, Kornhauser, and Koskosidis (1993), 
we can the generalized Nash equilibrium. 

MODELING N -RAILROAD PROBLEM GIVEN TOTAL FLEET SIZE 
We now state explicitly t~e mathematical formulatio11 of a N -railroad problem given total fleet size, where 
x : the vector of control variables; 
y : the vector of noncontrol exogenous variables ; 

I and m : subscripts to define origin and destination pode, respectively, on the network of railroad i ( R; ); 

q and r : subscripts to be used for· origin and destination, respectively, on the network of railroad j ( R j ) , where 

j * i; and 

L and E : superscripts to be used to define loaded and empty movements, respectively. 
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In the N -railroad case, the commodity index p takes the values in i for ownership by R;. 

We give the variables that appear i~ the optimization problem of R; as follows: 

x: :; : cars owned by R; , used for local loaded movements between nodes / and m ; · 
" £ x;:m : cars owned by R; , used for local empty movements between nodes / and m; 

x:} : cars owned by R;, used for forwarded loaded movements between nodes I (on R;) and r (on R); 
" L x(~ : cars owned by R j, returned loaded to R j from node I ( on R; network to node r ( on R j ); 
. L 

x(~ : cars owned by Rj, used for forwarded loaded movements between nodes / (on R ;) and r (on RJ ); 

. E , 
x(~ : cars owned by R j, returned empty to R j from node / ( on R; ) to node r ( on R j ); 

.L 
y~·.m : cars owned by R; , returned loade~ from node q ( on R 1 ) to node m ( on R; ); 

y~·.:, : cars owned by R; , returned empty from node q ( on R 1 ) t o node m ( on R; ); 

Yt.'~ : cars owned by Rj, terminated loaded on node m (on R; ), originated from node q (on R); 

d t .m : mutual capacity of the link between nodes / and m ; 

S, : known supply of cars at node / (home cars); 

S ~ : anticipated supply of cars at node m ( R i cars returned empty or loaded by R J and R 
1 

cars forwarded 

loaded to R; ); and 

FS : Total fleet size. 

Prefix c denotes benefit of cars owned by R,. , whereas b denotes benefit of cars owned by R 
1 

. Thus the N -

railroad, N -comrnodi_ty problem for Ri and R J can be expressed as follows: 

Railroad i 

For the variables· xi.L xi.£ xi.L xJ.L x 1·L x 1·£ ; / L yi.E d ,,1 .L h 
. l .m' l.m' l ,r ,. l.r ' l.m • 1.r • q.m, q.m, an ., q.m , we ave 

Maximize 
[~ (ci.L xi.L + ci.E xi.£ + ~ b J.L xf.L) L.J l,m l,m /,m /,m ~ /,m l.m 

l,m ;•i 

+, (ci.L xi.L +, bJ.L xf.L +, bJ.E xf.£) 
~ l.r l.r ~ /,r l .r ~ l,r /,r 
I .r 1•1 i"' 

+, (ci.L , ,i.L + ci.E ) '; .£ +""' b J.L ui.L )] 
~ q,mJ q.m q.m q.m L..,_ q.mJ q.m (6) 
q,m 

Subject to: 

i.L j.L < d '-'/ . . 
Xl.m· + Xl.m _ /,m V ,m,J -:;t; l (7) 

i,L + j ,L < d '-'/ ..... x,., x,.r - /,r V ,r,J r l (8) 
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<I xi.L + L xi.£ +L xi·L)-(L xi,L + L xi·E+L xi,L + L xi.£) 
J.m l,m /,r '·'" l.m q.m q,r 

"" ffl. I I ,,. '" 

=s: + s:A ''t/l,m,q,r (9) 

(~ xj.L + L xj.£ + L xj.L)-(L xj.L + L Xj.L) 
l.m · l ,r . l,r q,m '·"' 

"' I 

(10) 

(11) 

L y{~ = s~-A 'v'm,q,j ~ i (12) 

. q 

~ xi.L + ~ xi.£ + ~ xi,L + ~ xi,L + ~ x i,L + ~ x i,£ 
L,. l .m LJ l,m L,. l,r L,. /,r L,. • l ,m L,. l,r 

+ ~ yi.L + ~ yi.E + ~ y 1·L :;; FS for all variables (13) 
~ q~ L,. q~ ~ ~m 

x,y~o-

The objective function (6) expresses the desire of the railroad to maximize its own total profit; 
Inequalities (7) arid (8) are the mutual capacity constraints; 
Equalities (9) and ( 10) are the flow conservation constraints; 

(14) 

Equalities ( 11) and ( 12) are the anticipated supply constraints, which include the non-control variables y ; 
and 
Equalities (13) is the total fleet size cor:istraint. 

The sequential procedure that is used for he solution of the problem decouples each player (railroad) and optimizes. 
The problem for railroad i , given all the information about previous decisions made by all the other railroads. Thus 
in each Iteration, a ·one-player multi-commodity optimization problem is solved for each railroad. To incorporate the 
interaction b~tween the railroads, when we solve.the one-player problem, an initial guess concerning the anticipated 
supply (noncontrol variable) y ~ by ownership, is unavoidable . 

. In the N -player, N -commodity case, the initial guess for the anticipated supply for R; concerns (a) foreign 

received cars ( cars owned by R 
1 

and forwarded to R;) and (b) home cars returned loaded or empty to R; by R r 

Then the problem for _ R; is solved at these values. The output of the optimization is used as input for the anticipated 

supply of R 
1

·. The procedure iterates to convergence (i.e. until N consecutive iterations give the same values for the 

anticipated supply). 

CONCLUSION 
Based on the work of Adamidou, Kornhauser, and Koskosidis ( 1993 ), we give a general game theoretic model on N
p layer, network-based, multi-commodity, noncooperative, nonzero sum game given total fleet size and a game 
theoretic model of N -railroad problem given total fleet size. The results improve the work of Adamidou, 
Kornhauser, and Koskosidis ( 1993 ), which are: ( 1) adding a total fleet size constraint and (2) expanding two-railroad 
case to N-railroad with total fleet size constraint case. 
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A Study of Multi-objective Cargo Container-loading Problems 
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· In this paper, we study cargo container-loading problems for an air cargo freight forwarding company in Hong 
Kong. We formulate the problems as a goal-programming model. The model is solved by application of the 
LINDO system. Tests on a real situation _that the company is actually facing demonstrate some interesting 
characteristics of the ~argo loading. problems. 
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Introduction-

Against tlie background of a global market and the rapid development of international trade, corporations have 
substantially inc~ed · the scope and magnitude of their global production and distribution networks, which 
represent integrated systems for serving various world markets [ 1]. The headquarters of the multinational 
company in question are located in Hong Kong, its production facilities are in Mainland China, and its sales 
branches are in Europe and North America. 

This study is inspired by the problems f~ced by an air cargo freight forwarding company in Hong Kong. The 
forwarder provides transportation services for multinational companies. The company is responsible for 
transporting cargo from the factories in Mainland China to Hong Kong's international airport or to Hong Kong 
for sale locally. To do this the forwarder needs to rent available containers from the airlines. In order to attain a 
competitive edge, the forwarder needs tQ operate in the most efficient way possible. The cargo-loading problem 
is to determine the types and number of containers rented from airlines and how to pack them with its customers' 
cargo~ 

In our problem, each container has volume and weight limits. Based on rental regulations formulated by the 
airlines, the rental charges for each container are the sum of a fixed cost for using the container and a variable 
cost depending on the weight of the cargo loaded into the container. The cost is a non-decreasing piece-wise 
linear function. The cargo to be shipped has an individual volume and weight. The total volume and weight of 
the cargo assigned to the same container do not exceed the container's limits of volume and weight. Each set of 
cargo_ should be packed into a single container. A single set of cargo may not be broken up and packed in more 
than one container. · 

Acc~rding to target levels and a priority structure, two objectives (total rental cost and the number of containers) 
are considered. We will develop a goal-programming model for the cargo-loading problems. The objective of 
our study is to reduce the rental cost and the number of containers. 

There is a large amount of literature on cargo-loading problems. Some general mixed integer programming 
models are formulated by optimization methods, for example, elaborated heuristics [2, 3, 4, 5 and 6]; the loading 
of general products [7 and 3]; and the loading. ·or special items [8 and 9]. For the air cargo transportation 
problems, [ l O] considers balan_cing a load so that the center of gravity is close to a target point [ 11] considers a 
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military application of reducing aircraft loads to complete an airlift. Models and solution methods have been 
provided for these problems.under various assumptions (12 an.d 13]. 

In this paper, we present a goal- programming model for. the cargo-loading problems in this study. In section 2, a 
goal-programming model is presented with the two objectives of minimizing total rental costs and the number of 
rented containers. We use the LINDO system to solve this model and we illustrate the results of application of 
the model to the data set provided by the company in section 3. We conclude the study in section 4. 

A Goal-Programming Model 

In this section, we develop a goal-programming model for the cargo-loading problems in this study. We use the 
following notations: 

x .. = { 1 If cargo i assigned to container j 

"' 0 otherwise 

{ 
1 If container j is to be rented 

Y j = 0 otherwise 

i= 1, 2, ... , n; cargo 
j = 1, 2, ... , m; containers 
n = the number of cargo 
•m = the number of containers 
~ • the volume limit of container j,j = 1, 2, ... , m. 
~ • the weight limit of container),}= l, 2, ... , m. 
v; = the volume of cargo i, i = 1, 2, .. . , n 
~. the weight of cargo i, i = 1, 2, ... , n 

The rental cost of each container is the piece-wise linear cost. Let a/ denote the starting point, which has a 
constant cost at level k. b/denotes the weight-breaking point k for container), where /c=l,2, ... ,h. That is, once 
the cargo weight in container j exceeds b/, the variable cost will increase at the rate c/. Herc h is the number of 
breaking points of containerj.The meaning off/. a/, b/, cf is shown in Figure 1. 

j}xJJ) 

fl 

I/ 

a ·' :J 

L 

Level 1 C ·l 
:J 

b/ a/ b/ a/ b/ 

C ·2 
:J 

Figure 1. The rental cost of container}. 

Cargo weight in container j. 
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Let f(x,y) denote.the rental cost of all containers. Thus, we have: 

f(x,y)= !yJJT,y) 
J•I 

Where ~(x,y) is defmed as: 

111 a~ s; ! w,x., < b; 
l•I 

f; +c;( t. w,.r, -b; J b; s; ! w, xv < a; 
l•I 

f/ a; s; ! w,x., < b: 
. J;(x,y)= i•I 

b: +c;( ! w,.r, -b: J bl I l 
1 s; w,xv < a1 

. l•I l•I 

f/ a~ s ! w,x., <b; 
l•I 

/,' +c;( ! w,.r, -bJ J b; s!w,xq 
••I i•I 

Let . g(xpy) denote the number of rented containers. Thus, we have: 

g(x,y )= :tyj 
J•I 

As a result of discuss.ions with management concerning their requirements, a priority structure of the decision is 
listed as follows: 

Priority 1: The total container rental costs must be minimized. Thus, we have: 

_f(x,y)+d; -d; = F 
in which d; is minimized, whered; is the negative deviation and d; is the positive deviation.· 

Priority 2: We must .assign the minimum number of containers possible for complete packing of the cargo to be 
paclced. Thus; we b_ave: · · 

g(x,y)+d; ~d; = 0 

in which d; is minimized, where d; is the negative deviation and d; is the positive deviation. 

In order to satisfy . these targets, the following goal-programming model for the cargo-loading problem is 
proposed: · 

Lexmin: { d; ,d;} 

·subject to: J(x, y )~ d; -d; = F 

g(x,y)+d;-d; =0 

hi(x,y)~ Vi,j= 1,2, ... , ·m 

d; , d;, d; , d; ~ 0, 

!xv= 1, i=l,2, ... , n ,., 
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I 
I 
I 

.xy=Oor 1,i= 1,2, ... ,n;/= 1,2, ... ,m 
Yi = 0 or . l ,j = 1, 2, ... , m 

2. Algorithm and Applications 

In this study, we use the LINDO system to solve our model. We illustrate the results of applying the model to the 
dataset provided by the forwarder. The multinational company has five sets of cargo in its factories in Mainland 
China. All the cargo has to be packed into the containers, transported to the Hong Kong international airport, and 
shipped fonn Hong Kong to New York in a week. The cargo data is shown in Table 1. · 

T bl Th a el. e cargo data 
Cargo No. I 2 3 4 5 

·volume (rn3
) 1,250 800 2,500 450 220 

Weight(KG) 1,000 1,220 1,400 250 250 

The airline provides eight types of container. Table 2 shows the data related to volume limit and, weight limit, 
and the charge rate for each container. 

Table 2. The data for the eight tvoes of container 
Container Volume · Weight Minimum weight at Rental charge at Weight breaking Charge increase 

type (m3) (KG) different char~e level different levels point at different rate at different 
(KG)a; <HK$) r! levels (KG) b/' levels C·k 

1 161,617.00 3,968 31.64 
l 6,489 6,800 4,722 185,467.00 5,290 28.88 

5,976 204,751.00 6,273 25.47 
1 85,207.00 2,092 31.64 

2 5,008 4,200 2,490 97,782.00 2,789 28.88 
3,140 107,940.00 3,307 25.47 

I 74,373.00 1,826 31.64 
3 4,882 4,000 2,173 85,336.00 2,434 28.88 

2,741 94,199.00 2,886 25.47 
1 66,553.00 1,634 31.64 

4 3,150 3,500 1,747 70,120.00 2,000 28.88 
2,500 84,570.00 2,591 25.47 

I 105,898.00 2,600 31.64 
5 6,300 5,400 3,050 120,132.00 3,467 28.88 

3,954 134,183.00 4,111 25.47 
1 48,713.00 1,196 31.64 

6 3,700 2,900 1,423 55,886.00 1,594 28.88 
1,825 62,571.00 1,917 25.47 

1 20,569.00 sos 31.64 
7 1,400 1,000 602 23,630.00 674 28.88 

759 26,079.00 799 25.47 
I 20,695.00 .sos 31.64 

8 1,400 1,200 604 23.699.00 674 28.88 
758 26.215.00 799 25.47 

We notice that only three types of containers are considered in the forwarder's decision . This was due to the 
complexity of the manual process. In order to compare the manual planning system and our constructed system, 
this test also considers the same three types of containers. To meet the forwarder's requirements, the airline is 
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only able to provide six containers of these three types in a week. There is one container of type 5, two 
containers of type 6, and four containers of type 8. The results based on our model are shown in Table 3. 

Table. 3. The results after solvin the model 

C oNo. 1 2 3 4 s 
Loi!din in containers 8 6 6 8 6 

Comparing the solutions based on the algorithm with the decision made by the technicians for the 20 flights, we 
find our solutions to be better. The total savings from our solutions come to about 1.3% of the total cost of that -
provided by the technicians. This is more than HK.Sll, 000. More particularly, in our solutions also require 
fewer containers. 
The company's technicians currently adopt a strategy that only uses three types of container due to the 
complexity of the cargo operations. The rental costs for the other types of container that the airlines provide arc 
lower. To compare the performance of our model, we increase the number of cargo sets and available containers. 
We then we apply our model to find a solution to the new problem. We also asked the technicians to provide a 
solution. This time both solutio~ offered substantial savings on the total cost. Furthermore, the savings obtained 
from the model jump to 5.8% of the cost of the technician's solution. At the same time, the model also requires 
fewer containers thap the technicians' solution. A summary of the results of the application of our model, and a 
comparison of these results with the technicians' solutions seem to suggest the.following: 

• Our model improves the current manual system by reducing the workload of the technicians. 
• · Building pie model is a worthwhile activity because it always provides a better solution . than the solutions 

. found by the technicians by their current methods. 
• Although the technicians are able to devise a loading method, they are not able to find a feasible and good 

solution whe~ the number of sets of cargo and the number of available containers increase. 

3. Conclusions 

In this paper, we have proposed a modeling solution for a cargo-loading problem for an air cargo freight 
forwarding company in Hong Kong. We developed a goal-programming model, which generated a solution for 
application to the company's actual situation. Tests on a real situation brought up a number of interesting 
characteristics of the nature of this cargo-loading problem. These characteristics provided insights and a greater 
understanding of such problems. 
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ABSTRACT 
In order for a space port to emerge as a world leader in this increasingly competitive business of launching vehicles 

into spate, ifmust examine how it operates the launch facilities and streamline its logistical operations to remain 
competitive. One promising approach to improving the logistical operation for a space port, for that matter any 
organization, is supply chain management. The three defining functions of a space port are: I) Processing the space 
vehicle 2) Processing the payload 3) Launching and recovering the space vehicle. The logistical support is an · ., 
·integral part of all three functions of a space port. Supply chain management is the organization of the overall 
business process to enable the profitable transformation of raw materials or products into finished goods and their 
timely distribution to meet customer demand. The contribution of this paper is a description of critical success 
factors for supply chain management of a space port, an illustration of a conceptual model of supply chain of a space 
port, and a list of supply chain management techniques. This research will help managers by providing techniques 
to optimize their supply chains. The conceptual model and recommended supply chain management techniques 
were partially developed through interviews with logistical experts at Kennedy Space Center. 

INTRODUCTION TO SUPPLY CHAINS · 
The evolution of_supply chain management has a direct affect on an organization's performance. Today's managers 
increasingly find themselves between two diametrically opposing forces; the customers' demands of better, faster, 
and less costly produ,cts and services and the organizations' need for growth and profitability. Many have found that 
they can -satisfy both by treating supply chain management as a strategic variable. 

A supply chain is a rtetwork of production and storage facilities and the distribution options that perform the 
function of procurement of materials, transformation of the materials into intermediate and finished products, and 
the distribution of these finished products to the end user or customer (Ganeshan and Harrison 1995). Supply 
Chains exist in both service and manufacturing industries, however the complexity and management very 
immensely from industry to industry and even organization to organization. In practice, supply chains have multiple 
end products with the potential of many shared components, facilities, and/or capacities. The flow of material is not 
necessarily along a single network; various methods of transportation may be considered, along with numerous 
distribution centers and procurement options consider_ed. Below is an example of a single stage supply chain taken 
from Peter J. Metz (Metz 1998). 

s .. - · -

Basic ·single-Stage Supply Chain 

· · · -► =lill(.1S 
_... lnkirrn-,t:.:1r: 
0 :11101 mution i,.;-rn1.:e~:..,in9 
~ Mali:r ia I ;.,r,::i:;~~:,;.11..; 

F.IGURE 1 
Figure I illustrates a single stage supply chain that in·corporates material flow, manufacturing, distributing, and 
delivering. Essential in the supply chain is the information processing and decision making function, which are 
represented by the thin information flow lines. 
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Multiple stage supply chains reflect the supply chain definition listed above, which is essentially multiple 
replications of the above-mentioned single stage supply chain. The multiple stage supply chains are almost always 
the summation of multiple company single stage supply chains. 

Traditionally the manufacturing, distribution, marketing, purchasing, and planning organizations along the supply 
chain operate independently of each other. Each organization has its own objectives and agenda, which are often 
conflicting. As_ a result, there ·is not a single synchronized and integrated plan for any of the organizations. Each 
independent piece of the supply chain tries to optimize the organization, thus the whole is usually sub-optimized. 
There is an apparent need for a mechanism through which these different organizations and functions can be 
integrated into one seamless flow. Supply chain management is a strategic process in which such integration and 
synchronization can be achieved. · 

SUPPLY CHAIN MANAGEMENT 
Massachusetts Institute of Technology Integrated Supply Chain Management Program (ISCM) defines Integrated 
Supply Chain Management as: a process-oriented, integrated approach to procuring, producing, and delivering 
products and services to customers. Supply Chain Management has a broad scope that includes sub-suppliers, 
suppliers, internal operations, trade customers, retail customers, and end users. SCM also covers the management 
of material, information. and fund flows (Metz 1998, p. 11 ). 

The beginnings of supply chain management can be traced to the National Council of Physical Distribution 
Management (NCPDM), which was founded in 1963. The NCPDM was concerned with the inter-relationships 
between warehousing and transportation. The next step of evolution in the SCM development was to add 
manufacturing, procurement and order management functions to warehousing and transportation. Today we have a 
seven-component supply chain by adding suppliers to the front and customers to the rear of supply chain (Metz 
1998). The seven components are listed below: ' 

1) Suppliers 
2) Procurement 
3) Manufacturing 
4) Order Management 
5) Transportation 
6) Warehousing 
7) Customers 

When the NCPDM was founded logistical practitioners started to discover the interaction between the warehousing 
and transportation functions . For managers to shorten the order response time by reducing the warehousing and 
transportation time they had to integrate the two functions. 

The second step in the supply chain development was the addition of the logistical functions of manufacturing, 
procurement, and order management. This developmental stage was helped by the advancements in electronic data 
interchanges, worldwide communications, and the continual growth of computer technology. The advancements in 
computing hardware/software technology, information technology and communication technology helps the supply 
chain manager make sense of such a complex distribution chain. 

The third stage of development is the addition of suppliers on one end and customers on the other. With the 
lengthening of the supply chain by the addition of customers and suppliers, Metz has defined the seven-function 
supply chain. 

CRITICAL SUCCESS FACTORS FOR SUPPLY CHAIN MANAGEMENT 
There are six major success factors that are critical to supply chain management (Bovet and Sheffi, 1998): 

· I) Consumer demands 
2) Information/communication technology 
3) Globalization 
4) Competition 
5) Government regulation 
6) Environn1ental concerns 

There is a growing trend to shift the power from the supplier to the customer. The customer increasingly demands a 
low cost product with a high level of service and instant availability. The consumer expectations will continue to 
rise in regard to service, speed, cost and choice. Some companies are already providing their customer with this 
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kind of improved service (Gateway 2000, Dell Computers, L.L. Bean, UPS, and FedEx to name a few) (Bovet and 
Shc;ffi 1998). 

The trend is clearly to offer consumers what they want, quicker than any other competitor, at a price lower than 
current marlcet price, and in real time. General Motors designed a service-supply-chain strategy that matches the 
urgency and criticality of its customers' varying needs when it formed Saturn in the mid 1980 's. Saturn's new 
approach enabled it to meet customers' needs effectively and efficiently to exceed the expectations of customers for 
quality in support and service (Cohen 2000). 

The information and communication technology explosion is the most significant attribute for a manager to help 
manage the every increasingly complex supply chain. Developments in data and communication technology affeq 
the way products a_re purchased and distributed. For example, Saturn uses information and communication 

· technology to "pool" repair part inventories from nearby dealers in real time and automatically replenishes repair 
parts to agreed-on target levels daily (Cohen 2000). 

The computer will affect the supply chain in two distinct ways. First, the World Wide Web provides the consumer 
the ability. to compare products, examine every facet of service, and buy goods anywhere around the world. 
Secondly, the computer is evolving into a powerful modeling tool to help supply chain managers with decision 
support software. IBM for example uses the Asset Management Tool (AMT) which allows them to quantitatively 
analyze their extended supply chains (Lin, Ettl, Buckley, Bagchi, Yao, Naccarato, Allan, Kim, and Koenig, 2000). 
The computer will help optimize the supply chain as data -and computing capacities continue to increase. 

As corporations from the U.S. and Europe increasingly invest in emerging economies the demand on the supply 
cha.in will continue to expand._ Corporations will not only have to serve markets from around the globe, but will also 
have to provide the same level of service to those markets. As the global economy grows, the consumer will expect 
the same levels of service and low cost independent of geographical location. 

Global competition wil1 continue to be the driving factor for supply chain innovation and place the traditional 
market leaders under great pressure. As industrial technology advances and information availability continues to 
grow, small start-ups from around the globe will compete for market shares once dominated by a few large 
corporations. This dynamic new marketplace wil1 constantly .redefine the global economy and lead to even greater 
gains in supply chain management. 

Government regulations and requirements will also influence the evolution of the supply chain. The recent trends in 
the re~uction of trade barriers and tariffs have spumed the growth of the global economy. The Single Market in 
Europe (1992), GA TT, and NAFTA helped ·extend production pipelines, which placed more emphasis on supply 
chain management. Whether these liberal trade conditions will continue in the 21 st century is a concern, 

_ isolationism could come ·back ·and derail the global economy. 

Pressures linked to the environment, i.e. recycling, waste minimization, and eco-efficiency will affect the supply 
chain design. Supply chain managers will have to know what impact their decision wil1 have on the entire system, 
from "cradle to grave". E_urope leads the way in requiring companies to recycle. Companies will move from 
disposable to returnable containers, recycle unused or obsolete products at the end of its lifecycle, and production of 
environmentally friendly products. As this trend continues to pick up momentum, supply chains will have to be 
designed with much more attention to the back end of the product life cycle than is the case today 
(Bovet & _Sheffi, 1998). 

CURRENT SUPPLY CHAIN MANAGMENT TECHNIQUES 
There are some current companies who recognize the importance of supply chain management and the role it plays 
in providing their company with a competitive advantage. Listed below are some techniques that companies use to 
help streamline their supply chain and increase efficiency. 

One development is the notion of closed-loop supply chain. Some companies, most notably Xerox, operate their 
supply chains as a closed loop, feeding back used equipment, unserviceable part·s, and used packing material for 
reuse or sale ·as raw material. As every function is clued into their impact on the recycle stage, companies will have 
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more efficient and effective supply chain. Xerox, for example, generates a significant profit from their participation 
from this recycling (Metz 1998). 

Another technique_ is that of supply chain collaboration. According to Gary Forger, collaboration does seem to be 
the missing ingredient in so many under performing supply chains {Forger 2000). For example, Wal-Mart was an 
early advocate of the value of collaboration. Wal-Mart was the first major company to require standardized bar
code shipping labels on all shipments made to its distribution centers. This form of collaboration removed the 
disruptive randomness of suppliers shipping labels and enabled Wal-Man to quickly and efficiently determine their 
available stock and increase its availability while reducing the total lead-time to its retail outlets. 

Still, another technique along the lines of collaboration is integration. The foundation of integration is information 
sharing. A truly integrated supply chain does more than reduce costs, it also creates value for everyone involves
the company, its supply chain partners, and its stakeholders (Lee 2000). 

An example of integration is Lucent Technologies which improved its supply chain strategy in Asia by realigning 
the mission of its manufacturing sites in Asia and North America, linking information sharing with local suppliers, 
and redesigning products and all processes to support supply chain management. 

Shortly thereafter, Lucent Technologies won 100 percent of the market share of switching telecommunication 
systems in Taiwan. A very impressive achievement that is most attributed to Lucent's new supply chain strategy. 

While these techniques demonstrate modest gains in managing segments of current supply chains, the future holds 
great promise in optimizing and managing the entire supply chain. 

FUTURE TEQUNIQUES TO SUPPLY CHAIN MANAGEMENT 
The evolution of supply chain management is really in its infancy; the limit of its development is limited· only by our 
imagination. The steady progress of managing even more complex supply chains, fueled by technology advances, 
most notably information and communication technologies, indicates that supply chain management will continue to 
progress and even undergo exciting new breakthroughs. Listed below are promising new approaches that will 
enable organizations to streamline and optimize their supply chains. 

One of the most promising approaches to supply chain management is the concept of "seamless supply chain" which 
was proposed by Denis R. Towill in 1997 (Towill, Childerhouse, and Disney, 2000). This technique is a holistic and 
fully integrated approach to supply chain design and management, which is an idealized target goal for supply chain 
operations. The end result is to enable an environment in which all participants think and function as one entity in 
order to maximize the performance of the entire system. In order to accomplish this feat, logisticians must move 
past the traditional practices of conventional management practices, functional organizations, and "stove-pipe" 
thinking. 

The seamless supply chain implies the lean synchronous arrival of materials, the minimization o.f waste, minimal 
order lead times, and minimal required inventory. This, in turn, requires a greater certainty in spite of the volatile 
nature of the marketplace and a substantial reduction in backorders. Towill indicates that the seamless supply chain 
may only be reasonably targeted if there is a streamlined feed forward and feedback information flow coupled with 
optimal decision making. 

Another technique is what some like to call "The Value Chain Constellation" introduced by Charles C. Poirier 
(Poirier 1999). This concept has the introduction of new consumable products and services in the shortest possible 
time with a·high probability of success. In order to accomplish this the supply chain must support such innovative 
collaboration through information technology that provides the right data, in the right format, to the right places, at 
the right times. 

The crux of this technique is to bring new designs and products to market quickly and effectively. In order to 
accomplish this Poirier suggests that design and engineering changes, driven by customer or consumer preferences, 
are entered into a simulation model. Prototype designs are generated, with the help of suppliers and other external 
sources, via high-speed electronic links. Product developers guide the introduction at every critical step by 
collaboration with constellation partners to speed the process and ensure higher probability of success. The product 

391 



designers must work closely with purchasing managers to keep parts suppliers linked into the ~rocess to minimize 
delays and share issues openly. As a result, the planning time is condensed throughout the design and prototyping 
process through constant electronic feed-back. 

SPACE PORT EVOLUTION 
The cold-war rivalry of the super powers, combined with the intrinsic desire to expand the knowledge of the 
universe, motivated nations to develop technology for the exploration of space based on World War II rocket 
technology. The liquid fuel.rockets pioneered by Robert H. Goddard and Werner von Braun demonstrated that 
liquid rockets could produce enough thrust to counter the gravitational pull of earth. Liquid fuel rockets became the · 
cornerstone of the super power's intercontinental ballistic missiles. These launch vehicles were then modified to 
deliver a payload, both satellites and humans, into an earth orbit (Myers & Ball 1996). 

The development of solid rocket motor technology soon followed. With the combination of the two rocket 
technologies, it enabled the user to provide a more dynamic and capable system to launch payloads into orbit. 
NASA's "space shuttle" is an example of this combination of technologies. 

As rocket technology evolved, the launch facilities also evolved to meet the demands of launching payloads into 
orbit. Isolated concrete pads evolved into facilities that had to process the launch vehicle and payload, and then 
launch and recover the vehicle. These facilities that were shrouded in secrecy during the cold war are now trying to 

. become commercially viable .in the ever increasing competitive space launch industry. Launch facilities have 
evolved from supporting specialized government/military launch vehicles and payload to handling private 
company's launch vehicles most notably McDonnell Douglas, Lockheed Martin, and Ariane to name a few. 

· Today' s payload includes many commercial satellites to, most notably, the increasing need for more 
telecommunication pla~forms. As a result of this shift in payload, the launching facility is required to have more 
flexibility in .processing launch vehicles and its corresponding payload. 

SUPPLY CHAIN ELEMENTS FOR A SPACE PORT 
The space industry is not that different from any other industry, it must interact with multiple suppliers that provide 
many different levels of products. One common mistake is to only focus on the "l st tier" suppliers who have the 
largest contracts with the space port or the ones with the most serious cost and delivery performance problems. This 

· can lead to inefficiencies of the supply chain where oversight is not provided. Purchasing needs to be viewed as a 
strategic function that is managed by cross-functional supply management teams (Michaels 1999). 

The relationship between customers and suppliers is normally complex and involves many parameters and 
paradigms that extend across technical , functional. business, and human dimensions. The need to reduce lead times, 
cycle times, and cost is no different than that of other industries. In the space industry one challenge is to transition 
from mass production to lean production. This requires a deep understanding of the differences in abilities, cultural 
and behavior _attributes of all of the suppliers. On~ challenge of the supply chain management team is to convince 
suppliers that they neetl to make major changes in their. production system. This requires the space industry to 
accomplish a few fundamental tasks (Michaels 1999): 

1) Reduce schedl;ile variation 
2) Centralize cross-functional commodity management 
3) Reduce the number of buyer interfaces 
4) Avoid sending confusing and contradictory signals to the supply chain 
5) Visit as many suppliers as possible to better understand dependencies and 

constraints 
6) Structure continuous improvement activities to the realities of both large and small 

busil)esses 
In order to reap the benefits of a Jean supply chain, they must take a holistic approach to supply chain management. 
The entire supply chain must be understood, analyzed, and managed in order for continuous improvements to be 
possible. The space port can take ·the lead and ensure there is one strategic vision for the tota1 supply chain. 
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CONCEPTUAL MODEL OF SUPPLY CHAIN MANAGEMENT OF A SPACE PORT 
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The above conceptual model represents a generic supply chain of a space port illustrated by the author. 
The space port contains elements of both a manufacturing and service organization because of the uniqueness of its 
mission of launching and recovering space vehicles. Many consider the space port analogous to the airport; 
however. there are some significant differences. The suppliers must produce a highly specialized product at a very 
low volume, while still trying to remain competitive and profitable. The ground support staff must then transform 
the inputs (vehicle, payload, and passengers) into a successful launch. and sometimes recovery, while keeping in 
mind safety as the number one concern because the risk of failure can be catastrophic to any space program. For 
space pons similar to Kennedy Space Center that use reusable launch platforms, some elements of the supply chain 
are a closed-loop system. The factors similar to an air port are transportation and warehousing commodities to 
support operations. the external factors of government regulations. environmental concerns. competition, and 
globalization of both suppliers and customers . There is also a need to synchronize and integrate all functions of the 
supply chain to optimize the logistics of launching and recovering space bound vehicles. · 

CONCLUSION 
A combination of closed-loop supply chain and integration are examples of current supply chain management 
technique, which a space port can use to help optimize the logistical operations. Once the space port builds its 
infrastructure, most notably information technology, to support its effort to synchronize its supply chain, then the 
technique of seamless supply chain can be utilized to fulfill the potential of fully integrating the supply chain design 
and its corresponding management. Some may say that it is a problematic proposition for the government ( or any 
other space port operator). contractors, sub-contractors, and the numerous suppliers to act holistically as one entity, 
however, there is a clear benefit to all participants to maximize the performance of the entire system. 

Despite the fact that space ports deal with highly specialized and low volume vehicles. they can still benefit from the 
integration and synchronization of their supply chain. By streamlining its logistical operations the space port can 
position itself as the emerging leader in the increasingly competitive business of launching vehicles and payloads 
into space. Further research will bener understand the specific applicability of supply chain management techniques 
to a space port. 
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INTEGRATING SUPPLIERS WITH OEM FORECASTS AND PROCUREMENT PRACTICES 

Alexis N. Sommers. Ph.D. 
University of New Haven 

ABSTRACT 
Increasing use·by OEM's of JIT procurement systems embedded in ERP and linked to private e-commerce 
relationships with suppliers places pressures on these suppliers, especially those in third or fourth-tier levels. causing 
financial instability and inability to deliver on time. In their own successful strategies to minimize inventory. OEM's 
have pushed the inventory problem downstream to suppliers~ and upper-tier suppliers have pushed it down below 
them to the lowest possible level. Small suppliers are therefore forced to maintain substantial inventories to cover 
the unpredictable JIT demands of an OEM at the end of a supply chain. Forecasts are seldom shared with bottom
tier suppliers, and, even if they are, last minute changes may create serious replenishment problems. Late or badly 
delayed deliveries are often the result. Pressure to reduce prices may accompany the demand to hold adequate 
inventories. With reduced margins, the small supplier in unable to generate reasonable profit and return on 
investment, and must struggle with difficult cash flow conditions. Causes and effects are presented in the form of 
cases drawn from the manufacturing of automotive and related products. A solution appears to be a closely 
integrated customer-supplier relationship, which shares forecasts. changes, and perturbations while allowing 
recovery of JIT-related costs by the affected supplier. 

INTRODUCTION 
It is said by many purchasing professionals that 'the Achilles heel of ERP systems is the third or fourth-tier supplier 
who cannot meet demand because he has inadequate capacity, insufficient lead-time, and has not yet been paid for 
his last delivery. An OEM may have good customer-supplier relationships with its first-level suppliers, but there its 
control ends. Too, the OEM may share sales forecasts with its immediate. trusted suppliers. but since it may not 
know its suppliers' suppliers, and cenainly is not inclined to trust them with market information. these forecasts do 
not travel down the supply chain with the speed that is needed for prompt responses. This problematic scenario is 
further-complicated by the OEM ' s drive to reduce inventories and prices. and to rely upon JIT delivery from its first
tier suppliers to accomplish this minimization. The stage is set for turmoil. Suddenly, a JIT request for 
replenishment reaches a supplier far down in the supply chain that does not have the inventory or capacity to meet 
that demand. Somewhere in the demand sequence this lowly supplier·s capabilities were overlooked, ignored, or 
overbooked. The supplier was left out of the forecasting and planning loop. and cannot meet the demands placed 
upon him. The system falters or stops until this supplier gets up to speed. or until alternative sources are located. 
The supply chain is only as good as its weakest link. Then why are third and fourth-tier suppliers forced into 
becoming system constraints? Because even the most complex purchasing system cannot, or will not, push accurate 
product demand information down to the supplier at the bottom of the supply chain pyramid. System failure 
therefore occurs at the ··grass roots" level and affects everything up above it. 

CUSTOMER DEMANDS 
Intelligent ERP systems, where ERP is the acronym for "enterprise resource planning." are designed to manage a 
company's procurement-purchasing-logistics functions involving a diverse set of qualified suppliers. An ERP 
system is selfish: it tries to minimize total costs for its owner, not for those who supply goods and services. Since 
inventory minimization is an important cost reduction strategy, an ERP system will attempt to achieve frequent JIT 
deliveries from its major suppliers, keeping no more than about a week's worth of inventory in its own warehouse. 
Since an ERP system is also preparing production schedules and is pulling inventory, or perhaps pushing it, based 
upon its own demand forecasts, there is an inherent stability in the supply chain if these forecasts are themselves 
stable and lacking substantial amounts of uncertainty. If demand slackens. however. the ERP system will shorten 
forecast horizons. reduce on-hand inventories to minimal levels. and expect suppliers to respond to increasingly 
uncertain JIT replenishment. This opens up serious system problems[ 1]. While first-tier suppliers can respond 
reasonably well to change.s in demand. mainly because they have confidential forecasts from the customer, lower 
level suppliers are typically denied access to such forecasts and have little or no forewarning of order reductions. 
They may be caught with unsold inventory, or. lacking orders, reduce capacity for that customer. If the OEM begins 
a rapid replenishment cycle in response lo new demand. and the JIT requests travel downstream, the lower level 
suppliers are caught with old inventory, no inventory, or no immediate capacity to produce what is requested. The 
repercussions are usually unpleasant throughout the supply chain. 
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It is this failure atthe third or fourth-level supplier that often triggers a ~ove to retain low-cost, foreign suppliers 
who promise excellent quality as well as prompt delivery regardless of ERP demands. According to M.B. Coffey, 
President ofNTMA, the Nation.al Tooling and Machining Association, this is a major reason why OEM's and their 
primary suppliers shift business overseas away from U.S. suppliers. He believes, however, that these relationships 
are short-lived because foreign suppliers are also denied access to demand forecasts, and are ·less able to perfonn JIT 
replenishment because of logistical and communi~ation problems. Coffey states that most OEM's return to their 
original U.S. suppliers within three years[2]. That happens only, of course, if the U.S. suppliers have not been 
driven out of.bu~iness . 

. Customer demands on lower-level suppliers tend to be unrealistic because the customer 
a . Does not trust them with sensitive demand forecasts based upon sales projections; 
b. . Believes that they should carry sufficient on-hand inventories to meet customer demand whenever it occurs. and 

bear the inventory costs without compensation; 
c. Accept very.poor payment terms, sometimes as long as 140-180 days after fulfilling delivery; and 
d. Is unwilling to pay promptly for customer-owned tooling, as well as delivered product. thereby forcing small, 

marginally capitalized suppliers to carry substantial short-term debt to meet cash flow deficiencies. Cash flow is 
made most difficult for the member of the supply chain least able to survive a cash flow crisis. In the die 
casting and plastics molcling industries, for example, a customer-owned die may represent an initial investment 
by the supplier of $200.000, which will not be reimbursed for six months or more. A powerful customer will at 
the same time resist any per piece price increase, and will, continually press for long-term price reductions. 
Consequently, most of these suppliers are marginally profitable and .unable to invest in new capacity and 
productive new technology[3]. 

Looking at the obvious desirability of sharing an OEM's demand forecasts throughout the supply chain, the question . 
arises as to why it is not done? The answer involves a lack of trust. A larne company in a competitive world market, 
fighting other multi°natiorals for market share and sales revenue, is avers~ to the risk of sharing confidential, very 
sensitive market information with unsophisticated, careless, wide-open suppliers, especially small ones with little or 
no security apparatus. An OEM may be very guarded even with its trusted, first-tier suppliers. Final demand figures 
may be released only days before replenishment is requested; Fear of losing control of vital sales data is a reality. 
Some suppliers may in fact be foreign-owned, with known links to competitors. Yet access to future demand 
requirements is essential for planning purposes at the lower-level suppliers if they are to react swiftly to JIT requests 
and keep their finances in good order. The current lack of sharing creates ineffectiveness in a supply chain, yet good 
solutions are few and far between. 

INTEGRATING DEMAND FORECASTS 
An obvious strategy when dealing with a customer' s ERP structure is to work to become that customer's sole 
supplier. Reducing then.umber of suppliers is seen as a major cost reduction measure in most industries, which 
works to the advantage of suppliers fortunate to survive the pruning process. A sole supplier has leverage with a 
powerful customer since a substitute may not be readily available to the customer should a dispute arise. This, 
however, may be a mirage. If a sole supplier is dependent upon the customer for most of its sales volume, then it is 
still vulnerable to demands for cost reduction ax:id unilateral price decreases from a customer who merely threatens 
to look for other suppliers. Such "shakedowns" are reported by Coffey to be commonplace in the tool and die 
industry, and are a factor in its steady decline. In the die casting and molding industries, where a single, customer
owned die may .exist to produce a customer' s product, customer threats to "move the die" are a common part of 
procurement negotiations. The supplier' s counterrnove is to produce product with its own die and to sell to the 
customer on an all-inclusive unit price basis. This in effect creates a sole supplier relationship. For this reason it is 
often opposed by the customer, who insists on buying a costly die in order to preserve some power over the supplier. 
Needless to say. such customer-supplier relationships do _not exhibit high levels of mutual trust, and are not 
characterized by high levels of data .sharing and joint demand forecasting. 

Demand forecasts must come from the end user, the OEM or primary customer. Typically, these are produced from 
marketing information, mated with internal ERP inventory and production data, then released internally for 
manufacturing planning. As OEM ' s move closer and closer to producing only what is already ordered, they rely 
more and more heavily on supplier inventory and ability to respond rapidly to JIT orders for replenishment. Without 

. good forecasts, first-tier suppliers must maintain costly inventories· and a large production capacity to meet any 
· sudden increase in deman_d. which might emerge with very little warning. If these suppliers cannot afford the 
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resultant costs of constant readiness, and cannot see what the customer sees, then they are inclined to reduce 
inventory and capacity and force the customer to wait if demand suddenly spikes upward. This happens periodically 
in the computer industry. Parts shortages have forced computer manufacturers to reduce output even as consumer 
demand increased. The OEM's are reluctant to negotiate long-term supply agreements with suppliers that inevitably 
increase their own inventory costs even though this may cause them to lose future sales. Multi-year supply contracts 
coupled with an honest yet confidential sharing of demand fo·recasts would go a long way towards maximizing sales 
and profitability for all parties in an ERP system. This is seen in some industries, such as aerospace, but not in 
others. Self-serving suboptimization gets in the way. 

Espe.cially in the auto industry, where strong forces exist to constantly reduce costs, the trend is to negotiate low
margin. long term supply contracts with second-tier and lower suppliers while greatly reducing their number. 
Reducing the number of suppliers is a major cost saver in itself. Some suppliers used to deal with eighty or more 
small tool shops and machining outfits, hiring twenty or more purchasing agents just to deal with them all. Reducing 
these specialized suppliers to about a dozen saves a lot of overhead expense and also makes these suppliers 
financially stronger and more responsive to the customer. Although this is Darwinian survival, the resultant supply 
chain is more simple, more focused, less expensive to manage, and more likely to keep demand data confidential. A 
good strategy therefore emerges. Create a supply chain with a small number of suppliers at each tier and give them 
all accurate future demand forecasts in a carefully designed, well-managed, secure IT network run by the end-user 
OEM. Even a small supplier can be equipped with a secure network terminal operated by a trusted employee. The 
flow of quality forecasts to the lower-level suppliers will enable them to invest in inventory with some confidence 
that it will be ordered in the near future. This reduces their financial risk and hence their overall vulnerability to 
downturns. The small, marginal supplier must be assured that whatever he builds will soon become throughput. This 
is good. but not quite enough. Prompt payment is also needed to promote fiscal health. and to instill the belief that 
the customer really cares about the supplier. Prompt payment motivates the supplier to believe that JIT supply is in 
his own best interests because it generates the JIT cash flow he urgently needs. Few OEMS. however, are inclined to 
cultivate this motivation: hence they often do not receive the fast response to orders that they believe they deserve. 
Looking after one ' s suppliers is still a great idea, but one that seems to have died twenty-five years ago. 

FUTURE SCENARIO 
As the new millennium opens, various new forces are emerging that appear to work against. rather than for, 
integrated demand forecasts. Plastics molders are reporting the unusual customer tactic of requiring retroactive 
rebates. as a condition of receiving new orders, from suppliers who shipped orders and received payment over a past 
twelve month period[4]. This is extraordinary. What this means to a supplier is that past sales and profits, already 
booked and probably spent. are now subject to a 3% or more cash giveback to a customer if one is to receive 
additional orders from them. One. in effect. has to give a ··corporate gift" to receive additional. future work from 
what is typically a large. multinational, first-tier supplier to the automotive or related industry. The driving force 
here, and it is apparently mostly seen in the auto business. is a world\vide cost reduction drive in the face of excess 
capacity and intense price competition for the consumer dollar. The consequence, however. is a lot of anger and· 
frustration among lower-tier suppliers. many of whom are marginal to begin with and see giveb~cks and arbitrary 
demands for price reductions as a clear and present danger, one that can lead to their demise. This anger factor gets 
in the way of good customer-suppler relationships. It does not foster the trust that is needed when it comes to sharing 
sensitive demand forecasts. As suppliers drop out, for a variety of reasons, the caution that the survivors exhibit 
tends to result in cost and inventory minimization regardless of what the customer projects in the way of future 
demand. In the automotive sector, and perhaps in others as well , the anger factor continues to make for rocky 
customer-supplier relationships which do not promote the construction of efficient supply chains. No amelioration is 
seen in the near future. 

Outside the automotive sector, the sharing of good demand forecasts is commonplace in a number of industries. In 
die casting, wherein a single die may exist to make a product, a customer has to carefully forecast requirements 
because, once a die is removed from a casting machine. a new setup may take several days to complete, and a 
suitable machine may be committed to a continuous production run for another product. In this situation, nT can 
only be achieved by withdrawing from a finished goods inventory, which must be large enough to meet demand 
before production is again initiated. Estimating a production run quantity is important both to the customer and to 
the supplier. This necessity tends to create close customer-supplier relationships, and good integration of forecasts. 
If both parties play the game with good intentions, the supply chain will meet customer needs and generate cash 
flow and profit for the supplier, the best of all worlds. Thi~ situation is seen frequently, but it is not the general case. 
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If the customer is unwilling to provide good forecasts to the die caster_, and if the die caster is unwilling to carry 
large inventories at his own expense, then delays and shonages are inevitable. The same problematic scenario 
appears across a wide variety of industries. It becomes even more problematic when the supplier is outside the U.S .. 
trust is low, communication is difficult, payment terms are complicated by customs and currency fluctuations, and 
transponation ,injects its own level ofuncenainty. The future of customer-supplier relationships does not appear to 
be bright, at least in most manufacturing sectors. The path to good relationships is clear: it is just that the panies 
involved in particular relationships find reasons not to follow it. It is likely, however, that as customers realize that 

· supplier probl~ms often reflect their: own suboptimal policies and practices, they will attempt to improve their 
custom.er-supplier relationships. Customers drive those relationships, and must realize that suppliers are ultimately 
dependent upon them. With this as a given truth, then supply chain optimality is achievable. 
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A METHODOLOGY FOR SELECTING SUPPLY CHAIN MANAGEMENT SOFTWARE 

Colin 0 . Benjamin, Palesa Bakker and John Whitfield 
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ABSTRACT 
We develop a generalized methodology to assist Technology Managers in selecting Applications Software which 
represent the best fit with their company requirements. We describe its application to the selection of Supply Chain 
Management Software and assess the usefulness and limitations of this approach. 

INTRODUCTION 
A wide range of Supply Chain Management (SCM) software is available to progressive Logistics Managers to 
enhance global competitiveness. These software options range from simple, low-cost vehicle routing software such 
as Truck Stops for Windows supplied by MicroAnalytics to comprehensive, high-end systems such as RoutePro 
Designer supplied by Caps Logistics, Inc. When effectively deployed, these SCM software options can facilitate the 
design and implementation of efficient business processes, which can result in cost savings, quality improvement, 
and enhanced customer service. These factors will ultimately have a significant impact on a company's survival and 
long-term growth and profitability. 

The literature periodically-provides surveys from professional organizations such as 'NAPM [I]. APICS (2), and IIE 
[3], which contain profiles of commercially available SCM sofm:are. However. few guidelines are available to 
permit a systematic evaluation of the many SCM software options and enable a logical determination of the 
alternatives which represent the best fit with a company's needs. 

In this, paper, we develop a generalized methodology to assist Technology Managers in selecting Applications 
Software which represent the best fit with their company requirements. We describe its application to the selection 
of Supply Chain Management Software and assess the usefulness and limitations of this approach. 

LITERATURE REVIEW 
SCM Software - An ·overview 
Supply Chain Management (SCM), with its focus on delivering the right product to the right place , at the right time 
and at the right price, is one of the most powerful engines of business transformation. By choosing an effective 
SCM solution, manufacturers can reduce inventory, stockouts and planning costs. SCM sofm·are is used to plan 
product purchases or sales, and keep track of ordered items through the shipment and billing processes. 

Analysts categorize supply Chain Management Software into two types. The first type is supply chain execution 
systems which include order management. transportation scheduling, and warehouse packaging and shipping. 
Companies that pro\'ide software that fall into the first category include Manhattan, EXE Technologies, Industrial
Matematik International and International Business Systems. The second type is supply~chain planning systems 
which are used for forecasting demand, inventory replenishment and manufacturing/production scheduling. 
Companies that provide sofm·are that fall into this second category are i2, Manugistics, and Ilog 
('www.nwfusion.com). These categories of SCM software together generated revenue in 1999 of $3.1 billion, a 
number that was expected to grow to S4.5 billion in 2000. Web-based e-commerce is leading to a transformation 
in SCM as retailers, distributors and manufacturers seek to share logistics information by giving trading partners and 
even consumers direct Web access to SCM systems [4]. 

SCM Software Survevs . 
Several surveys have been done to provide information on SCM software options available for commercial use. 
Some survey results can be viewed online and can be helpful in the initial stages of selecting SCM software to meet 
company needs. Typical sources for information about SCM software are the Software Buyer's Guide and 
Destination Magazine [5] and the professional organizations such as IIE, APICS, NAPM. Among the SCM 
products listed in these surveys are soft·ware such as mySAP (SAP) and Release I Ii (Oracle). MySAP.com 
provides an open collaborative business environment of personalized solutions on demand (,,w" .sap.com) (6]. This 
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program allows companies of all sizes and industries to fully engage their employees, customers and panners to 
capitalize upon the new Internet economy . . The power of the Internet is harnessed to enable users to work smaner. 
better and faster by optimizing supply chains, · managing strategic relationships, reducing time to market, sharing 
virtual information, and increasing productivity and shareholder value. 

Oracle's Supply Chain Management Suite Release reflects their ever-increasing global presence by introducing 
many new global features such as country of origin, which allows a person to track the country of origin for impons 
(www. Oracle;com) [7]. Oracle ' s. Manufacturing and Supply Chain Applications are desig·ned to help their 
customers transition to e-business by expanding markets, reducing costs, improving quality and customer service as 
well as streamlining operations across the extended. supply chain. Release 11 i aims to suppon demand capture, 
supply chain planning, procurement, manufacturing, delivery logistics and customer service and facilitates improved " 
responsiveness and customer service, optimized global supply chains, lowest total cost sourcing of materials and 
services and . increased operational efficiency and velocity and improved performance management 
( \\'\\'\\ .t)ntL·k.com) [7]. 

Other SCM software include SKEP by Adapta Solutions, Inc~. AIM Vision by AIM Computer Solutions, Inc. , MIMI 
by Aspen Tet~nology, Inc. , Vivaldi by Industri-Matematik International. 

SOFTWARE SELECTION METHODOLOGY 
- Our methodology for software selection adopts the following four-phased process: 

Phase # 1: Generate a longlist o_f possible software alternatives. 
·Phase #2: Develop a shortlist of pref erred software alternatives. 
Phase #3: Identify the "best " alternative 
Phase #4 : fnzplement selected system 

This systematic approaG:h can be implemented using the following steps: 
Step #1: Understand the user need. 
Initially, it must be agreed that a computer-based solution will be appropriate to fulfill the panicular user need . 

. Step #2: Identify the requirements of the desired software. 
It is imponant to be aware of the software's_ cost, ease of use, compatibility with ex1stmg software, level of 
interaction. the technical suppon required, and the accessibility of that suppon. The most imponant qualification is 
that t_he software possesses the functionality required to ~eet the user need . 

Step.#3: · Generate a·/onglist of possible software alternatives. 
Software alte~atives can be foun~ in industry cat~lo~s. journals. books. magazines, and most conveniently, online. 

Step #4: Identify a11d apply software selection heuristics. 
The alternatives generated m·ust be quickly examined to eliminate unsuitable candidates. This process can be readily 
accomplished using heuristics related to _price~ operating platform, and critical functionali ty. The outcome should be 
a shonlist of acceptable software alternatives. , 

Step #5: Evaluate alternatives on shortlist. 
The software alternatives can be evalua.ted using a scoring model. This provides a quantitative basis for ranking the 
software and enables the selection of the top candidates as finalists for detailed examination. 

Step #6: Detailed Evaluation of fi11alists 
Several software vendors al_low free previews and demonstrations of software programs, which can be obtained via 
CD-ROM or downloaded from the Internet.· In-company presentations by finalists can also assist in the 
identification of the "winner ". 

Step #7: Develop a Business Case. 
To receive approval for implementation, the proposed system should be required to meet the same business criteria 
expected of capi_tal projects. A financial model should be constructed to calculate appropriate financial indices and 
assess the business risks. 

400 



Step #8: Implement System 
Effective implementation often requires a sound project plan and direction from a project manager with a clearly 
articulated project scope, budget, schedule and software perform~nce targets. 

Step #9: Operate System . 
The new system needs to be handed over to the users after appropriate training. 

Step #JO: Conduct Post-Implementation Review. . 
This review must be conducted to determine whether the operating targets set for the system are being met. 

This process is summarized in the flowchart shown in Figure 1. In this paper, we focus on Steps #3 through #5 of 
the process, which seek to assist in identifying software finalists for a more detailed examination. 

ANALYSIS OF RESULTS 
Using the software profiles provided in the IIE Supply Chain software survey [8], a software product database was 
developed using Microsoft Access. · This database summarized profiles of 18 SCM software products distributed by 
14 companies and can provide the user with the company, price of the product. product features. The development 
of this database allows the user to execute simple queries based on product and company features. A software 
supplier database was also established to summarize supplier information viz. company size (sales, employees), 
URL, product mix, location, and major users. Suppliers were contacted and supplier information requested to 
enable database development. 

"Rules of thumb" were developed to facilitate timely filtering of software to enable the rapid identification of a 
small subset of preferred software candidates. Examination of the software profiles suggested that these selection 
heuristics could be related to application areas ( e.g. planning, warehousing. distribution, and order processing), 
operating system to be used (e.g. Win 95/98/2000/NT. UNIX, Linux, etc.), and price. Test scenarios were 
developed to illustrate the application of these software heuristics. These results show that the heuristics employed 
provide an effective way of filtering the many SCM software to identify in a timely manner the "best" candidates. 
Detailed evaluation of these alternatives can then be conducted and a business case prepared for the "winner". 

Figure 2 provides an A, B, C classification of the software based on the price of a l 0-user system. Prices range from 
the least expensive ($7,500) to the most expensive ($2.000,000). Figure 3 summarizes the operating systems used 
by the SCM software products. 

The results show that UNIX, Windows 95. and Windows NT are the most frequently used operating systems for 
supply chain software. These data show that Manguistics5 ( l 0%) and Optimum SCE Series ( 12%) have the most 
variety in operating system availability. While most available software can run on several operating systems, 
overwhelmingly. the Unix and Windows systems (\\iindows NT. NT 4.0, Windows 98 and Windows 95) were the 
most common platforms. The Optum SCE Series (Optum. Inc.) operates on 7 of the given operating systems. 
Manugistics (Manugistics. Inc .) operates over 6 operating systems. Value Chain Solutions (Logility, Inc.), Tetra 
CS/3 (Sage Tetra), and SynQuest Supply Chain Performance Suite (SynQuest, Inc.) each operate on 4 of the given 
operating systems. 

The software survey used indicated that most of the companies providing SCM software are small-to-medium sized, 
privately owned firms. This is a strong indication of the newer breed of technological innovators that have planted 
themselves in the market to challenge the dominance of the larger, more established leading software developers like 
Oracle. Inc. and SAP AG. Most of these small firms have limited product offerings, with a great number of them 
offering only one product. Fifty percent of the software providers were based in the Northeastern region of the 
United States. However. a great number of the organizations do have international offices. Depending on the 
business area of focus viz. Order Processing. Distribution, Warehousing and Planning, the price of the software 
ranged from a low of $7,500 for TruckStops for Windows by MicroAnalytics (Distribution function) to a high of 
$1.5 million for the Caps Logistics' suite of products, including Supply Chain Planning Suite for planning, and 
TransPro and RoutePro for distribution. However, many products perform similar functions and it cannot be readily 
inferred that higher-priced product suites offer substantialiy increased benefits,. To illustrate, TruckStops for 
Windows contains the most powerful cost minimization routines available in a commercial routing system. 
Customers who have compared TruckStops to other routing software report that TruckStops equals or betters the 
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performance of its competitors, routinely producing results 3% to I 0% better in benchmark studies. Clients include 
Airborne Express, 7-Eleven, Ryder, Frito .. Lay and UPS Worldwide Logistics [9]. 

Figure 1. Software Selection Methodology 

Develop a Long List of Possible Candidates 

Filt~r using Selection Heuristics 

Cost, Operating System. Lead Time and Key 
J:',a,,;at1,r,ac 

NO 

Eliminate from Further Analysis 

Evaluate Shortlist with a Scoring Model 

NO 

YES Eliminate from Further Analysis 

Detailed Evaluation of Finalists 

NO 

YES Eliminate from Further Analysis 

System Implementation 
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CONCLUSION 
The methodology developed offers a systematic approach to software selection. Although this paper focuses on 
Supply Chain Management software, the methodology has been applied to other Applications Software including. 
Geographical Information Systems, Online Purchasing, Project Management, Data Mining, Ergonomics, 
Scheduling, and Enterprise Resource Planning systems. This approach provides a robust framework for effectively 
integrating the information processing and management capabilities of the Internet with the initiative and skill of 
analysts in developing good solutions for ongoing business problems. 
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Classifi- Price Company Product 
cation 
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A $250,000 Aspen Technology, Inc. MIMI 

$250.000 Loeiliry. Inc. Value Chain Solutions 

$200,000 Optum, Inc. Optum SCE Series 

$150,000 Caps Logistics, Inc. Supply Chain Planning Suite 

B $150,000 Caps Logistics, Inc. Transportation Suite 

· $150,000 Caps Logistics, Inc. Asset Routing & Scheduling 

$125.000 Lilly Software Assoc .. Inc . Visual Distribution 

$100,000 Manhanan Associates PkMS 
$100,000 Manugistics, Inc. Manugistics5 

$100,000 Sage Tetra Tetra CS/3 

$100,000 SynQuest, Inc. SynQuest Supply Chain Performance Series 

C 
$60i000 HarrisData Harris Manufacturing Enterprise (ERP) 

$60,000 Manhattan Associates Slot-it 

$50,000 AIM Computer Sol'ns. Inc. 'AIM Vision 
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$20,000 SKEP SKEP 

. . S?.500 MicroAnalvtics TruckStops for Windows 

Figure 2: ABC Price Classification of SCM Software 

OPERA TING SYSTE!\1 j I 
I I 

Win Win :'liet Win ~T AS/4 OSI UNIX Dig AIX HPUS OSI J \'MS Web- # of Operating 
PRODUCTS 95 98 Ware NT 4.0 00 400 -ital based Systems used 

Clients by Product 
SKEP X X X 3 

AIM Vision X X 2 
"MIMI X· X 2 

Suppl;· Cham Planning X X 2 
Transporta11on Sune X X 2 

Asset Routing & Scheduling X X 2 

HarrisData Manufacturing 
X X 2 Enterprise (ERP) 

HarrisData Distribu11on 
X X 2 Manal!ement Svstems 

Vivaldi X X X X 4 

\ '1sual Distribution X X X 3 
\ 'alue Cham Solutions X X X X 4 

PkMS X X X 3 
Slot-It X X- X 3 

Manug1s11cs5 X X X X X X 6 
TruckStops for Windows X X x . 3 

Optum SCE Series X X X X X X X 7 

Tetra CS 3 X X X X 4 -
SynQuest Supply X X X X 4 

# of Products using the 
11 6 2 12 6 3 2 9 I I 1 1 I 2 Operating System -

Figure 3: Operating Systems used by SCM Software 

404 



DEVELOPMENT OF A WEB-BASED MATERIALS MANAGEMENT SOFTWARE 
FOR SMALL AND MEDIUM SIZED COMPANIES IN COMPOSITES INDUSTRY 

Dr. Can Saygin • and San jay ·Kumar Karnam 
Integrated Systems Facility 
(http://www.urnr.edu/~isf/) 

University of Missouri - Rolla 
Engineering Management Department 

1870 Miner Circle, Rolla, Missouri 65409 USA 
Phone: 573 -341 -6358 Fax: 573 - 341 - 6567 

E-mail: saygin@umr.edu 

ABSTRACT 
This paper presents a prototype web-based materials management software developed for the Small and Medium
sized Enterprises (SME) incubated at the Lemay Center for Composites Technology located in St. Louis 
(http: //www.lemay.umr.edu). The framework is based on a common dynamic database that links materials 
management related decisions with the factory floor. Several administrative, purchasing, quality control. inventory, 
sales. and disposal operations are integrated in a suite of JAVA-based software modules, which manage the data 
transactions. The software modules are accessible over-the-Internet via HTML-based user interfaces that allow data 
storage and retrieval for on-site and off-site users. One of the distinctive features of this framework is that the 
environmental rules and regulations as well as waste management procedures are integrated with various inventory 
management methods. This paper discusses the underlying system architecture and the implementation issues along 
with the recommendations for future work. 

INTRODUCTION 
In this study, a web-based prototype materials management system has been developed to support the materials 
management operations and the monitoring and control of the hazardous waste of two SM Es incubated at the Lemay 
Center for Composites Technology located in St. Louis. Due to its web-based design and JAVA-based operation, the 
framework presented in this paper can easily be generalized for distributed materials management activities of 
similar enterprises. 

The use of manual. non-computerized materials management methods has been the primary motivation behind this 
study. Due to inefficient storage and retrieval of data. manual methods lead to inaccurate inventories. over ordering, 
hoarding of materials. and ineffective waste disposal processes . These factors cause higher storage and disposal 
costs . In addition, manual methods cause redundant data storage and synchronization problems among the 
cooperating· SMEs. 

LITERATURE SURVEY 
This study encompasses three areas: 1) Computer technologies that enable web-based management of data, 2) 
Inventory management models. and 3) Management of composites. In this section. a brief literature survey on each 
area is presented. 

Computer Technologies: Attributed mainly to its portability and security control system, the widespread use of 
Java in network-centric computing gives Java the lead in client/server programming and mobile computing (Pitoura 
and Samaras, 1997; Papastavrou, 2000). Java is a platform-independent language that can be used to deploy 
applications over the Internet. Key to Java ·s universal deployment is its dual-tiered architecture, which consists of 
the Java Virtual Machine (JVM) on the one hand. and the Java classes and Application Programming Interfaces 
(APls) on the other (Atherton, 1998). An important area of Java development is to create Java-based software and/or 
tools with the capability of accessing databases over the Inte~et (Guang, Ip, and Zhang, 1998). Moreover, the · 
already established Java Database Connectivity Application Programming Interface (JDBC-API) and the constantly 
growing and refining of JDBC drivers have drawn the attention of major database vendors (Jepson, 1997a, 1997b; 
Greem, 1997). On the other hand. the e.mergence and widespread adoption of the Web offers a great deal of potential 
for the development of collaborative technologies as an enabliDg infrastructure (Bemers-Lee et al., 1994; Bemers-
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Lee and Connolly, 1995; Bemers-Lee, Fielding, and Frystyk, 1995; Qreizy and Kaiser, 1997; and Yang 2000). The 
popularity of the Web suggests that Web browsers may offer a compelling end-user interface for a large class of 
applications including database management systems. Thus, an important issue is to combine these two 
technologies, namely Java and Web, for the retrieval of information residing in database systems (Papastavrou, 
2000), which ,is the main focus of this study. 

Inventory Management: The ability to manage inventory levels in a cost effective and efficient manner is of vital 
imponance to _any company (Picksley, Brentnall, and Squires, 1997). Since inventory represents idle capital. an 
effective inventory management policy is essential. The benefits of having such a system integrated into the master 
manufacturing database, handling all the optimum decisions regarding how much and when to order an item are 
evident (Adas, 2000). Several models outlining inventory systems, such as continuous review, multi period and 
multi-item n-period models, exist in the literature (Love. 1979; Peterson and Silver, 1979; Ehlers et al., 1994: Ahn et 
al., 1994). These models are based on optimizing a cost function that includes setup, purchasing. holding, and 
shonage costs. 

Management of Composites: Due to the threats by hazardous materials to communities·, management of restricted 
material content, hazardous materials. as well as composites~ has become an increasingly significant issue. The 
threats posed· by hazardous materials to .communities and environment have resulted in strict regulations 1• As 
required by OSHA in 29 CFR 1910.1200, a Material Safety Data Sheet (MSDS) is generated for each material by its 
manufacturer to provide the users with various data about it.s characteristics (Woodside, 1993). MSDS includes 
information about names of chemicals and common names of the materials, physical and chemical propenies, 
physical hazards, health hazards, primary routes of entry, permissible exposure limit, carcinogens. safe handling 
procedures,_ control measures, emergency and first aid procedures, information on manufacturers and other related 
information. In their paper, Cox and Sweatman ( 1999) outline the international regulatory parameters driving the 
need for restricte_d material management, and they present an effective management system that is currently being 
implemented by electr_onics industry. 

Research in the area of web-based applications has been developing rapidly in recent years. Many of these 
applications involve interaction with databases. Nair et al. ( 1996) present a web-based simulation package. An 
imponant component of their approach is that they integrate the Java simulator with a Database Management 
System. The conceptual basis for this integration is an environment based on Query Driven Simulation, which 
allows simulation analysis to study the performance of systems simply by querying a database. The three main 
aspects of their software environment are simulation. animation, and database access. Pradhan and Huang ( 1998) 
present a virtual manufacturing information system using Java and JDBC concepts. The paper deals with the 
implementation of a .three-tier database syste~. using Java and JDBC. and creation of an innovative. and intelligent 
interactive ordering system on the Internet. Yeo et al. ( 1999) present a web-based inventory management system, 
which documents the results and ·the experiences ·ga·ined in deploying the first intranet-based system in an 
organization through the development of a multimedia inventory management system. The system serves to provide 
an accurate means of storing and retrieving multimedia information thereby providing quick turnaround time for 
props management and tracking. Veith et al. { 1999) present a Java-based discrete event simulation package, namely 
Netsim, developed entirely in Java for the In~ernet. Netsim suppons and enhances the existing web environment for 
users of all levels. The package emphasizes on maximum user interactivity and cross-platform capabilities. 

The study presented in this paper does ·not intend to improve existing or develop new inventory models. The 
objective herein is to develop a prototype web-based software environment that integrates various aspects of 
materials management with the recent computer technology. 

SYSTEM ARCHITECTURE 
The web-based software environment developed in this study is built on a 3-tier architecture. The lower tier is the 
common dynamic database developed in MS Access. This tier suppons materials management related data 
transactions among the computers over the Internet. The middle tier consists of JDBC-ODBC driver, Java Web 
Server, and Servlets. Web browsers reside at the top tier, which consists of HTML-based user interfaces. The JDBC
OD BC driver links the middle tier with the database at the lower tier. The overall system architecture is depicted in 

1 
The Integrated Materials Management System, A Hazardous Materials Ma11agement Program: Proceedings of IEEE Aerospace & Electronics 

Confercnce-NAECON 1994. Vol2 , pp 1280-1287. 1994. 
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Figure 1. The database can reside either on the server, as shown in Figure 1, or on another computer connected to 
the Internet. 

The study presented in this paper has been motivated by the lack of a flexible, computerized, yet low-cost system for 
management of composite materials at the Lemay Center. The system should support multiple network transport 
protocols, be accessible over the Internet, support existing hardware with little or no _modification. and must be 
secure, fast, and easy to customize. The functions expected from the software were determined at the beginning of 
the project as follows: 1) Search the inventory by various parameters; 2) Provide shelf life tracking by monitoring 
expiration dates; 3) Have an online MSDS management module; 4) Provide online reports_; and 5) Have an online 
waste management module. 

HTML User Interfaces 

.. W•b a,ow••~e., ( l~L < 12L 
Tier 1 

Internet 

•► ........ ◄ 
Windows NT Server 

~ 
JDBC 
API 

Tier 2 
JDBC-OOBC 

Bridge Driver 

Tier 3 MS Access Database 

Figure 1. System Architecture 

Based on the requirements analysis conducted with the Lemay Center staff and the two SMEs, the database has been 
designed to include the following modules: 

(a) Inventory Management 
(b) MSDS Management 
(c) Waste Management 
(d) Customer-Vendor Data Management 
(e) User and Permissions Management (Security System) 

Tier - 3: Database 
The entity relationship (ER) diagram of the database. which has been developed in MS Acces~, is shown in Figure 2. 
Data are categorized according to various functions and stored in database tables that are linked to each other in a 
one-to-one or one-to-many relationship. In addition to its web-based operation, the features, which make this 
software different from traditional inventory management software, are inclusion of waste management and MSDS 
modules. 
Tier - 2: Servlets 
A servlet is a small, pluggable extension to a server. such as a Java Web Server, that enhances the server's 
functionality . Servlets form a part of the middle tier. The servlet programming uses Structured Query Language 
(SQL) to interact with the database. In this study, each servlet executes a particular set of fundamental tasks. These 
fundamental tasks include retrieval, update, deletion. and insertion of data. Depending on the type of data processed 
(i.e. retrieved, updated, deleted, or inserted). several applications take place with the execution of different servlets. 
Tier - 1: HTML User Interfaces 
The user interfaces have been developed using Hypertext Markup Language (HTML). These interfaces, which have 
different functionalities customized for different user types, form the front end of the materials management 
software. The user types include customer. inventory manager, and administrator. The administrator has all the 
rights, including setting up the system. authorizing passwords. and providing access permission to the customers and 
inventory managers. The users, as customers or inventory managers, can logon to their HTML pages after entering 
their user names and passwords. The HTML user interfaces interact \\'ith the database via the servlets. 
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Figure 2. Entity-Relationship Diagram 

SOFTWARE PACKAGE 
The hardware and software components of the prototype web-based materials management system presented in this 
paper include a server running ori Windows NT operating system that has Java Web Server 2.0 and JDKI.2.2 to 
compile the servlets. In addition, the system requires client computers running on any operating system with a web 
browser such as Microsoft Internet Explorer or Netscape Navigator. The client computers are used by the SMEs, 
inventory manager(s), administrator, and customers. 

The developed prototype softv.rare package includes fifty HTML pages. thirty servlets. and nineteen database tables. 
Figure 3 shows the structure of the software and Figure 4 shows some sample screenshots. 

The main menu includes customers, inventory manager, and administrator options, which are the user types 
described in ·the previ.ous sectiori. After choosing the right user type on the main menu. each user enters his/her user 
name and password in order to logon to hisiher customized user interface. The customers user interface includes 
order entry and order tracking options. The inventory manager can add/delete data, generate reports, and associate 

. materials with related inventory models using the options on the invento,y manager interface. For each material, the 
total cost and lot size calculation are afso av~ilable on this user interface. The administrator interface allows the 
system administrator to generate reports, track orders, and add/delete users-related information. 

CUSTOMERS 

Order Entry 
Order Trackinq 

MAIN MENU 

INVENTORY 
MANAGER ADMINISTRATOR 

------- ·-- . - - ---
ADD/DELETE DATA 
Material 
MSDS 

. Product 
BOM 
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Vendor 

REPORTS 
Material 
MSDS 
Product 
BOM 
Waste 

INVENTORY MODELS REPORTS ORDER TRACKING NEW USER 
Inventory parameters Material 
Total cost and lot size MSDS 

Vendor 
Inventory Status 

Figure 3. Software Structure 
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Figure 4a shows the login page, on which the users enter their user names and passwords. Figure 4b shows the add 
materials interface used by the inventory manager·to add a new material to the database. The add inventory 
parameters interface is shown in Figure 4c. This interface is used by the inventory manager to associate materials 
with inventory models. The models used in this srudy are deterministic, Uniform Replenishing Rate (URR) and 
modified URR inventory models. Once an inventory model is assigned to a material. the total cost and lot size of the 
material are calculated by the formulas associated with each·model. Figure 4d shows one of the MSDS-related 
forms. This panicular one is used to add toxicology information, as a pan of the MSDS. to the database. Figure 4e 
displays the results of a query for an MSDS. Similarly, the results of a query for a BOM are displayed in Figure 4f. 
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Figure 4. Sample Screenshots 
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The web-based materials management sofnvare developed in this study aims to integrate various operations among 
the SMEs and the Lemay Center. Due to its web-based design and JAVA-based operation. the developed software is 
modular and expandable. Hence. new software modules can easily be integrated without alteri~g overall system 
architecture . In addition. the software environment is ponable on different hardware platforms and operating 
systems. 

The benefits expected from the implementation of the developed prototype system can be summarized as follows: 
• · Reduced materials and waste disposal costs as well as materials shortages by more efficient 

inventory control. 
• Increased efficiency and reliability of reports . 
• A safer working environment while demonstrating environmental responsibility. 
• Due to its open and generic architecture, it gi\·es an overall view of the inventory of materials, 

work-in-process, products. and waste, and yet this view is transparent to the cooperating SMEs. 
• Due to its web-based structure, the system can be accessed by any organization from anywhere in 

the globe, especially for mobile managers who can expedite the business processes or clients who 
require cenain products. 

• Better waste management is possible due to updated and reliable waste repons. 
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The current prototype software can be improved in several ways. ~irst, new functions such as order cancellation, 
credit card transactions, and complex queries for waste management can be added. Second. a bar code system can 
easily be integrated with the current database in order to provide automatic data collection on the shop floor. Thus, 
manual data entry, which is the current practice, can be minimized. 
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INTRODUCTION 
To adapt to a user effectively and correctly, an agent system must be able to characterize and distinguish individual 
users. This system establishes a collection of the system's beliefs about various users' characteristics. has become 
an important component in adaptive interface systems. An interface equipped with user modeling component is able 
to tailor its responses to individual users. Generally, an adaptive interface has the following advantages: 

• . Economy of the interaction: The dialogue may be short, more precise. better focused and understandable. 
Since system responses can rely on default knowledge already stored in the user model. the system kno'ti·s 
what the next optimal response should be to help the user perform the task. 

• User acceptability: The dialog is individually tailored. Thus, it becomes more acceptable to the user. In 
addition to providing a clearer dialogue, a user model can provide the basis of explanations of the solution 
to users. It can also detect the user's misconceptions in the task performance; and therefore, it can provide 
justifications for the adaptation. 

• Effectiveness and efficiency of use: The access to the target system and its use may become more effective 
and efficient, in terms of both quality and cost of the performance. 

It is widely recognized that computer systems should adapt to users in an intelligent and cooperative manner. It is 
also evident that computer systems can acquire these capabilities on a large scale only if they have the knowledge 
about users and the tasks that the users are performing. Constructing. maintaining. and utilizing user models has 
become an active research area. Since the mid-eighties. user modeling research has focused on four different but 
interrelated domains: human-computer interface. natural language dialog systems (Kobsa, 1990), intelligent tutoring 
systems and information retrieval (Ballim. 1999). In an adaptive interface. agent system is a primary mechanism 
that allows the system to tailor its responses to individual users during the interaction. A wide variety of user models 
have been proposed. In order to adapt to users, an agents system must address the following issues: 

• The existence of information or knowledge about the user. the task. and the context of interaction; 
• The approaches of eliciting the above information or knowledge: 
·• The strategies of utilizing this information or knowledge. 

KNOWLEDGE SOURCES OF AN .AGENT SYSTEl\1 
The contents of a user mode used by an agent can directly affect the user-computer interaction. Given a task, 
different user models usually cause different system responses . Some or all of the following aspects might be 
incorporated into a user model (Boy, 1997): 

• User's knowledge about the system and proficiency regarding the system operations. 
• User's goals that underlie the tasks being performed; the plans that a user follows to achieve the goal; and 

the beliefs held by a user regarding a particular domain. 
• User's preferences and cognitive characteristics. 
• Characteristics about the tasks . 

The contents of the user model vary greatly from application to application. Rich ( 1983) classifies the information 
incorporated in a user model through three domain-independent dimensions: 

• The long-term/short-term dimension : Long-term models describe relatively static characteristics of users, 
while short-term models describe specific topics , and goals in the current discourse. The dimension 
characterizes the persistence of a user model established during an interaction. 

• Canonical I individual dimension: A canonical model only describes the characteristics of a "typical" 
system without considering the individual differences among users, while an individual model concerns 
those characteristics that are highly salient and relevant to the task being performed by a specific user. 

• Explicit/implicit dimension: This dimension concerns how to elicit and represent the information from the 
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previous two dimensions. The model is specified directly by a user or established through observing user 
· behavior in the.interaction. A mechanism for inferring the individual models from observed events must be 

provided. 

Given this ~ontext, similar classifications, such as given vs. inferred, or static vs. dynamic, are also proposed. The 
idea of this classification is to provide a generic consideration on how the user model is established and utilized. 
Obviously, this classification does not provide an insight into the dynamics of a user model. which includes a user's 
progressive· or evolutionary capability, a user's cognitive style, as well as a user's mental workload in task 
performance. These dimensional settings are consistent with each other. Some also imply others. Essentially. they 
attempt to characterize knowledge about a user in four aspects (Chen and Norcio, 1997): 

• lnfonnation persistency or temporal extent 
• Methods of knowledge elicitation and representation 
• ·;._,.. ee of specification 
• ta tionships between these three aspects 

The knowledg for constructing a user model may encompass three areas: 
(]) User's domain knowledge and task related characteristics. The user model should be able to 

characteriz'e and to distinguish betw~en individuals. The information about a user's domain knowledge, capacities, 
and cognitive preferences should be obtained for each user in order to adapt to the task being performed. Also, the 
predicted user's beliefs, goals and plans are the components of a user model. . 

(2) Task information. While the term "user m'odel " emphasizes the information about the person's long 
term and short-term characteristics, it is obvious that a great deal of task information may be encoded in the model. 
It is suggested that dynamic information about a user's current state in task performance is more important than the 
user's long-term characteristics for generating an appropriate system response. The GOMS model is one o( the 
common approaches for predicting the task performance (Card er al., 1983 ). 

(3) K;wwle_dge of the interaction. A user model should be able to keep track of the current human computer 
dialogue. It requires kn·owledge about how the interaction is constructed and what information may be implied from 
it. A transition diagram of a dialogue can be considered as a representation of such knowledge in a user model. 

KNOWLEDGE ACQUISITION AND REPRESENTATION IN USER MODEL 
Norcio and Chen ( 1997) summarize three c~rnmon approaches for establishing ·a user model. They are: 

• Classify users from novices to experts according to their operational proficiency and domain expertise, 
• Compare a user's knowledge against an expert's knowledge. and 
• Characterize users by a set of stereotypical traits. 

The ways 9f constructing a user model can be ~lassified as explicit elicitation and implicit elicitation: 
( l) Explicit information elicitation. Th~ information needed for a user model is learned directly from the 

· user's input. The system. may prompt the user for characteristics regarding a certain task. The user's response to 
these questions can be formed as an initial profile. An example is the Grundy system that is used to model a user's 
social status such as sex, age, and occupation (Rich, 1983: Hoeppner et al .. 1996). 

(2) Implicit informarion elicirallon. Through monitoring the human-computer interaction, infonnation 
about a user can be obtained indirectly. The system deducts the user model contents according to observations on 
various factors. These factors are · usually domain dependent. However, they could be domain-independently 
classified as behavior dara and conceptual objects. 

A user model functions onlv as the aQent's knowledee base about the user. Its establishment should not become the 
user's obligation and workload. Th~refore, the b;lance between explicit elicitation and implicit elicitation is 
important for effectiveness of the agent system. The modeling process should be transparent to the user. Actually, 
explicit elicitation may not guarantee the validity ·of obtained information. For instance, a . user's claimed 
programming skill as "excellent" may not fit the system's criteria. However, this transparency may raise some social 
or psychological issues. For example, a user may be· reluctant to be modeled and may make his behavior abnormal 
for various reasons. In the user n:iodeling process consistency is a major concern in this process. The acquired 
knowledge should be incorporated into the existing user model without causing any contradiction. Usually default 
reasoning and evidential reasoning are utilized (Huang, 1991 ): · 
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ASSUMPTIONS AND STEREOTYPES 
It is a common practice to use a set of pre-defined assumptions to initialize the system's beliefs about its users and 
the tasks they are performing. Stereotypical knowledge is organized into a generalization hierarchy in which the 
stereotypes inherit knowledge from their ancestors. In a stereotypes hierarchy each node in the hierarchy represents 
a stereotype regarding a certain task. Each node can also be associated with a set of attributes or assumptions that 
are used to justify or describe the corresponding stereotype. One stereotype subsumes another if it can be considered 
to be more general. 

Usually, the agent system proceeds user modeling from the root of the hierarchy. If one or more assumptions are 
verified by certain facts or observation during an interaction, the stereotype that contains these assumptions is 
activated and then added into the current user model. As the interaction progresses, more and more stereotypes are 
activated and the user model becomes more informative. Initial knowledge about a user comes from the system 
assumptions. To infer a user's characteristics, user modeling system must establish extensive assumptions. Each 
assumption is pre-defined with conditions that need to be satisfied before that assumption can be applied to the user. 
If a user fulfills the conditions, the _assumption can be ascribed to the user. This ascription is normally contingent on 
an absence of conflict with other information previously known to the system. The user model is revised when the 
agent system observes new facts that conflict with the active stereotypes. It deduces the negated fact fro.m the 
current assumptions, informs the application system about recognized inconsistencies, and answers queries 
concerning its current assumptions about the user's level of expertise. The revision is done by replacing the active 
stereotype with its closest ancestor that does not conflict with the observed facts . The stereotypes in a parallel path 
are considered as possible replacements. 

FORMING ASSUMPTIONS 
In a stereotype hierarchy, all assumptions are directly or indirectly activated by the user's input. There are various 
techniques for transforming a user's input into. There are two types of approaches for forming assumptions: 

. (1) Forming the assumptions based on the user's input. Sometimes a user's input can be directly 
incorporated into a user model as long as this input directly states the information about what is required and what 
the use believes. For example. the system can pose questions to the users that have been devised to elicit responses 
that are most relevant to the preconditions of the assumptions. If the assumption cannot be made directly from a 
user's input, a content-dependent inference must be conducted. For example, if a user's input is a question, it usually 
implies several alterpative assumptions. The syntactic and linguistic analysis on how this question is prompted can 
also underlie a set of assumptions. 

(2) Forming the assumptions based on the dialogue. The interaction between the user and the computer 
system also contributes new entries to a user model. All traits involved in a dialogue, such as system's navigation 
plan. syste·m response, user's utterances, and feedback actions can be these entries . For example, an answered 
question is assumed to be understood by a user. Therefore, the user should not ask the same question in a later 
dialogue. 

In the context of modeling a user's domain knowledge or conceptual knowledge, some "common sense" rules can be 
used to form assumptions directly from the user's direct input. 

• Transitive rule. If a user knows that the concept C implies B, and that B implies A, then the user knows that 
CimpliesA . 

• Inheritance rule . If a user knows that concept A has attribute description X, and B is a subtype of A, then B 
also has attribute description ,r. · 

• Compass rule. If a user knows that concept A has attribute descriptions XJ , .... Xn, and B has YJ, .. ,, Y m• and 
that each of the X; is a special case of some }'-, then the user knows B implies A. 
The following rules-can also be useful for indirectly adding the information into the user model. 

• If a user mentions a concept in a dialogue, then the user either knows the concept or does not know the 
concept, depending on whether or not the user requests an explanation for this concept. 

• If a user mentions an attribute description of a concept, then the user believes that the concept has such an 
attribute. 

• If a user uses new terminology and the user does not ask for clarification, then the user understands the 
terminology. 
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Conflicts between the. conclusions/predictions based on different stereotypes are difficult to solve. There are 
Domain-independent strategies suggest the selection of the following predictions instead of the conflicting 
stereotype predictions: · . · 

• The average value, if the predictions in a conflict are numerically valued. 
• The least upper bound, namely the closest shared ancestor of two stereotypes in the generalization 

hierarchy. 
• The predic.tion based on the stereotype that has been active longer, since it should be better established. 
• The prediction based on the more recently activated stereotype, since it is more current. 
• The prediction that has never been involved in any conflict. 

The stereotyping approach is one form of default reasoning. In a default reasoning system if the underlying 
knowledge never changes, or if a reasoning system never re-exams any conclusion, it is called a monotonic system. 
A non-monotonic reasoning system differs from the monotonic reasoning in that it is often necessary, when a 
conclusion is deleted from the current knowledge base, to review other conclusions whose proofs depend on the 
deleted one. In a default reasoning system, assumptions may need to be either eliminated or to have new proofs 
that are valid based upon the current knowledge base. Deleting a single assumption may have a significant effect on 
an entire · 1,rnowledge base, because all assumptions must be deleted to maintain the consistency. In turn, these 
deletions can cause further deletions in the knowledge base. Thus, a change is propagated throughout the knowledge 
base. It is very important that a non-monotonic reasoning process not spend all its time propagating changes. 
Otherwise, it is not a stabie system and the credibility of•any conclusion it draws is doubtful. To propagate changes 
in the knowledge base and to check the validity of the proofs, the default reasoning needs to keep track of all results 
in the process. Thus, a non-monotonic system requires more storage space and processing time compared to the 
monotonic system (~e Kleer, 1989). 

·SOME LIMITATIONS OF CONVENTIONAL STEREOTYPE APPROACHES 
Although the stereotype approach provides a simple way to initialize the modeling process and is successful in some 
applications, this approach limits the representational power of a user model in the following three aspects: 

{1) Reasoning under uncertainties. Since reasoning is conducted with extensive default assumptions that 
may conflict with the new evidence obtained as the interaction progresses. the revision of stereotypical knowledge 
is necessary to handle the inconsistencies. This in turn can cause dependency-directed backtracking that is a non
monotonic process. Since the conventional truth maintenance approach examines one piece of evidence at a time, it 
is often ineffective or even impossible to detect noisy or inconsistent inputs that should be ignored. This 
phenomenon, for instance. may be observed in a t\ltoring system where the student's input often carries some 
incons.istencies that may have nothing to do with understanding the tutorial concepts and, therefore, should be 
ighOred in the modeling process. · 

(2) Personali=ation. A generalization biera~chy also provides a simple way to classify a user into certain 
stereotypes. The user model must capture the individual differences in order to tailor the system response to fit a 
particular user. Therefore, very often this clas.sification must be as subtle as possible. But the pre-defined 
hierarchical structure is sometimes . too inexact to characterize a particular user. This limits the degree of 
individualization in the sense that all assumptions or anributes are confined within a stereotype. They must apply to 
a certain stereotype at all times. However, it is very possible that a user fits one stereotype but may not fit some 
attributes defined in that stereotype .. The generalization hierarchy lacks the ability to justify such a situation. In 
addition, it is obvious that the representation power depends on the number of stereotypes rather than the number of 
assumptions. 

(3) Feature identification. Since the stereotype hierarchy is logically organized, it may not be appropriate 
for dynamically extracting a user.'s short-term characteristics that change over time and temporally exhibit great 
varieties regarding the current task. For instance, it is very realistic that a user might demonstrate both expert and 
novice traits for the same task. · In that case, the hierarchical classification of characteristics via few dimensions 
might not be able to provide consistent information for . the system to adapt the current interaction. It may fail to 
recognize the irrational data about a user's behavior.. Whether such data need to be taken into account should 
depend on the examination of overall behavior panerns. 
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. SUMMARY 
This paper presents the importance of user modeling techniques for improving the adaptability of agent systems. 
User models have become important components of adaptive human-computer interfaces. Agent systems will be 
abl·e to exhibit flexible user-oriented behavior if it has access to a model that consists of assumptions about the 
user's characteristics in performing certain tasks. These characteristics are usually task-related, such as the user's 
plans, goals, background knowledge, and cognitive preferences. 

It has been a common practice to use a set of stereotypes to initialize a system's beliefs about its users and the tasks 
being performed. The pre-defined stereotypical knowledge is organized into a generalization hierarchy. The 
modeling process proceeds with a stereotype assignment using default reasoning. This paper discussed the issues of 
knowledge elicitation and representations involved in the modeling process. The limitations of the stereotyping 
approach in generalization, individualization, and default reasoning were presented. The uncertainties involved in 
the user modeling were identified. These uncertainties primarily originate from the incomplete and inconsistent 
inform~tion about users. Most agent systems use the ad hoc approach to handle the uncertain information, which 
may fail to generalize, and weakens .the theoretical foundation of uncertainty management considerably. 

In addition, the study of user cognitive characteristics (e.g., performance models or mental models) is also very 
important to user modeling. The performance models emphasize the decomposition of tasks in a generic way. and 
mental models are concerned about individual differences. These models may supplement each other to facilitate the 
understanding of human-computer interactions. 
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ABSTRACT 
Business Process Reengineering (BPR) has had a tremendous industrial and academic impact by emphasizing the 
notion of process. It has not provided, however, rigorous principles for validation and optimization of redesigned 
processes by focusing on reduction of process cycle times and workers. Current infonnation technologies such as 

· groupware and workflow management have focused on automation of processes and sharing of process-related 
infonnation ." Increased interests in virtual enterprises in the global Internet business environment require a new 
paradigm that encompasses process design/redesign and integration, process validation and optimization, process 
automation and control, process data exchange among organizations, and management of business process 
knowledge. This paper proposes Process Engineering as a new paradigm that provides rigorous solutions to these 
issues. Process Engineering aims to .integrate processes using XML (eXtensible Markup Language) and suppon 
design, analysis, automation, and management of business processes knowledge. Process definitions and data related 
to them are integrated using XML which will be translated to a colored Petri net. Various analysis and simulation 
can be performed to check the validity of a new process· and estim~te its performance. Further. process knowledge 
can be created and managed by collecting all the data related to process definitions and the process execution results. 
This paper also introduces an XML-based process definition language for Process Engineering. The language can 
represent · the . following four type of information related to a process: standard business processes specifica1ion 
information suggested by the Workflow Management Coalition, extended transactional information in terms of 
process task states, business rules, and application data and knowledge. The last component is required for process
centric integration and process knowledge management. Defined processes can be easily exchanged among 
organizations and transfonned into various formats depending on user's requirements because the suggested 
language is based on XML. A prototype system, developed using Java, for process design to support the suggested 
language is briefly demonstrated. 

INTRODUCTION 
After M. Hammer's proposition of BPR, the notion of business processes has anracted tremendous anraction from 
all over the world. Many enterprises became interested in process impro\'ement and automation to obtain customer 
satisfa_ction, improve efficiency and operating cost. and maintain strategic competiti\'e advantage. BPR has not 
provided. howe\'er. rigorous prindples for' validation and optimization of redesigned processes by focusing on 
reduction oJ process_ cycle tim~ and workers. . . 

Recently, enterprises are shifting focus to new information technology and new paradigms for business process 
management. Workflow management has been suggested as a major information technology for managing business 
processes. It tries to automate business processes by delivering necessary documents, information, and processes 
according to predefined rules [WfMC99b]: Workflow management is in its primitive stage, hence, does not provide 
the theories, techniques, or methodologies required for the optimal design, integration, operation, and knowledge 
management of business processes. 

The histor~c development in information technology and the Internet, frequent mergers and acquisitions (M&A's), 
and strategic alliances between companies are changing the enterprise management paradigm. In these trends, 
enterprises need to design, evaluate, and optimize the entire process chains, including demand forecasting, ordering, 
designing, production, service, and research -and development. Furthermore, interests in yirtual enterprises require 
process sharing and the capability to analyze and integrate existing processes to design a new business process. 
Therefore, a new paradigm is required to integrate, design, and operate business processes beyond the limitations of 
workflow and BPR. · Process Engineering, as a new._paradigm for business process management, aims at providing 
the theories, techniques, and methodologies to integrate processes and to support design, analysis, automation, and 
management of process knowledge: Various process definitions and data related to them are integrated using XML 
which will be translated to a colored Petri net. Various analysis and simulation can be performed to check the 
validity of a new process and estimate its performance. Further, process knowledge can be created and managed by 
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collecting all the data related to process definitions and the process execution results. 

This paper also introduces a process definition language (POL) for Process Engineering. The structure of POL 
proposed in this paper is composed of basic workflow, transactional workflow, business rule, process-oriented data 
integration, and knowledge related parts. This language is defined in the form of XML DTD for the purpose of 
transfer. The prototype system is also implemented to support easy process modeling. 
The remaind·er of the paper is organized as follows. Section 2 reviews related works on Process Engineering, XML, 
and process definition language. Section 3 describes the Process Engineering paradigm and its components. Section 
4 introduces PDL as a basic research tool for Process Engineering. Section 5 describes a prototype system that 
supports the process definition language. Finally, Section 6 concludes the paper, along with discussion of further 
research directions. 

RELATED WORKS 
Worktlow management, a basic technology of Process Engineering, has been studied in the following areas: process 
modeling and representation methodology, Petri-net based process · validation, automatic process enactment in 
distributed environments, and transactional workflow. Recently, workflow management is considered as a core 
technology for electronic commerce .. Workflow management system is suggested as the backbone of electron 
commerce. Hence, related research focuses on workflow enactment in distributed environments, interoperability 
between workflow systems and applications, and security [MWW98]. 

In the process definition area, a wealth of research includes WfMC's WPDL and NIST's PSL to establish a standard 
process definition language [WfMC99a, SGT +99]. Recently, the goal has been to define processes with XML, a 
standard Internet data format. XML applications include translating PSL into XML to exchange process information 
[LS99], translating each Interfaces into XML in WfMC [WfMC00, BYKK00], BPML which is an XML based 
process definition language [Inta99], and XRL, which translate inter-organizational workflow definition into XML 
[AK00]. 

INTRODUCTION TO PROCESS ENGINEERING 
Process Engineering aims to integrate process data using XML and support design, analysis, automation, and 
management of process knowledge. For this purpose. Process Engineering encompasses process design/redesign and 
integration, process validation and optimization, process automation and control, process data exchange among 
organizations, and the management of business process knowledge. 

Components of Process Engineering 
l) Process Modelimi and lnteeration 
The historic development of information technology and the resulting changes in the enterprise environment create 
new complexities in enterprise business processes. The new enterprise environment necessitates a definition of intra
and inter-enterprise processes as well as rapid creation, analysis, and modification. Generally, each enterprise 
defines and uses new business processes, concurrently maintaining existing processes. Therefore, integration 
between inter-organizational processes and the integration between legacy systems and new business process 
systems are required. This aspect of research includes such details as the proposal of process definition language 
with rich representation capability, defining the enterprise business rules and enforcing these rules, integrating new 
business processes with legacy processes, and the integration between inter-organizational business processes. 
2) Process Analvsis and Optimization 
Impleme~ting new business processes usually involve modifying job manuals, educating employees, and modifying 
job support systems in an enterprise. Furthermore. executing redesigned processes requires coordination with related 
enterprises, including suppliers and business partners. which entail a huge investment in human resources and 
physical investment. Therefore. a pre-analysis is required to anticipate possible errors before actual execution. 
The enterprise processes should also continuously cope with and change according to both internal conditions and 
external environments·. Generally, it is difficult to identify problems with AS-IS analysis. Further difficulties result 
from the search for improvement opportunities with TO-BE analysis. To cope with a process change and obtain 
continuous process improvement, a post-analysis is required with the current performance and execution result of 
the process. This research section also includes integration of process modeling methodology with analysis 
techniques, static analysis, and dynam.ic performance forecasting. 
3) Process Automation and Control · 
The rapid process design capability and automatic enactment of the designed processes are required to cope with 
ever changing customer demands in the revolutionary management environment of today. The possible time gap 
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between process design and process implementation may result in customers' changing demands or new 
management procedures. Therefore, an automatic enactment ·is required for designed processes. 
Process automation focuses on systematic support for process automation in a distributed environment. Process 
execution is performed by a workflow engine, which is distributed partially or completely, with the help of Web 

servers or intelligent mobile agents. 
4) Process-centric Integration 
Recently, frequent M&A's and organizational alliances require integration of organizational processes. For this 
purpose, the integration · of heterogeneous data sources has been performed in the context ·of data sharing. This 
simple data integration has revealed the limitations because it does not consider processes which use data. Currently, 
the majority of organizational functions operate vertically, while the data flow across organizational functions 
horizontally. ., 

. To overcome this situation, data integration has been tried as the forms of EAi (Enterprise Application Integration) 
and MDB (Multi Database). These approaches cannot cope with changes in dynamic processes, and the data store 
may be overloaded because of the accesses from many locations. Therefore, a process-oriented data integration 
methodology is required. 
5) Process Knowledge Management 
Usually, existing business processes usually are not explicitly defined, and are inclined to be entirely dependent on 
the worke~s. In the ne~ management environment of the information era, however. it is dangerous to execute 
processes solely on the basis of a worker's know-how because the workers are frequently relocated. Therefore, each 
enterprise should formalite their processes, visualize theIJ1 through the documentation, and manage them as a part of 
their assets. 
Process knowledge management is focused on the methodology of supporting necessary knowledge to required 
places at_ right_ time. Furthermore, this part is also interested in managing the process execution. related data, and 
execution results altogether as knowledge. 

Process Enoineering Architecture 
The Process Engineer:ing architecture is depicted in Figure 1. 

Figure_ l. Architecture of Process Engineering 

First, the users define the processes with a process design tool. Next. the defined processes are stored in XML 
format after validity checking through pre- analysis. The defined processes are then translated to Petri-net based 
Task Net. The Task Net is also defined in XML format, and simulated using a Petri-net simulator. Next, the process 
is instantiated, executed and analyzed. When the process execution is completed, the results are managed as process 
knowledge. 

XML-BASED PROCESS DEFINITION LANGUAGE FOR PROCESS ENGINEERING 
In this section, an XML-based process definition language will be explained. The structure of suggested process 
definition language consists of basic workflow, transactional workflow, business rules, process-oriented integration, 
and process knowledge management sections, as d~picted in Figure 2. The basic workflow part is an essential one 
. for process modeling, based on the process model proposed by WfMC. Transactional workflow part is added to 
model the transaction concepts. The business rule part defines the rules required for enterprise and process 
enactment. Finally, process-oriented integration and process ·knowledge management parts are unique and are not 
supported in other process definition languages. 
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Figure 2. Components of Process Definition Language 

- The Structure of Process Definition Language 
1} Basic Workflow 
The basic workflow component suppo~s the basic structure proposed by WfMC [WfMC99a]. This component is 
compatible to the Interface 1 in Workflow Reference Model, and included to define the standard process data. The 
business processes are defined as five internal objects. such as task. transition. workflow-related data, performer. and 
applications, and three external objects, such as system, environment data, and organizational model. 
2) Transactional Workflow Section 
The transactional workflow component is added to describe transaction concepts in the workflow model. In this 
paper, extension of the workflow model is based on the transactional model suggested by [Lee99]. Lee suggested a 
workflow model based on task state, task state structure. and task state dependencies. Furthermore. he suggested a 
theoretical basis for performing workflow simulation by translating process definition. including task state and 
dependency into a colored Petri-net model. With this model, pre-analysis can be performed. 
3) Business Rule Section 
Generally, business rules are categorized into data integrity rules. beha\'ior rules for business objects, and derivation 
rules '[Mart93 ]. The process definition language proposed in this paper includes basic pre- and post-conditions of the 
workflow model proposed by WfMC. and task state dependencies proposed in [Lee99]. 
4) Process-oriented Integration and Process Knowledge Management 
For the purpose of process-oriented data integration, all the process related data should be defined. The existing 
workflow systems normally support defining workflow related data to control process enactment. Our process 
definition language also supports defining workflow application data in addition to workflow-related data. Workflow 
application data is defined for the application which is called by the workflow system. Such data are not related to 
workflow systems, but describe the data definition required for process enactment and access methodology. They are 
necessary for process-oriented integration or the management of process knowledge. 
For process knowledge management. workflow relevant knowledge is defin~d to be used in executing the _whole 
process or part of it. This object is defined to have such attributes as knowledge identifier, name, description, 
knowledge type. and knowledge location. and referenced by process and task objects. The knowledge type includes 
documents, expens or Web URL's. 

Suggested XML DTD for Process Definition 
In this section, an XML DTD for the suggested process definition language is described. The suggested XML DTD 
is used as syntax for process definition. and the users define processes according to this DTD. Figure 3 shows the 
structure of XML DTD. The DTD starts with WF_MODEL ·tag. This tag is used to combine several process 
definitions and related information. The sub tags of WF_MODEL include tags such as description, process definition, 
resource, workflow related data. and performer. 
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Figure 3. Structure of Process Definition DTD 

The workflow tag consists of process, activity, and dependency tags (Figure 4). The workflow tag plays a simple 
role of binding sub-tags. Because a unit activity can be used in many process instances, we define an activity as unit 
work, and reference it in other processes whenever needed. 
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Figure 4. Sub-structure of Jforkjlow tag . 

PROTOTYPE S_YSTEM FOR PROCESS DESIGN 
A process design tool assists users to model a process in a GUI environment. Furthermore, XML documents can be 
viewed by simply applying XSL The process design tool is implemented using the client-server architecture 
depicted in Figure 5. A client module can be used in an Internet environment by disregarding the platforms with Web 
browsers because it is devel,oped with a Ja\ta applet. A server module can also _ operate in any Java-compliant 
machines because h is developed -with a Java servlet. The W3C's DOM API is used to handle XML documents. 
Figure 6 shows the main client interface. 
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Figure 6. Main Client Interface 

CONCLUSION 
This paper proposed Process Engineering as a new paradigm that can overcome the limitations of existing 
disciplines and information technologies related to business processes. It aims to integrate process data using XML 
and support design, analysis, auto:r:nation, and management of process knowledge. This paper also introduced an 
XML-based process definition language for Process Engineering. The language can represent the following four 
types of data related to a process: standard business processes specification information suggested by the WtMC, 
extended transactional data in terms of process task states, business rules, and application data and knowledge. The 
last component is required for process-centric integration and process knowledge management. Defined processes 
can be easily exchanged among organizations and transformed into various formats, depending on user requirements, 
because the suggested language is based on XML. A prototype system, developed using Java, for process design to 
support the suggested language was briefly described. , 
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ABSTRACT 
As systems with large numbers of processors become more popular (and economical), parallel language~,. 
parallel algorithms, and ways of exploiting parallelism from these systems are increasing. Recent developments 
in hardware architectures have made it possible to implement paradigms that were completely theoretical just a 
few years ago. Today's computers contain a local cache at each processor to increase processor-memory 
bandwidth. The cache increases local throughput, but also introduces the problem of global cache-coherency. 
We investigate an enhancement to an existing cache-friendly algorithm that has been proposed for the solution 
to hyperbolic Partial Differential Equations, further reducing both the number of floating-point operations and 
interprocessor communication. · 

INTRODUCTION 
In theory, parallel processing systems exploit parallelism in algorithms, reduce the computational complexity, 
and sometimes convert an intractable program to a tractable one: As systems with large numbers of processors 
become more popular (and economical), parallel languages, parallel algorithms, and ways of exploiting 
parallelism from these systems is increasing [ 1 OJ. Several factors should be considered when designing high 
performance parallel computers [3] [ 1 OJ: the algorithm. the architectures. and the programming environments 
(including sophisticated restructuring compilers). Additionally, there are system level issues to address in 
scheduling, syncnronization. and communications. Specifically, processor allocation and scheduling schemes 
are required that mfoimize execution time and interprocessor communication. A significant amount of work has 
been done on the subject of scheduling, but complexity problems have allowed optimal solutions for only 
simple cases. 

Concomitant developments in hardware architectures have made it possible to implement some of the 
paradigms that were completely theoretical jus_t a few years ago. In general, the hardware contains local cache at 

· each processor to increase processor-memory bandwidth. Such cache architectures allow faster access in local 
memory. To gq off chip, the cache· can also provide fast access to remote memory. When more than one 

· processor requests the same memory address simultaneously. the use of the cache introduces the problem of 
cache coherence: It is easy .to see that, this problem occurs each time a processor modifies a local cached value 
in shared memory. Access to the memory locatiort will not necessarily be consistent with the cached value. One 
solution to this problem has been to synchronize each processor's cache containing the shared data each time 
the data is changed. The · cost is network traffic. As the number of processors increase, the number of 
synchronization messages sent increases_ exponentially. 

If we expand our discussion to include distributed systems, keeping network costs low becomes even more 
critical. The added costs include: fransf erring messages from the bus to the network card, from the network card 
to the network switch, from the network switch to the network card on the other machines, from the network 
card to the bus of the remote machine, and finally from the remote machine bus to each processor. Each step 
described above has an associ"ated communication latency. The magnitude of these latencies depends on the 
design and technology implemented in each co~ponent. System bus latency costs are considered fixed since 
there is no way to change that part of the system without changing the entire system. 

However, considerable success has been achieved 9ver the past several years in reducing network latencies due 
to technological innovation in network components. Figures 4 and 5 show a network technology comparison of 
commonplace and state-of-the-an interconnect technologies. Performance on this graph is shown as throughput 
where the block size is increased exponentially starting with one byte. 
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Figure 4 Comparison of Ethernet, FDDI, ATM, Fast Ethernet, Gigabit Ethei:;net, and Myrinet [ 17]. 

The hardware in this study consists of four, dual Pentium, Dell Precision 21 Os with 500Mhz CPUs. The 
interconnect technology used was Gigabit Ethernet with components that include: a FDR12 Full Duplex 
Repeater, G-NIC adapter cards, and the standard Yellowfin driver software. These components are all products 
of Packet Engines Incorporated now owned by the Alea tel Corporation. 

NUMERICAL SOLUTION OF PARTIAL DIFFERENTIAL EQUATIONS 
There is a performance gap between maximum and achievable CPU performance because CPU speeds are 
improving faster than memory access speeds. Cache is a way to reduce this gap [2]. The remainder of this 
paper introduce.s and explains a new cache coherency algorithm that can be used to solve, in general, 
problems involving systems of equations that are discretized over a gridded domain. Even though this 
algorithm can be applied to any problem involving systems of equations, this paper will focus on applying 
it to the solution of time-dependent compact finite difference schemes. 

Many numerical simulations are based on compact numerical schemes[ 6]. Compact finite difference 
formulas are defined as expressions where the first (and perhaps higher) derivatives must be known 
simultaneously over a gridded domain. Typical compact scheme solutions take the form of solving banded 
linear systems. If this is done by LU decomposition. forward and backward steps must be repeated fc;>r all 
three directions, in general. Also, usually a Runge-Kuna temporal update followed by computing the right
hand side of compact formulations is required for each iteration. This translates to 3-D solvers passing data 
through the cache eight times. On the other hand, an explicit central difference algorithm can be written 
such that the data passes through the cache only once. Consider a partial differential equation (PDE): 

(I) au= s au 
ar X QX 

\vhere t is the temporal and x is the spatial coordinate ( expansion to systems of higher order are straight 
forward). The right hand side of Eq. l is approximated using the following compact finite difference spatial 
scheme [l] : 

(2) , . ... a( ) b( ) 
f]U i-2 + aui-1 + U, + aUi•I + f3Ui+2 = 2fil" ui+I - u,_1 + 2~ V+2 - ui-2 

Here a, /3, a, b. are derived from matching Taylor series coefficients, 6-x is the spatial discretization, and 
primes denote derivatives with respect to x. The resulting semi-discrete equation is subsequently discretized 
with an explicit Runge-Kuna temporal scheme. The solution is advanced from time level n to n+ I in 
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several substages [ 15]: 

H M s auM MHM- _, = --+a 
(3) .t_ ax ' 

uM+I =UM +bM+'~tHM, 

where Mis the stage number and coefficients aM and bM depend upon the order of the Runge-Kutta scheme. 

To compute the ·spatial derivatives, we solve the sets of independent linear banded systems of 
equations where each system corresponds to one line of the numerical grid. For example, a system 
corresponding to a line in the x direction has a scalar tridiagonal matrix Nx x N.r: 
(4) a k./ Zk-1.1 +bk,lzk.l +ck.lzk+l.l = fu, 
where k = 1, . .. , Nx, I= 1, ... , Nx, a1c.,. bk_ ,and c1c.1are the coefficients, Zuare the unknown variables. and Nx 
is the number of grid nodes in the x direction. 

The Thomas algorithm has a desirable formulation with first step being: 

(5) . k = 2, ... ,Nx , . 

And forward substitution (FS): 

(6) 
f u 

gu=d 
u, 

-a g +·r k.l k- 1.f J k.l 
gk.l = . 

du 
--k = 2, ... ,N x, 

Th-e back ·substitution step (BS) is: 

(7) • Z N_..._.! =g ,.._._,.I ' k = Nx -1, ... ,1. 

The coefficients a"-, b1t. , and ck are constant for compact schemes, therefore, the LU factorization can be 
done once and allow first step computations to include only forward substitution (Eq. 6). 
In [13] , ·a new formulation was proposed for a compact-scheme based numerical algorithm that passes the 
data through the cache only twice for each Runge-Kutta step. This algorithm was based on a wavefront 
approach where the current nodes are computed using values from the previous fronts (See Fig. 6). The 
standard algorithm for compact numerical. solution of the solution of the system described by Equation 1 is 
performed as follows (Algorithm A): 

I. · Compute the right hand side of Equation 2 using values of the governing variable U from the 
prevjous step . . · 

2. Compute.spatial derivatives solving tridiagonal systems in all spatial directions. 
3. Compute the right hand side of Equation I using the spatial derivatives computed in step 2 and 

update governing variables·using the Runge-Kutta scheme. 
4 . Repeat computational steps_ 1-3 for all stages of the Runge-Kutta scheme. 
5. Repeat computational steps I -4 for all time_ steps. 

This algorithm passes data through the cache to -perform step I . then passes data through the cache twice 
per spatial direction to compute the spatial derivatives (step 2), and finally the algorithm visits each grid 
point to compute the temporal update (step 3 ). Added-up this means that the data passes through the cache 
2 + 2D times, where D is the spatial dimensionality. For explicit schemes. coefficients a and f3 are equal to 
zero resulting in step 2 being reduced to lo~al computations of spatial derivatives. This allows explicit 
schemes of this type to be written in such a way that data passes through the cache only once. 
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Figure 6 Wavefront algorithm for the 2-D case. WF-F, WF, WF-B are three consequent wavefronts. Solid 
arrows represent forward step computations and dashed arrows represent backward step computations [ 13]. 

In [13). a cache-friendly algorithm was proposed where the data passes through the cache only twice. For 
the 2-D case. the wavefronts from this algorithm are defined as subsets of grid nodes (!J) with l+J = cons!. 
Ifa grid node (/J) belongs to the front W, its neighbors (J~lJ) and (JJ-1) belong to the previous front WF
F and the other two neighbors (f J+ 1) and (/+ L.f) belong to the next wavefront WF-B. Pseudocode for the 
implementation is as follows (Algorithm B): 

Loop over each wavefront 

l 
Loop over .all nodes in the current wavefront 

l Compute the right-hand side of (Eq. 2). 
Compute the forward step of the Thomas algorithm (Eq . 6) in the x and yd irections. 

Loop over each wavefront 

l 
Loop over all nodes in the current wavefront 

l Compute the backward step of the Thomas algorithm (Eq. 7) in the x and y directions. 
Compute the Runge-Kuna temporal update. . 

In the forward step computations (Eq. 6). both spatial directions use previously computed forward step 
coefficients in grid nodes (l-1 J) and (/ ,J-1 ). Likewise. the backward step computations (Eq. 7) use already 
computed values in grid nodes (/+lJ) and (/J+l) (See Fig. 6) . This algorithm exploits the data 
independence of the solution of banded systems in different spatial directions. Additionally, the right-hand 
sides of compact formulations are computed simultaneous·ly with the forward step computations and the 
Runge:-Kuna computations are performed immediately after completion of the backward step computations 
for a grid node. This algorithm is easily extensible to systems of higher dimensionality . 

For example. consider a 2-D case where we use two cache layers L1 and L':. . The computational domain is 
separated into squares ( n - dimensional sub-spaces in general) that fit the cache size L1• The squares need 
to be numbered differently so that each square can be identified as a block (lb,Jb). For the 2-D case, the total 
computational domain separated into 9 cache blocks is shown in Fig. 7. Each wavefront can be defined as 
groups of blocks that satisfy: /b + ·Jb = consr. Each block is considered as a computational domain where the 
forward and backward steps of the cache-friendly algorithm are computed. These blocks form five 
wavefronts in the forward and backward direction. The first wavefront includes only one block ( 1, 1 ), the 
second wavefront includes blocks (2, 1) and ( 1.2), and . so forth. The two layer algorithm is defined as 
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(Algorithm C): 
Loop over each wavefront layer (first layer to last) 

L 
Loop over all blocks within a layer (first block to last) L Compute forward step computations of Algorithm B 

Loop over each wavefront layer (last layer to first) 

L. 
Loop over all blocks within a layer (last block to first) L Compute -backward step computations of Algorithm B 

//////////////////// 

//////////////////// 

//////////////////// 

//////////////////// 
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Figure 7 Domain partitioning for a two-layered cache. Each block fill panem represents a different 
. wavefront. Arrows represent forward step and backward step propagation. 

. LA YE~D CACHE COHERENCY 
We now parallelize the cache-friendly algorithm. This can be done by, in the simplest case, assigning a 
different processor to compute each wavefront. In this case, each wavefront can be viewed as one 
computational .. layer" ,. For a tridiagonal matrix. there would be three such computational layers. To 
generalize, each wavefront can be subsetted based on cache size and network performance. From the first 
section, results showed that interprocessor performance is a function of block size of the data to transfer. 
Cache size plays a very important role too. To ensure there are no cache misses, the block size must be 
made no larger than the cache size. A cache miss occurs when the CPU attempts to fetch data from the 
cache, but. fails to find it. This means precious CPU cycles are lost while the needed data is retrieved from 
RAM or the hard drive. 

One key element missing is that grid nodes are updated regardless of how much the magnitude of the value 
at that grid node changes from one iteration ·of Algorithm B to the next. Particularly, a new algorithm is 
proposed here that uses a similar paradigm as th~ Cache-Friendly algorithm, but with added enhancements 
that reduce the number of computations and interprocessor communications. The first enhancement is to 
calculate the residual of each node's new valuy and its old value. 

(8) d = (J ,J)new - (I ))old 
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This requires only one additional floating point operation to compute. Therefore, If the difference is 
sufficiently close to zero, then the old value for (/.,.1) is not updated. Further, no broadcast of data to 
neighboring caches is necessary since there is no new information to communicate. Additionally, if no 
updates are realized for any grid node in a given block during an iteration, then the entire block can be 
considered constant in time. No further updates for future iterations would be required for that block. This 
implies that the entire cache contains the final solution for that block. and. hence, means that the processor 
controlling that cache can be released to perfonn other tasks. To begin, the algorithm will be initialized 
across the domain as in Fig. 7. 

The Layered Cache Algorithm takes this fonn: 
Layer Cache Algorithm 
Loop over each wavefront layer (first layer to last) 

l 
Test for solution convergence across entire wavefront layer. If true, skip wavefront 
Loop over all blocks within a layer (first block to last) 

L 
Test for solution convergence across each block. If true, skip block 
Compute forward step computations of Algorithm B 

Loop over each wavefront layer (last layer to first) 

l 
Test for solution convergence across entire wavefront layer. If true. skip wavefront 
Loop over all blocks within a layer (last block to first) 

Test for solution convergence across each block. If true, skip block 

l Compute backward step computations of Algorithm B 
Compute residual; Don't update or communicate with other processors 
if residual is sufficiently close to zero. 

CONCLUSION 
An enhancement to an already cache-friendly algorithm was proposed to solve multi-dimensional Partial 
Differential Equations. Additional features reduce the number of floating point operations and 
interprocessor communication to achieve a solution. Future research will involve testing what effects 
application-level optimizing compilers have on the performance of the algorithm. and implementing the 
algorithm in hardware. 
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ABSTRACT 
This paper addresses the properties of fuzzy logic and its role in the control algorithms and pattern recognition in 
robots. The paper discusses the methods of data collection needed. The paper includes a much broader discuss-ion 
covering questions dealing with what the robot needs to measure, the frequency of measurement and how the data is 
processed. It should certainly become evident that autonomous robots are generally constructed with a narrow 
purpose in mind. This leads to a final point: can the control system of an autonomous robot be significantly 
simplified in order to increase the versatility of such a system? 

INTRODUCTION 
Given the problems associated with fields like space and undersea exploration, it is easy to see the need for robotics 
development. Robots possessing a iarge degree of autonomy, as well as "expertise", are required. This is due to 
communication problems and obstacles encountered in such applications. A la~ge area of development, in this 
respect, involves terrain navigation and collision prevention systems. All of these types of systems require that the 
robot have the ability to adapt when placed in unanticipated situations. Such a learning process may be 
accomplished by utilizing fuzzy logic and pattern recognition. To begin the discussion, we will consider the 
properties of fuzzy, logic and how it relates to the production of control systems. Next, pattern recognition will be 
discussed in terms of what needs to be recognized and how. This. in tum, leads to the topic of data collection, which 
can be anything from actual physical measurements to heuristic data. From here. a much broader discussion must 
ensue in order to deal.with issues like what the robot needs to measure. and how a given robot is to translate this 
measurement into m·ovement and action. A robot's prime directives greatly affect how one might tackle these 
issues. Hopefully, this discussion will bring a greater understanding of the size and complexity involved in 
autonomous robotic systems and help pave the way for further research. 

FUZZY LOGIC AND FORMULA TIOI\' 
The first topic to address is fuzzy logic. The term, fuzzy logic. is often used interchangeably with the term, multi
valued logic (FLLL, introduction). The truth is. they are not exactly the same thing. Multi-valued logic is finite in 
the number of Yalues ( or states) contained in one of its systems. Fuzzy logic, as will be shown in a little while, has 
an infinite number of values to operate with. 

The diffe~ence lies in the way operations are pe~formed. With multi-valued logic, one considers all possible values 
at the same time. Multi.,.valued logic involves algebraic type problems that are solved in similar fashion to binary 
algebra. As an example, let -us consider a multi-valued logic system with four values. We can look at these values 
as being 0. l. 2. and 3 as opposed to just O and 1 in binary logic. If we are simplifying a state equation with 
variables that could be any of these four values. then the simplification process must bear in mind all four of these 
values. This also means that these logic values will likely represent state machine logic rather than true and false 
type values. In any case, it would be, for all practical purposes, impossible to work with a multi-valued logic system 
that allows an infinite number of values. In contrast, fuzzy logic involves operations on values that represent a 
percentage (or probability) of truth. Essentially, fuzzy logic~ a form of binary logic, which introduces an added 
degree of uncertainty. Fuzzy logic has a tendency to be used in predicate calculus formulations that, in tum, have to 
do with determining set memberships (FLLL, fuzzy _set). Given that the values in fuzzy logic are basically 
probabilities, then we can say that there are -an infinite number of possible values betweei:1 the binary O and 1, 
inclusive. In seeing these differences between multi-valued logic and fuzzy logic, it should be apparent why the two 
must not be considered to be interchangeable. 

The usage of fuzzy logic will first _be examined in o-rder to provide clarity. To do this, let us consider an example of 
- robotic terrain safety. Suppose a robot's center of gravity is such that it cannot travel on inclines greater than 40 

degrees or else it will tip over. Before a predicate calculus function can be developed for safety, the safe range of 
incline degree measurements must first be realized. This range would obviously be from O degrees (flat surface) to 
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plus or minus40 degrees. Thus, we have the "safe" set of inclines: SAFE {101 degrees ... 1401 degrees}-. In order to 
"'fuzzify" this set, we map 101 degrees to the truth value, 1 (safe), and 1401 degrees to the-value. 0 (completely unsafe). 
What this lets us do is see how safe a given degree measurement is as opp0sed to just saying we are "safe". It is thi s 
kind of logic that will allow learning algorithms to adjust robot behaviors. 

In addition to fuzzifying ranges of values, one must have a good formulation of a particular problem in order to 
create the predicate function. If we are to formulate the SAFETY function, we should consider what the robot must 
do to ensure safe operation. In this case, the robot must always look at the terrain ahead and check it before it 
reaches that area. This means that each check involves looking at multiple inclines over a given distance. For this 
reason, one must determine the average incline over that distance as well as determine the maximum point of incline 
within that distance. With this in mind, the following predicate formula can be written: SAFETY= average (x. y) 
AND max (x, y) . Notice that this formulation covers inclines that go side-to-side as well as front to back with 
respect to the robot. The two auxiliary functions , "'average" and "max" return fuzzy values based on the definition 
of the SAFE set. Of course, the AND operator chooses the lowest value between the two functions and returns that 
as the value for SAFETY. It is true that Boolean logic would provide the same indicative functionality, however, 
that is all it would have provided. What the fuzzy logic allows the robot to do is to make adjustments if it is forced 
to travel on terrain that is not particularly safe. If a 35-degree incline is considered not particularly safe. the robot 
will be concerned with the selection of truth values that are 0.125 or lower. This has the effect of allowing a robotic 
control system to make critical decisions without reviewing a bunch of data by keeping track of which areas have 
these truth values. 

ROBOTIC SENSING 
In addition to fuzzy logic, the pattern recognition systems on an autonomous robot are extremely important. 
Arguably. these systems are the most important since they feed information to the fuzzy systems. The first thing 
that must be understood is how a robot organizes its perceived world. The first concept that needs to be cover is the 
occupancy grid (Elfes, 1990, p. 61 ). The occupancy grid is a 2 or 3 dimensional coordinate system that is centered 
on the robot (p.61 ). The limits of this grid are usually based the accuracy limits of the on-board sensory devices on 
the robot which will be discussed in a little while. Inside this occupancy grid is a representation of something 
known as the Local Perception Space (or LPS) (Saffioti, 1997, p. 1 ). In simple terms. the LPS is a "picture" of the 
robot ' s surroundings that the robot keeps for reference (p. I). This '"picture" is essentially a large collection of 
visual data that is frequently updated as the robot changes position (p. I) . The robot uses the LPS to determine a 
best path to travel. The accuracy of the LPS depends primarily on the mesh ( or cell) size of the occupancy grid 
(Elfes , 1990, p. 61 ).· The tighter the grid. the more accurate the LPS becomes, however. the computations involved 
will also increase exponentially since the number of points considered greatly increases. The modeling involved in 
creating the LPS tends to also involve fuzzy logic techniques since the appearance of the environment must be 
approximated (Saffioti. 1997, p. 1 ). 

This leads to the discussion of stereoscopic detection which involves a number of devices including 3-d cameras, 
ultrasonic sensors. infrared sensors, laser nets. sonar and the like. On robotic systems it is common that several of 
these devices will be used in conjunction to create the LPS. Generally, there will be some type of stochastic model 
that interprets raw data from these devices creating an approximate replica of the environment. In fact, it is similar 
to methods used in scientific visualization that create stereographic images (Dhond & Aggarwal , 1989, pp. 25-27). 
These techniques are collective referred as stereopsis (pp. 25-27). 

All of the above aspects of the pattern recognition system work together to recognize specific things. One that has 
already been discussed is slope detection and its obvious importance. Related to this is object/terrain detection and 
avoidance. As much as detection and avoidance has to do with the safety of the robot, it also has much to do with 
planning the intended path of the robot since it will have to get around these obstacles (Saffioti , 1997, pp. 2-5). The 
methods used to accomplish this are very similar to techniques involved in formal language processing. The 
formulation of automata can allow a robot to traverse around obstacles while, at the same time, avoiding an infinite 
loop where the robot never reaches its objective. . 

Sometimes, the robot ' s goal is not within its LPS. When this is the case, it is often necessary to equip the robot with 
a general map, which is coordinate-based and contains the location of the goal (Saffioti , 1997, p.6). This map could 
also include certain stable terrain features in order to allow the robot to plan ahead (p. 6). With this sort of map 
usage, a robot will have to make its LPS coordinates relate to the information on its map which is a technique 
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referred to as self-localization (p. 6). Self-localization must employ some kind of fuzzy comparison algorithm that 
· compares current land features in the robot's LPS to the features provided on the map (p. 6). Once the most likely 
feature is found, the robot can then compute its distance from that feature at which point it can match its occupancy 
grid to the map (p. 6). While using maps enhances the abilities of a robot, once again, computations are drastically 
increased since the control system of the robot will have to be extended beyond the LPS. 

ROBOTIC BEHAVIOR AND LEARNING 
Between the pattern recognition systems and the creation of fuzzy predicates based on those patterns comes the 
formulation of robotic behavior. Robotic behavior can generally be defined as a logical expression of a robot's 
purpose that controls the actions of this robot {Saffioti, 1997, pp. 2-3 ). What happens is that many small behaviors 
are brought together in order to accomplish a vastly more complicated behavior. In effect, behaviors are nested (p. 
5). The control system is essentially where these behaviors are defined and actions are produced. In order to get 
simple behaviors to work together to produce a complex behavior, one has to implement something known as 
Context-Dependent Blending (p. 4). 

Context-Dependent Blending (CDB) is actually very similar to language processing in that production rules can be 
used to blend the behaviors. To illustrate this point, here is a possible CDB production rule set (Finite Automata) 
that tracks down a beacon in a somewhat friendly environment: 

GOAL=> TRACK TRAVEL I © 
TRACK => F I L <- TRACK I R -> TRACK 
TRAVEL=> SAFETY F TRAVEL I !SAFETY AVOID TRAVEL I© 
A VOIJ? => !OBJLR TRAVERSAL I BACKTRACK A VOID 

Start: !GOAL} 
Non-Terminals: {TRACK.TRAVEL, AVOID, TRAVERSAL, BACKTRACK} 
Terminals: {©, F. SAFETY, L, R, <-, ->, OBJLR} 

To convey a better understanding of thi~ CDB, the following paragraph will provide a more detailed description of 
it. 

The "Start" symbol and the "Non-Terminal" symbols of our CDB essentially operate as one might expect in a 
language definition. The difference lies in the "Terminal" symbols. Basically. these particular symbols are divided 
into ~ ·o types being the predicates and the effectors. The predicates are F, SAFETY, L. R and OBJ LR. One that ii 
recognizable from the earlier discussion is the ~AFETY predicate whose function is basically the same except that 
object detection has been added in addition to the slope detection. The predicates F, L and R are turn control 
predicates in TRACK which stand for beacon forward, beacon left and beacon right respectively. The OBJLR 
predicate indicates to what degree the robot is blocked the left and right. The symbols <-, -> and © are, of course, 
the effectors which actually cause the robot to take action. The first two symbols tell the robot to literally tum leftci 
right respectively. The© effector simply tells the robot that its goal is accomplished which causes termination. 
One other thing that must be cl~rified is the two non-terminals, TRAVERSAL and BACKTRACK. The 
TRAVERSAL non-terminal is an obstacle avoidance language that was alluded to in earlier discussion. The 
BACKTRACK production will ideally guide the robot back to a critical point where it must traverse another 
direction. It is important to.notice that if one were to change the robot's directive from tracking a beacon to 
something like collecting rocks. the entire COB would have to dramatically change. 

Now. given that the act of learning is, in itself. a type of behavior, a CDB can be fonnulated to allow the robot to 
learn (Saffioti, 1997, pp. 2-9). There are two area·s that are of concern when doing this. The first area is that of 
behavior adjustment (pp. 2-9). One way in \vhi~h behavior can be modified is by checking and adjusting fuzzy 
tolerances. Tolerances are basically set definitions similar to that of SAFE, which we defined earlier as the range 
from 101 to 1401 degrees. Chan·ging the tolerances basically changes the scope and boundary of a given behavior (PP· 
2-9). These boundaries are usually defined by risk factors. The other area of behavior adjustment is the actual 
modification of the definition of effectors or sets of effectors (pp. 2-9). This type of modification tends to occur 
when a robot gets into a situation where none of the current action alternatives appear to be acceptable (pp. 2-9). N 
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an example, let's consider a robot that has been initially set up to look in six directions when attempting to 
determine a best acceptable path to a target area. · If the robot enters a situation where either all directions are 
unacceptable or all directions have been consistently too risky, t_hen the robot could increase the number of 
directions in which it looks in order to find a better alternative. On the other hand, if things have been going very 
well, the robot might decrease the number of directions tha.t it examines to reduce computations. 

Recognition ·adjustment is another area of robotic learning (Elf es, 1990, pp. 60-66). This area of learning has to do 
helping the robot determine when it needs a higher level of accuracy in its data collection and interpretation. The 
learning CDB has to contain a statistical model that determines when LPS data accuracy is too low (pp. 60-66). 
When it is too low, adjustments can be made to the occupancy grid to increase the accuracy of the data collected. 
Another aspect that has an indirect affect on the robot's behavior is the modeling techniques that recognized the 
shapes of environmental features and objects. These processes constantly search for new variations of certain "red 
flag" patterns. Unlike the rest of the learning behaviors, this recognition system for object arrangement patterns is 
always active. This is due to the fact that such systems generally employ some types of neural network or 
Markovian modeling which require lots of training input. 

SUMMARY 
The field of autonomous robotics has several problems that hinder its advance. The first and foremost has to be the 
sheer complexity that is involved. In referring back to our example CDB, we see that even the most rudimentary 
robotic controller is very complex in nature. Now, imagine adding to this the learning CDB structure and the map 
reference feature . It is then easy to see just how quickly the complexity and computational intensity increases. This 
leads directly to the second problem, versatility. Because of the extreme complications involved in this field, the 
robots that are generally produced tend to be highly specialized and narrow in purpose. Another problem has to do 
with the process of stereopsis. Sensory devices can differ greatly in accuracy and in the computational intensity that 
they incur (Dhond & Aggarwal. 1989, pp. 25-27). In a nutshell. one is generally forced to choose between 
reliability and computational reduction. Lastly, there are algorithmic questions that are hard to answer with the main 
one relating to the degree to which a robot avoids obstacles or pursues a goal (Saffioti. 1997, pp. 2-9). This is 
because certain types of obstacles could force the robot to either abandon its goal by de facto or to be destroyed. 
Generally speaking, there are more terrain features that are impassible to robots than to people and some instances 
are impossible to foresee, such as structurally unstable areas . So. it is always a question of how much risk is 
acceptable. In the end. designers have to make some very tough choices. 

In conclusion. it seems that many of these types of problems can be solved with the production of better hardware, 
especially in the area of remote sensing. However. better hardware solutions are unable to solve the problems 
related to changes in a robot ' s prime directive since they tend to demand changes in the COB algorithm. It is 
essential that generic CDBs be developed without sacrificing too much in the way of complexity in the process. It is 
a solvable situation. but it is by no means straightforward. However. these are _problems well worth solving given 
the possible benefits that can be reaped from applications in space and other types of exploration . For this reason, 
the reduction of Deterministic and Non-detenninistic Finite Automata for COB shall be the target of future research. 
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ABSTRACT 
A major factor in the bottom line of any fast food company is micromanagement of the resources. especially 
personnel. Appropriate micromanagement of these resources allows for efficient delivery of the product to the 
customer. Thus, increasing revenue and therefore profit for the company. The paper gives the perspective of a pan. 
time worker of a fast food venue on micromanagement and offers a few suggestions on improving the bottom line. 

INTRODUCTION 
A major factor in the bottom line of any corporation with franchises is-making the right choices. There are three key 
decisions for the success of a franchise: choos-ing the right owner, management, and employees. Appropriate 
decisions in these areas lead to the success of the franchise and, in the broader spectrum, the success of the 
franchising company. 

THE OWNER 
. The most important decision of any corporation with franchises is choosing an appropriate owner of a franchise 

location. There are several traits that a potential owner of a franchise should emulate. The first trait, of course. is• 
the ability to· finance the opening of a franchise location. However, this takes precedent over the importance of the 
othet traits. The second trait is for the owner to show an active interest in the financial well-being of the franchise. 
Sho\\·ing an active interest, that is, appearing at the franchise location has a key effect on the employees: it increases 
employee morale, which I will discuss in section - The Employees. The third trait is that the owner of the franchise 
should have good communicative skills, which, has to go without say, most entrepreneurs do have. 

THE l\tANAGEMElU 
The management of a fast-food venue can make or break a franchise. The management makes the daily decisions 
that affect the long-term profitability of the franchise location. Managers, of course should also emulate certain 
traits: the ability to organize. the ability to motivate, omniscience. The ability to organize plays a great role in 
getting the employees to complete their tasks in order and on time. The ability to motivate also plays a great role _in 
influencing the employees to improve their quality of work and efficiency. Having a good sense of what is going on 
is the main 'objective of a manager. With a good sense of omniscience a manager can then make sure everything is 
running smoothly. 

THE EMPLOYEES 
· The employees of fast food restaurants are known for not being the model employee. Usually the case is that the 
employee is a teenager, with an underdeveloped sense of responsibility, low skill, and little drive. This can be 
somewhat altered with the physical appearance of the owner. The appearance of the owner illustrates to the 
employees that they are working for an actual person. It gives them more esteem for their occupation, because their 
work actually means something to some~me. With this increase in self-esteem comes a higher quality of work . 

. SUGGESTED CHANGES 
Many times the owner is simply chosen .. because they have the finances to support the opening and upkeep of a 
franchise location. What the franchise company should focus on is an owner that shows an active interest in the 
franchise location and has a good ability to communicate. There are many individuals with the finances to open and 
support a franchise. However, there are fewer that have a good ability to communicate with others and would 
express an active interest in the franchise. Focusing on these points would improve the quality of service in the 
franchises in a trickle-up pattern, therefore. improving the image of the franchise company and. thus, its revenue. 
Management is very important in a franchise location. Inadequate management can lead to task incompletion in 
such areas as preparing and closing for the day. If these t?sks are not completed on time, valuable manpower will be 
devoted to these tasks instead of servicing the customer directly. To limit the possibility of this occurrence, I 
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suggest an extensive training seminar for all new managers. At these seminars all the proper procedures could be 
taught and methods dealing with common problems explored and worked out. This practice would standardize 
procedures across all franchises. Therefore, if a problem arose, a manager could simply call the nearest franchise 
location and discuss the problem with the manager of that site. If the problem could not be solved between the 
managers, they could contact the district manager or whoever is positioned above them. 
Employees are the link between the customer and the business. Without adequate employees inadequate revenue 
will come. I propose having the starting hourly wage slightly above the industry standard to attract those workers 
that would put in the extra effort. Also cut the full-time hours per week from forty to thirty and hire more workers. 
Hiring more workers would decrease the affects of "no-shows." That is, there would be a greater pool of employees 
to call upon to cover a ··no-show." I also p·ropose adjusting the schedule so as to offset the increase in wages. I 
would alter the schedules to fit the variations in customer volume. For example at my former work place, the two 
shifts were from 6:00 a.m. to l :00 p.m. and from l :00 p.m. to closing. Five to six people work the shift from 6:00 
a.m. to 1 :00 p.m. and two or three people worked 1 :00 p.m. to closing. Even with five to six people working during 
the high volume time it wasn ' t enough and from 9:00 a.m. to 11 :00 a.m. there were too many employees for the 
amount of work. I propose a shift from 6:00 a.m. to 1 :00 p.m.; another shift 6:00 a.m. to 9:00 a.m., then a non-pay 
break from 9:00 a.m. to 11 :00 a.m. and return to work at 11 :00 a.m. until 1 :00 p.m.; and lastly one shift from 1 :00 
p.m. to 9:00 p.m. See figure 1. 

CONCLUDING REMARKS 
It is important for a -franchise company to be employee-centered. Becoming employee-centered creates better 
employees from the owner of a franchise, to the manager of a franchise. to the employees of a franchise. With better 
employees comes better customer service, which. in turn, means an increase ofrevenue for the franchise company. • 

REFRE~CES 

1. Panicipant Observation at Franchise Location 

2. Personal Interviews with Manager at a Franchise Location 

3. Personal Interviews with Employees at a Franchise Location 
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Volume vs. Suggested Shift Hours and Standard Shift Hours 

Standard Shift Hours 

p.m. 1 :00 p.m. • 9:00 
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D Volume ■ Suggested Shift Hours Standard Shift Hours 

Figure 1 
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ABSTRACT 
Management textbooks and practitioners have respectively been misleading their readers and workers for decades 
regarding the relationship ben.yeen personal behavior and work performance. Managerial myths exist both because 
of erroneous administrative theories and errant supervisory practices. The net result is often a labor distrust of 
management and unhappy workplace employees. This paper will discuss five fictitious factoids which illustrate the 
chasm between motivational theory and employee behavior. These five falsehoods include: 

( 1) The most qualified applicant gets hired 
(2) Extensive work experience will help you land a job 
(3) Money motivates behavior 
( 4) Pay increases are related to job performance 
(5) Loyalty, longevity, and seniority are desired and rewarded by companies 

In addition to identifying and discussing these management motivational myths. the authors also discuss how the 
pay for performance relationship is becoming weaker rather than stronger as our world moves more and more into e
commerce and e-business. Technology was supposed to be a resource which shattered previously held beliefs about 
how increased human effort results in more worker pay and a higher employee standard of living. Unfortunately. 
both individually and collectively, more and more automation and technology have produced longer working hours 
and a lower standard of living for most Americans over the last few decades - rather than the reverse which was 
expected and promised by many high technology experts and implementers. 

THE MOST QUALIFIED APPLICANT GETS HIRED 
One of the biggest management myths is that the best qualified applicant is the one who gets hired for a job. This 
pontification has never been practiced. and yet many people still falsely believe that it is true. For a wide variety of 
reaso~s. evidence does not support this myth. and the best qualified applicant is usually not chosen. This is because 
very well qualified applicants command or expect such a high pay level that companies select other personnel 
choices. Affirmative action and social justice pressures contribute to companies often hiring "marginally or 
minimally qualified" rather than the "best qualified" person for positions. "Minimally qualified" does not mean that 
the worst candidate is hired; it means that the job is given to someone who has just the basic essential rudimentary 
skills, abilities. and attitudes necessary to adequately perform the job/position duties and responsibilities. Nowhere 
is "not hiring the best qualified" more evide.nt than in higher education where one's chances of changing universities 
after becoming a full professor with tenure are very slim indeed. Only the very best professors might be mobile 
given a unique set of employment factors. The vast majority of tenured full professors will not job relocate until 
after retirement from their current university, and when and if they acquire other work, it will most likely be at a 
lower level of status/rank/pay, and/or at a less prestigious institution.1 For decades now management textbooks have 
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correctly been trying to teach that human resources are any and every institution's most important and most valuable 
· assets. Yet economic and business theories and practices continue to give lip service at best to human resource 

centrali~. Corporate downsizing and reen~ineering are constant reminders to everyone as ~o how disposable people · 
are in most real-world business operations. As will be discussed later, customers are considered today to be more 

. important than employees, and this is both philosophically and pragmatically one of the major problems within 
business enterprise currently. 

EXTENSIVE WORK EXPERIENCE WILL HELP YOU LAND A JOB 
· Someone once said that ·•Experience is what you get when you don ' t get what you want." The idea that experience 
. will help you get a job may have been true once, but not today. With the possible exception of one ·s first fu ll -t1me 
job where prior part-time work-related experiences may actually aid in landing a position. for the most part, 
experience today not only does not help, but also may actually work against a person looking for another job. Even 
for first-time hires, many companies want ·•virgin" employees who they can train themselves. Used cars and 
seasoned workers are not desired, and premiums may not be paid. for degrees, even advanced graduate degrees. The 
world of work changes so rapidly that training is almost always involved, so companies hire the cheapest labor that 
they can find so that they can then train and develop employees themselves. Years of experience work against you 
because you then command, or employers expect that you will demand, a pay level higher than what many 
companies are willing to pay. In general, companies want to pay as little as possible and yet still get the work done 
in an acceptable manner. Employers also fear that an over-qualified person will leave the organization just as soon 
as possible when a better job opportunity with more pay is offered to him or her. This practice is so very common 
among employers that age discrimination has been and still is far and away the most common form_ of discrimination 
in the workforce. 

MONEY MOTIVATES BEHAVIOR 
The role of money as a motivator of work behavior has been widely debated in the literature on management and 
organizati9nal behavior. Some theorists. such as Herzberg,3 see money as a "dissatisfier," a factor whose absence 
can cause dissatisfaction but whose presence cannot cause high satisfaction or motivation . Other theorists. such as 
Lawler.4 argue that money can provide both direct and symbolic gratification of human needs and can thus be a 
motivator if money rewards are linked to good performance. According to March and Simon,5 employees make two 
kinds of decisions about an organization: the "decision to participate" (i .e .. to join or remain in the organization) and 
the "decision to produce." Employees are more strongly affected by money for the decision to participate, but not 
much affected by money for the decision to produce. 

Money is not a proper motive to explain individual behavior for many reasons. First. many people do not work or 
do not earn a paycheck, yet they still exist and enact behavior. Many are too young to work: others are too old. 
Some are sick, unemployed, or independently wealthy. Many do volunteer work; others are home full-time taking 
care of a house and children. Individual changes in work force composition also make the profit motive less 
credible and determinative today. \\'omen now constitute 52 percent of the working population, and many studies 
show females to be less materialistic than males. More people are working part-time and temporarily than ever 
before, often by choice rather than because of underemployment. There are more degreed workers, professional 
positi·ons. and white-collar employment opportunities compared with unskilled and less skilled blue-collar jobs. 
Such individuals are mainly motivat~d by higher-order needs beyond physiological basics. A money motive does 
not appropriately explain. any of these individual behaviors. 

For many reasons, money is also not a proper motive to explain institutional behavior. First, 75 percent of all jobs in 
today's U.S. economy are in the service, not the manufacturing. sector. Of all new jobs today. more than half are in 
the public, nonprofit rather than the private. for-profit sector. Federal. state. county, and city government jobs are 
where many new hires get placed today.- The profit motive is contrary to the stated missions of these organizations. 
In the private sector, most of the new jobs are in small businesses and entrepreneurships where independence, 
control, and flexibility outweigh the wage incentive. In larger private corporations, prestige, status, reputation, and 
other social. political, and cultural motives explain employee behavior much more than does an economic initiative. 

·Yes. if you paid them enough money, many people would do almost anything. But almost no organization is 
financially able to pay that much additional money. Research shows that most workers require at least an additional 
10 percent economic incentive to work harder. Especially in today's economy, companies cannot afford to pay all 
their workers an additional 10 percent and still remain solvent. And such a motivation would be short-lived, -since 
workers will assume that the new salary is now the old wage base, and additional 10 percent increases will be 
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expected and required in all future years to monetarily induce and continue high worker motivation. Virtually no 
institution is financially able to continue giving l O percent salary increases year after year after year. An old 
quotation from Samuel Clemens (Mark Twain) comes to mind to help explain the nonlasting and ineffective nature 
of economic incentives: "If you pick up a starving dog and make him prosperous. he will not bite you. This is the 
principal difference between a dog and a man." 

Dollars and cents should never substitute for decency and sense when making individual and corporate decisions. 
An emphasis on money rather than morality negatively affects a culture's stability. When economic principals 
become more important than ethical principles, the result is a lowering of the general level of cultural conditions and 
societal morals. Money is an incentive, not an intention. Money is a reward. not a reason. Money is a sweetener. 
not a stimulant. People generally do not work to make money. People who work to make money are counterfeiters, 
not motivatees. Philip Slater has expressed his conclusion about the money-motivation issue this way: "Using 
money as a motivator leads to a progressive degradation in the quality of everything produced." Money is a means. 
not an end. Money enables us to do many things, but its accumulation should be viewed as a reserve, not a resolve. 
Money is a mechanism, not a mission; a device; not a destiny; a tool, not a terminus. Money is a by-product, not a 
product. Money is a measure, not a motive. Money is a score and nothing more. Although money may have social 
and economic dimensions, it is still not an accurate measure of contribution to society. Service is the appropriate 
measure of contribution to society. Money is a measure of what one takes from society; service is a measure of 
what one gives to society. 

Most people and companies envision profits as the goal and ethics as a remnant. The reverse is a much better 
model. Morals should be the tenninal and monies the residual. The main problem in correcting this perspective is 
the common mistaken belief that money motivates behavior. The main problem is that people have a hard time 
realizing that behavior stems basically from ecumenical motives, not economic incentives. The debate, however. 
continues: "Does money motivate behavior?" There are those who believe that you can get a person to do anything 
and everything-if you pay them enough money. This view suggests that the only relevant question is: "How much 
money must you pay a person to get them to do what you want them to do?" Often answers to the question of 
whether money motivates or not critically depend on one ' s definitions of both ··motivation" and '"money.'' 
Depending on the definitions, researchers may argue, affinn, or deny the relationship. The intent here is not to 
quibble about semantics. We'll skip the debate and jump to the conclusion-which is that generally, the role of 
money or profits has been greatly exaggerated as a motive for individual and institutional actions. 

PAY !~CREASES ARE RELATED TO JOB PERFORMANCE 
Linking pay and performance has always been a problem in industry, and the linkage currently is more difficult to 
make than ever.0 Business management theory has not e\'en historically agreed on the linkage.7 Some management 
theorists have argued that perfonnance assessment and salary increases should ne\·er be discussed with an employee 
at the same time. Those companies which ha\·e tried it claim that workers ignore the conversation about assessment 
and only hear the bottom line announcement. Even to attempt to link the nvo after an interval of time may be faulty 
conceptually because stimulus-response, reinforcement theory. and consequence constructs are violated. Add to this 
the problem that often pay increases are due to factors outside of an individual worker' s sphere of influence (such as 
economic trends, global competition, technological alterations. equipment failures , changes in the law, ecological 
disasters, etc.) and one has plenty of reasons already in the 20th Century to believe this management relationship to 
be a myth. The 21 st Century simply adds to the strength of the myth and moves it into the lie category. The main 
reason that the alleged relation is a lie is because the nature of work has changed in two basic ways which mitigate 
against this linkage. First and foremost is that work today is usually team based not individually performed. This is 
true at all organizational levels, but especially at higher levels . Project. matrix. group, task force , and team work 
have become the rule rather than the exception as in the past. Secondly, the movement away from manufacturing to 
a ser\'ice economy has further advanced the separation. Over 75% of American jobs are in service industries. 
Similarly, almost halfof all new jobs are in the public (local. state. and federal government agencies) not-for-profit 
sector of the economy where seniority strongly competes with merit for new dollars. The result is that personal pay 
increases are less likely than ever today to b~ related to individual job performances. 

Many beha\'ioral science-oriented organization theorists assume the idea that people can exercise self-control, which 
is motivated by something other than the fear of punishment or the hope of extrinsic reward. Argyris,8 McGregor,9 

and Tannenbaum. 10 ha\'e given numerous examples of the occurrence of intrinsically motivated and internally 
controlled behavior. Self-control offers an interesting contrast to control based on extrinsic rewards. Control based 

437 



on extrinsic rewards can be too "effective" in the sense that it leads to people being too responsive to the control 
system, which in tum leads to a number of dysfunctional consequences. Self-control represents a possible 
altern~tive because it makes external control superfluous. 11 

LOYALTY, LONGEVITY, AND SENIORITY ARE DESIRED AND REWARDED BY COMPANIES 
Personnel research of the previous century indicated that life-time employment for 20, 30, 40 years, or even longer 
was common for workers. Employer and employee commitment were high and seniority was rewarded. often aided 
by a strong unionized setting. Top executives were mobile and CEOs often moved from 6 or 7 exe-cutive positions 
before landing the top job intemal1y or externally. All of this has changed over the decade of the nineties. and it has 
changed dramatical1y. And the phenomenon will get worse before it gets better; or if you like rapid change, perhaps 
it should be stated that this trend, away from loyalty, commitment, and seniority, will strengthen before (if ever) it 
reverses. Organizationaf instability has become so rampart that .. change management" and .. crisis management" 
have become legitimate management academic subdisciplines with their own research, databases, theories, 
literatures, and courses. Reengineering, rightsizing, global competition, and the declining power of labor unions 
have weakened loyalty, commitment, and seniority employment systems in America. Life-ttme employment is a 
thing of the past - even in Japan where some vestiges of this cultural custom remain. Workers today are hired JIT or 
just-in-time ·for a project or task and often then let go. 12 This work is usually done at a minimum or near minimum 
wage. As a result, the middle class in America is disappearing and a widening gap exists between the haves (rich) 
and the have nots (poor). Multiple jobs and temporary work are characteristics of not only common labor but also 
professional workers as well. Outsourcing, contract work, and consultants are frequently used to do professional, 

. technical, and specialized work. 13 Managers trying to climb the corporate ladder are being told to.day to prepare for 
7 or 8 different career paths, not just 7 or 8 positions within the same firm or industry if they really want to make it 
to the top of a corporation somewhere and some day. Loyalty, commitment, and longevity in relationships are 
lacking 1n society as well. A little more than half of all marriages end in divorce. Second. third. fourth. and e\·en 
fifth marriages (and divorces) are increasingly common. 

Today ' s corporate world has mistakenly replaced the priority of employees with the primacy of customers. 14 

Customer centeredness and consumer satisfaction are bandwagon corporate centerpieces currently. What's wrong 
with the customer-centered commerce concept? Many things. Why should an outsider, who visits an establishment 
maybe only once. twice, or a few times, be considered to be more important than an internal employee who devotes 
the bulk of his or her working life and career to a company for 20, 30, or more years? Do customer loyalty and 
repeat-business characterize the commercial world today? Not hardly! Wal-Mart has taken over retail shopping and 
buying because of one main reason-lower prices. In general. today customer loyalty is a myth. 15 Customers will 
buy elsewhere with the drop of a hat (price). The warehousing of food. clothes. hardware. office supplies, and 
electronics has significantly replaced both mom and pop specialty stores and large nationally known merchandisers. 
And more warehousing is yet to come for durable goods and more expensive items such are large appliances, cars, 
and health care (the HMO movement) . Customers are fickle and flighty. and should not be the focus of a business. 
Customer satisfaction depends on a product's perceived performance in delivering value relative to a buyer's 
expectations. Employee satisfaction depends on a company's ability to fulfill worker needs and expectations. The 
theoretical relationship _between employee satisfaction and customer satisfaction is debatable and inconclusive. 
These authors view them as basically independent variables largely unrelated to each other. What makes employees 
happy often is quite different from what delights consumers. Jaclyn Fierman points this out in her Fortune article 
entitled "Americans Can't Get No Satisfaction." 16 Another Fortune article by Thomas Stewart explains that "A 
Satisfied Customer Isn't Enough." 17 There have been many "recent reexaminations of the determinants of customer 
satisfaction," and previously held theories and beliefs art being challenged in this new millennium. 
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ABSTRACT 
A subset of the General Social Survey (GSS) dataset was used to empirically test the relationships between pro
union attitudes and union commitment within the context of major organizational changes. It was hypothesized that 
both pro-union attitudes and post-change outcomes were related to the survivors' union commitment. The findings 
show a main effect of unionism belief on union commitment, and a strong interactive effect _of unionism belief and 
change outcome on union commitment. It appeared that organizational change survivors who gained financially 
tended to be the most pro-union. 

INTRODUCTION 
There is a substantial body of literature on the effect of downsizing and layoffs on such factors as trust, 
empowerment, justice. work redesign, morale, and competitiveness (Mishra and Spreitzer, 1998). However, there is 
.little work on the effect of organizational change on unions (see Bamberger, Kluger and Suchard .. 1999 for a 
review). The few relevant studies suffer from a lack of generalization, whether they are based on case studies 
(Fitzgera1d and Stirling. 1999). or based on special samples such as college faculty (Dayal, 1992). Given the _ 
increasing importance of organizational change (Barnett and Burgelman. 1996; Van de Yen and Poole. 1995). as 
well as continuing evidence of union influence on organizational functioning, it is imperative to study the 
relationship between organizational change and union commitment. 

The-purpose of this paper is to advance the research of union commitment by empirically studying the relationships 
between pro-union attitudes and union commitment within the context of major organizational changes ( e.g., 
corporate merger/acquisition and corporate reorganization). This paper makes two contributions to the literature on 
union commitment. First, by incorporating the contextual factors of organizational changes and change outcomes 
into the study of union commitment. it extends the scope of the research on union commitment. Second, by using a 
dataset compiled from the General Social Surveys ( or GSS, the most comprehensive survey comprising a 
representative sampie of working American adults conducted nationwide annually since 1972), this paper enhances 
the generalizability of research on union commitment. 

MODELS AND HYPOTHESES 
The literature of union commitment remains ambiguous. divergent and inconsistent. both theoretically and 
empirically: even the attempts to integrate the diverse models have yielded limited progress. Many factors 
res.ponsible for the problematic status of the research have been identified, including (I) sample error; (2) 
measurement error: and (3) conceptualization error (see Bamberger et al., 1999; Sverke and Kuruvilla, 1995). The 
conceptualization error deserves our first and foremost attention since it is a main cause of the other two errors. 

Union Commitment. Gordon. Philbot, Burt, Thompson and Spiller ( 1980) defined union commitment as the extent 
to which a person (a) has a strong desire to retain membership in the union, (b) is willing to exert effort for the 
union, and (c) believes in the objectives of organized labor. Based on this definition, Gordon et al. derived a 
measurement scale that empirically yielded four dimensions: ( 1) union loyalty. (2) belief in unionism, (3) 
willingness to work for the union. and ('4) responsibility to the union. Despite the popularity of the above 
conceptualization and measurement. there are two critical problems. First. the factor structure of the construct of 
union commitment is in dispute. Second, there is a serious theoretical and empirical confusion with regard to what 

_ union commitment is all about: is it psychological attitude, behavioral intention, or both? 

For the purpose of this study, and in line with the generally accepted notion in the field of organization study 
(Mowday, Steers and Porter, 1979), we regard commitment as behavioral intentions rather than psychological 
attitudes. We define union commitment as the extent to .which individuals intend to support their unions (e.g., the 
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intention to vote for unions). Based on this definition, we do not consider general belief in unionism as a component 
of union commitment: rather, we view unionism beliefs as attitudinal. 

Union Attitude and Union Commitment. Two union-related antecedents of union commitment, general belief in 
unionism and union instrumentality perception, appear to play central roles in predicting union commitment 
(Bamberger et al., 1999). Unionism Belief is defined as ideology-based values about unions in general (Deshpande 
and Fiorito, 1989). Union Instrumentality is defined as perceived benefits unions can bring to union members 
(Gordon, Barling and Tetrick, 1995). Several studies (Kelloway et al., 1992; Shore et al., 1994) have shown the 
criterion and discriminant validity of the two constructs. In addition, these studies provide strong evidence that the 
two variables are conceptually independent of union commitment as well as of each other. Thus, we have one 
hypothesis regarding the main effect of pro-union attitudes on union commitment. 

H;,pothesis 1. Unionism belief is positively related to union commitment. 
H;pothesis 2. Unionism insTrumentality is positively related to union commitment. 

Organizational Change and Union Commitment. A review of the literature about union commitment reveals a 
lack of research on the effect of major organizational changes. such as corporate merger/acquisition or corporate 
reorganization. on union commitment (see Bamberger et al., 1999; Sverke and Kuruvilla. 1995 for reviews). As 
called for by Bamberger, et al. ( 1999), researchers of union commitment should begin to focus more on the critical 
effect of environmerital characteristics on union commitment. One of such environmental characteristics is major 
organizational change. Based on the literature about the effect of organizational change on organizational 
commitment, we can argue that organizational change may also have a direct and strong effect on union 
commitment (see Mishra and Spreitzer, 1998 for a review on the effect of organizational change on organizational 
commitment). Further. Fitzgerald and Stirling ( 1999). in their case study of a fire service organization. concluded 
that financially driven organizational change had a major negative influence on union-management relations. There 
is also evidence that organizational changes often bear psychological implications for employees, such as separation 
anxiety due to organizational mergers and acquisitions (Astrachan. 1995). Thus. employees' union commitment 
may increase due to experiences with major organizational changes. 

H_,pothesis 3. Survivors of organi=ational change tend to have higher union commitment. 

However. it is highly likely that whether survivors of organizational changes gain or lose during the organizational 
change will also have an effect on union commitment. Such an effect may be a direct main effect or an indirect 
moderating or mediating effect. Only very limited evidence exists to show if an individual ·s financial situation 
influences their union commitment. Rassuli. Karim and Roy ( 1999) examined pre and post-unionization activities 
and found that the financial variable is the primary detenninant of union commitment. It seems that if one expects 
to gain financially from unions, he or she will have more positive attitudes towards unions. An interesting question 
is whether an individual's attitude towards unions is influenced by their personal financial outcome of major 
organizational changes. It is fair to assume that those survivors who gain financially from m_ajor organizational 
changes would have less negative attitude towards union than those who lose financially. thus with lower union 
commitment. 

H_\pothesis 4a. Sun1ivors with negative financial outcomes tend to have higher union commitment. 
H_lpothesis 4b. Financial outcome tends to have a moderating or mediating effect on the relmionship 

between unionism belief and union commitment. 
H_,porhesis 4c. Financial outcome tends to hai·e a moderaring or mediating effect on the relationship 

ben\'een union instrumentality and union commitment. 

METHODOLOGY 
Data and Sample. A subset of the General Social Survey ( 1996) was used . The subset used for this study included 
the years 1989 and 1991. These years were. used because many relevant work-related questions were included only 
during these years. The General Social Surveys (GSS) are representative sample surveys of the adult American 
population, which have been conducted in almost every year since 1972. Questions on a very wide range of issues 
have been included. and the number of questions asked each year ranges from 153 in 1972 to over 750 in 1991. 
About one third of the questions make up the core, and are asked every year or most years. The entire General 

441 



Social Survey file for 1972-1994 includes 2434 variables. This dataset is public-domain and is easily obtained from 
the Internet. 

Measurement Variables 
Major organizational changes. Respondents were included in the analysis if they responded •yes' (coded as ·t ') to 
either of two items included in this analysis. The items simply asked if the respondent's organizations were merged 
or acquired by another organization, or, if the organization underwent a major reorganization. Respondents who 
responded •no' (coded as '2') were excluded from the analysis. Our final subset of respondents are those who 
experienced a major change, are still employed at this same organization (post-change survivors). and who 
responded to the remaining questions. 

Organizational Change Outcome. The GSS includes an item to measure the outcomes experienced by respondents 
resulting from major organizational changes at their own organizations. Respondents were simply asked about their 
financial situation after the organizational change (mergers/acquisitions or reorganizations). The original GSS items 
were coded as following: 1 = much better, 2 = better, 3 = worse, 4 = much worse, 5 = no effect. We recoded the 
items to scale on a 5-point scale from 1 meaning 'Much better' to 5 meaning 'Much worse' as a result of the change. 
The original' score of 5 ("no effect") was now a mid-point score of 3. Finally, we reverse-coded the scores so that a 
higher score indicates more positive outcomes. This recoding was done because the mid-point score of 'no effect' 
was higher than all the other scores. This was done to avoid a forced-choice scaling for this variable . 

. Unionism Belief The GSS includes several items that measure attitudes towards unions. Five were selected based 
on their direct relevance to this study. Respondents were asked to indicate, on a 4-point scale. the extent they agreed 
( 1 = strongly agree to 4 = strongly disagree) to the following statements: l) "Unions in this country have too little 
power.(REVERSE CODED)"; 2) "For the most part, unions just stand in the way of economic progress in this· 
country." -These two items are treated as indicators of ideological belief in unions. Responses to the two items were 
added to make one scale. A higher score indicates more positive toward unions. 

Union lnstmmenrality. The GSS dataset has a variable labeled 'unmanrel'. This measures respondents' perceptions 
of labor-management relations within their organization. The item is scaled from l to 5 where a l score indicated a 
'very good' or positive perception of union-management relations. The item wording is "In general, how would you 
describe relations in your workplace between management and employees? .. We reverse-coded the 5-point scale 
with l meaning "Very Bad" and 5 meaning "Very Good'' in order to make interpretation of the results easier. 

Union commitment. The dependent variable used for this study measured whether or not the respondent would vote 
for or against a union. This item was used as behavioral indicator of the respondents' propensity to fonn or join a 
union. Respondents responded "For" ( coded as • 1 ') or ·• Against" ( coded as '2') to the following statement: "If an 
election were held with secret ballots, would you vote for or against having a union represent you?" 

It is important to note that some parts of the. GSS data were recoded and some parts were not. This was because we 
wanted all low scores on variables be interpreted as a 'low' end of a scale. Thus. for example. a lower score on the 
'commitment' variable meant lower organizational commitment. To improve explanatory power we have included 
se\'eral control variables in the analysis. These include: gender, education. age, income, and job characteristics Uob 
control). 

RESULTS 
Results of regression analysis testing all hypotheses are presented in Table 1. 

Hypothesis 1. This hypothesis tests whether unionism belief is positively related to union commitment. Results 
indicate that there is significant positive main effect of unionism belief in predicting union commitment (Beta== 
-.786. t = 3.629 . .- p < .001 ). This result indicates that the more positive the ideological beliefs in unions, the 
more likely respondents would vote for unions. Thus, there is support for Hypothesis 1. 
Hypothesis 2. This hypothesis tests whether union instrumentality is positively related to union commitment. 
Results indicate that there is no direct main effect for union instrumentality in predicting union commitment. 
Thus. there is no support for Hypothesis 2. 
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Hypothesis 3. This hypothesis proposes that survivors of organizational change have higher levels of union 
commitment compared to those who have not experienced the change. T-tests were used to determine mean 
differences in union commitment scores between groups. Results i.ndicate no significant difference in the 
means in both the merger and the reorganization tests (Merger: yes = 1. 7 no = 1.626, t = l. 798, p = n.s.; 
Reorganization: yes= l.63 no= l.64, t = -.402, p = n.s.). Thus, there is no support for Hypothesis 3. 
Hypothesis 4a. Multiple regression analysis was used to test the three versions of the last hypothesis. 
Hypothesis 4a predicts that organizational change survivors, with positive financial outcomes resulting from the 
change, have lower union commitment. The results did not support this hypothesis. It is interesting to note that 
the results were significant in the opposite direction as hypothesized (Beta= -.690. t = -2.353, p < .05). showing 
respondent's with positive 
change outcomes also 
tended to be more 
committed to unions. This 
result, while providing no 
support for Hypothesis 4a, 
does raise questions for 
further study. 
Hypothesis 4b predicts 
that financial outcomes 
will have a moderating or 
mediating effect on the 
relationship between 
unionism belief and union 
commitment. Results 
show that change 
outcomes significantly 
moderate the relationship 
between unionism belief 
and union commitment 
(Beta= .544, t = 2.28, p < 
.05). It appears that 
positive outcomes tend to 
lessen the strength of the 
relationship bet\\'een 
union be liefs and union 
commitment. The 
relationship between 
union beliefs and union 
commitment is not as 
strong for those who 
gained financially from 
the organizational change. 
compared to those who 
were hurt financially. 
This result provides 
support for Hypothesis 4b. 

TABLE 1. Multiple Regression Analysis for Effect of Union Attitudes. 
Change Outcomes and Organizational Commitment on 
Intention to Vote for a Uniona 

UNION COMMITMENT 

Independent variables Beta 

Controls 

Age 0.ot8 0.342 

Education 0.121 2.213* . 

Sex 0.038 0.668 

Income 0.024 0.380 

Job Control -.085 -1.496 

Union Instrumentality -.230 -1.269 

Union Belief -.876 -4.863**** 

Change outcomes -.690 -2.353* 

Jmeracr ions 

Union Attitudes X Change 0.544 2.280* 
Outcomes 

Union Management Relations X 0.488 1.912 
Charnre Outcomes 

F 13.070**** 

R:i adjusted 0.322 

d.f. 254 

*p<0.05 ****p<0.00 I adependent variable coded (1) for (2) against 

Hypothesis 4c holds that change outcomes tend to have a moderating or mediating effect on the relationship 
between union instrumentality and union commitment. Results show no significant interaction effect of change 
outcomes on the relationship between union instrumentality and union commitment. 
The addition of the two interaction tenns provided a significant increase in the model's r2 (delta= +.019, F = 
3.528 (2,244), p < .05) . 



CONCLUSION 
The results of the present study represent an important step in understanding the negative effects of mergers and 
reorganizations on an organization's human resources. The results show that there is a counter-intuitive relationship 
between organizational change outcomes and union commitment. We found that individuals who experience a · 
major organizational change, and gain financially as a result of the change, also tend to be more likely to vote for 
unions. One possible explanation for this may involve the generally negative reputation of major organizational 
changes (e.g. mergers and reorganizations). An individual may personally gain from a change. but may also feel 
less post-change job security. The change survivors see what happens to others in their organization. While they 
gained financially this time around, may feel that they could be easily hurt financially, or even lose their jobs. during 
any future organizational merger or reorganization. Given this they may see unions as a possible way to reduce the 
uncenainty and secure some level of job security. Thus. as our results show, they are more likely to vote for a 
union. 

Another possible explanation may involve different attributions for the financial outcomes. Borrowing the logic of 
the fundamental attribution error, you may argue that individuals who gain would attribute this success to their own 
efforts and work performance, and not attribute it to the organization. Thus, they would not give credit to the 
company for their own financial gains. It is possible they are thinking that their own efforts kept them on the job, 
but that their future is insecure unless they .seek out some insurance or safeguard. A union. given this scenario, 
might appear as a possible solution. The relationship between union beliefs and union commitment is no surprise. 
Individuals who have generally positive beliefs of the merits of unions tend to indicate they would vote for unions, if 
_they had a chance. Future studies could include union membership by respondent's. or family members. as a 
moderator on union beliefs. You may find different attitudes based primarily on union experience. The results for 
the relations between union instrumentality and union commitment are interesting. If there would be a significant 
relationship in the hypothesized direction, we would be able to conclude that unions become more appealing in 
organizations where there are negative labor-management relations. The lack of any significant evidence tends to 
indicate ope of nvo possible outcomes. First, it may be that organizational change survivors tend, as a group, to feel 
that there are negative relationships. This is because major organizational changes are known to cause such turmoil. 
Thus, the reduced variance in attitudes makes statistical analysis less viable. Second. overall labor-management 
relations do not drive an individual's attitudes towards unions. in the context of organizational change. Rather, in this 
context, attitudes towards unions may be driven by personal perceptions of the efficacy of unions on protecting 
one's own financial or career prospective. That is, respondents are committed to unions because unions might be 
able to help them personally. but not because unions are a solution to bad labor-management relations. The 
significant moderating role of change outcomes in the relationship between unionism belief and union commitment 
tends to support this· contention. 

There are several managerial implications of this research. First. organizations undergoing major changes are 
vulnerabJe to unionization because of the overall negative impact of major organizational change. The results show 
that there are both direct and indirect counter-intuitive relations between change outcome and union commitment, 
which implies that even ·survivors of organizational changes are more likely to vote for a union, especially those who 
benefit financially from _those organizational changes. It also appears that those who survived, but were hurt 
finan'cially, tend to hold more pro-company attitudes. and are less likely to vote for the union. They may be doing 
so because they feel that having mo~e pro-company attitudes and behaviors will help them in their careers. Second, 
unions should target those organizations that have undergone major changes because these organizations are most 
vulnerable to unionization .. In panicular. a greater proportion of that effort should be directed toward those 
survivors who have benefited the most from those organi2.ational changes. To minimize the negative impact of 
major organizational changes. it is imperative that management and union should cooperate more effectively during 
the period of organizational change. Specifically. unions should be actively involved in the decision-making process 
concerning major organizational changes. Open communication is critical for effective cooperation between union 
and management (Schweiger and Denisi, 1991 ). Open communication would reduce uncertainty and stress 
associated with major ·organizational changes. It would also increase job satisfaction, organizational commitment, 
and perceptions of organizational trustworthiness, honesty and caring. 
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A TEAM-BASED APPROACH TO ORGANIZATIONAL 
RESTRUCTURING FOR PRODUCTIVITY IMPROVEMENT 

Paul F. Tully, Ph.D. 
California State University, Sacramento 

ABSTRACT 
This paper examines the reorganization program developed and implemented by an organization undergoing a 
structural change from a functionally-oriented structure to a team-based structure composed of cross-functional 
teams organized around product lines. The paper analyzes the reasons underlying the change and describes the 
training modules developed to transition team integrators, management personnel, and functional team members to 
effectively work within the new structure. 

INTRODUCTION 
Organization theory postulates that an organization's structure is- the result of the interaction among the contextual 
variables of strategy, environment, culture, size/life cycle, and technology. If the organization does not design a 
structure that is consistent and congruent with the existing configuration of these variables. then the organization 
will be unable to meet the demands being placed upon it. If it is unresponsive to these demands for an extended 
period, the organization will not achieve its mission and fail. The organization under analysis in this paper had 
historically utilized a functional structure where activities and resources were grouped together by a common 
function (i.e .. marketing, engineering, etc.) from the top to the bottom of the organization. This type of stru_cture 
focused upon vertical relationships within the organization and emphasized efficiency within the various functions. 
It keyed on coordination of activities within the functional hierarchical chain and was designed primarily for 
functional control. Unfortunately the contextual variables were changing and the existing structure was 
unsatisfactory. After much consideration. the organization decided to reorganize to a team-based structure with 
cross-functional teams keyed to process and product lines. This changed the organization's orientation from vertical 
to horizontal and focused on learning. The focus in a team-based structure is on coordination and communication 
horizontally across the various organizational functions and departments (Daft: 88-89). The paper examines the 
needs for change, the objectives and improvements sought by implementing the change, the training programs 
developed to ensure acceptance of the change. and finally. some results of the change. So let us begin with the 
existing functional organization. the contextual changes. and some of the problems that developed. 

THE EXISITING STRUCTURE 
The organization under analysis had five similar repair facilities geographically dispersed throughout the continental 
United States. A decision was made to reorganize these repair facilities by centralizing technologies and 
concentrating them at specific geographic repair locations around the country. This move was prompted by 
budgetary concerns and was an attempt to eliminate costly duplication of expensive specialized labor skills and 
equipment. Repair responsibility was transferred and centralized: however, inventory management responsibility 
remained decentralized across all repair centers. Significant communication and coordination problems resulted 
·between inventory managers and .repair centers. The problem was further exacerbated by the increasing 
technological complexity of the systems and items involved (O'Leary: 20). At the time, each repair center was 
organized into four standardized mission directorates that were functional in orientation. This existing functional 
structure was causing some of the problems generally attributed to that organizational form, i.e., tunnel vision within 
the functional areas, competition between functions. coordination difficulties, slowed interfunctional decision 
making, and loss of top management , ;isibility over the overall operation (Stuckenbruck: 16-17). The principal 
weakness of the functional structure is slowness of response to changes that require coordination across the 
organization (Daft: . 97). · · 

What appeared necessary was a systemic approach that considered the situation in its entirety and examined both 
task and human inputs in designing a basic str:ucrure to correct these problems (Dalton, Lawrence, and Lorsch: 4). 
The cross-functional team was the logical candidate, and some form of cross-functional team appeared to be 
warranted because it is a hybrid form which contains characteristics of both product and functional structures, and 
jointly allocates responsibility to each (Hodgetts: 59; Stuckenbruck: 394). It provides a product orientation and 
focus that emphasizes a horizontal view across the organizational units providing support rather than a vertical one 
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up and down the functional hierarchy. This is how the repair process actually operates, and how the work is actually 
accomplished. 

The hierarchical management organization found in a functional structure cannot cope with high complexity and a 
high infonnation processing volume (Stuckenbruck: 71 ). All repair centers at that time were experiencing several 
trends which favored a horizontal or process orientation. For example, there were rapidly changing systems and 
technologies, increasing interdependencies among functional areas, situations requiring diverse technical expertise 
to be closely and quickly coordinated, unique, nonrepetitive tasks to be accomplished. and an increased need for 
responsiveness to the operational customers (Galbraith and Kazanjian: 78-79; Green, Adam. and Ebert: 42). 

What is hailed by some as the newest approach to organizing is called the horizontal structure because it groups 
employees around core processes and virtually eliminates both vertical hierarchy and departmental boundaries (Daft: 
106) turns out to not be so new at all. Another idea called the Integer was developed in the 1960s and this was 
combined with cross-functional teams. The Integer concept was to form an organizational structure around an 
integer or "whole" that encompassed all the resources needed to complete a given job from beginning to end within 
one organizational unit. Muller-Thym, the originator, felt that the reintegration of a number of tasks into one 
complete work unit would improve group efficiency because the members could see the relationship among 
themselves and the total job to be done (Muller-Thym: 1961 ). The resulting program at the repair center under 
analysis was a combination of the Integer and cross-functional team concepts. The initial program was based on this 
Integer and the implementation was in four phases. 

As with any change, there were problems to solve. The existing organizational culture.can often act in a negative 
way to attempt to block effective problem solutions (Steiner: 66). The parent organization required a standard 
functional organizational structure throughout all the repair centers which meant that limitations had to be placed on 
the pilot study cross-functional team's authority. The cross-functional teams could be used. but only on an 
experimental basis. At that point in time. the structure could not be formally changed because the parent 
organization wanted to maintain a standard structure in all five repair centers. The repair center head authorized the 
pilot program to attain the following objectives: ( l ) to facilitate the repair process by focusing on the task to be 
perfonned and grouping the functional skills around it; (2) to foster a corporate viewpoint in problem analysis and 
decision making: (3) to reduce operating costs by better utilizing personnel and involving the team in the decision 
and problem-solving process: and ( 4) to improve customer repair support (O'Leary: 26 ). 

A lead division approach was used during implementation. This is a recognized alternative to an all out product 
organization because it vests in the lead division the responsibility to coordinate the actions of the cross-functional 
team. but it severely limits its authority to direct the activities of other affected divisions (Stuckenbruck: 19). 
However, this approach maintained the standardized functional structure that headquarters wanted at all repair 
centers intact. This structural choice necessitated the designation of an integrator who could keep top management 
infonned: however. the integrator was given no formal authority over team members. The composition of the 
typical team consisted of 12 to 15 members depending on the process involved. Members were drawn from all four 
of the mission directorates associated with the particular product. The team integrator came from the lead division. 
The pilot teams were to operate under the following ground rules (O'Leary: 28-28). 

1. The existing organizational structure and formal appraisal system would remain unchanged; 
2. No authority was granted to the teams other than fonnal recognition; 
3. Team members were encouraged to communicate face-to-face with other team members horizontally 

across functional lines; 
4. Team members were selected based on current job assignment rather than "loading'' the teams with the 

best functional specialists available : 
5. Funding for teams was based on past management policies with no additional funds provided; and 
6. Teams selected their own management indicators to determine team effectiveness. 
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TRAINING FOR THE NEW STRUCTURE 
The decision to introduce a cross-functional team in any organization is difficult because what it really entails is a 
power balance between functional department managers and integrators each with a different set of goals 
( Gailbraith: . 163 ). The cross-functional team means more and more decision making and responsibility is being 
driven down to employees at lower levels. Theoretically, this should result not only in better decisions, but also in 
greater involvement and participation by individual team members which necessarily leads to more commitment to 
team goals and objectives (Davis and Lawrence: 120). Thus, a more organic, panicipatory. and human relations 
orientation tends to exemplify the management style and ideology at the organization's operating' levels 
(Khandwalla: 497). Many of these characteristics are exactly what advocates of employee empowennent issues 
seek to instill within the organization. 

Successful implementation of such a radical structural change necessitated the development of a training program to 
convince panicipants of the vinues of the change, provide a theoretical understanding of the new structural fom1's 
advantages and disadvantages, build a sp-irit of cohesiveness and cooperation among former functional 
"adversaries," develop commitment to the team and its goals, and finally, reduce or eliminate the resistance to the 
change. The key player in a successful structural change was identified as the team integrator because the integrator 
would be.both "leader" of the team responsible for coordinating -its efforts and the interface with the managers of the 
functional areas from which team members were drawn. Three separate types of one-week long training sessions 
were developed for integrators, managers, and team members. The integrators attendance at all three was 
considered absolutely essential. 

Integrator Training 
The integrator's key role led to the decision to train them first. Personnel chosen to be integrators were selected for 
their depth of knowledge within their own functions, but more imponantly for their breadth of knowledge of all the 
other involved functions and how they were interrelated and interacted in performing process tasks. Specifically. 
their training encompassed the following: 

1-. The theory of matrix and horizontal structures. 
2. Small group formation , dynamics, and decision making. 
3. Consensus building exercises. 
4. Videos on group decision making. 
5. Integrator-functional manager integration dynamics. 

It was imponant in these sessions to highlight the difficulties that their lack of authority over functional managers 
and team members would cause, and to point out potential techniques and approaches for working around these 
obstacl~s to accomplish the integrator's job. 

Manager Training 
The focus for this training session was on development of a spirit of cooperation between the team integrators and 
·the functional managers because they were the two sources of direction and leadership for cross-functional team 
personnel. The training involved: 

· 1. The theory of matrix and horizontal structures. 
2. Problems of and solutions for the matrix's two boss divided authority. 
3. Benefits of this change for functional managers. 
4. An extended exercise in role ~nd authority definition for functional managers and integrators. 

The exercise was the focal point of the week's training and the vast majority of time was spent on it. The hope was 
that a consensus would develop between functional managers and integrators on delineating the appropriate 
allocation of authority and responsibility between them. The key to the exercise was having both groups identify 
and agree upon what were the key tasks and decision involved in the process. and then decide what their respective 
involvement should be in each instance. Should they be responsible, should they have sole or joint authority to act, 
should they be consulted. or should they simply be informed? Since the integrators were given no fonnal authority, 
it was hoped that the functional managers would recognize the need for them to have it in specific instances, and 
voluntarily relinquish some functional authority to the integrators. It never happened! After days of thoughtful and 
reasoned discussion. the net result was that the functi.onal managers would not surrender any of their authority. This 
was disappointing to the trainers , but not unexpected given human nature. · 
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Team Member Training 
Cross-functional members of the team entered the training with a minimal understanding and appreciation of what 
other functions did, how their performance affected the ability of other functions to perfonn their tasks, and how al 1 
the functions interacted to accomplish the overall organizational mission. Specific areas covered were: 

I. The theory of matrix and horizontal structures. 
2. How the change would make their job easier. 
3. Group theory. 
4. Consensus building exercises. 
5. Role definition and elaboration of team member responsibilities. 

The latter was the central theme of the training and used team building workshops to develop cohesiveness, loyalty, 
and understanding among members. Workshop participants described their job responsibility and outlined what 
they intended to do for the team. Other members used questions to clarify functional interrelationships and specify 
what they thought the member's commitment ought to be. What resulted was a verbal contract on what each 
member's duties and responsibilities were to the team which was arrived at by consensus. This broadened the 
functional member's perspective and permitted a better understanding of where one's job fell in the overall scheme 
of things. More importantly it fostered commitment to the team and its goals and objectives. The object of this 
team training was to recognize the importance of the intervening variables of group size, member composition and 
roles, group cohesiveness. and group norms on the team's ultimate performance and then structure the training to 
address and resolve these issues (Moslby, et al., 463-467). The new structure proved so successful upon full 
implementation that it was ultimately installed in all repair centers as the formally approved structure. 

CO~CLUSIONS 
Unfortunately conclusions can only be anecdotal with no statistical or survey data to support their validity. This 
makes it _difficult to definitively analyze and discuss the results of this structural change effort. Management was 
unsuccessful in their attempts to develop objective measures of productivity improvement and could not survey the 
participants in the program because of union objections and for fear of violating personnel regulations; however. 
so~e conclusions are still possible: 

1. Lateral communications were improved. 
:!. Decision making was delegated to lower functional levels within the organization. 
3. There was a reduction in bureaucracy both in terms of levels and formalized rules . 
4. Team members' satisfaction grew as a result of their increased influence. control of work assignments, and 

greater input into the decision-making process . 
5. The structural change created a single point of responsibility for the product across the repair center. 
6. The number of items managed increased. the support leYels improved. and the number of people employed at 

the repair center decreased. This would seem to indicate that people had become more productive. Fewer 
employees were now providing better support for a larger number of more technically_sophisticated items. 

The key to this success was picking a structural form that was consistent with the contextual variables involved, and 
then carefully designing a training program that prepared all participants to accept and successful operate in the new 
horizontal process structure. 
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ABSTRACT 
The traditional model for economic development in emerging nations has been for the countries to enter industries 
producing mature products and compete on the basis of low cost labor and government concessions. Ireland 
followed a different model through its Industrial Development Agency's (IDA) national industrial policy of 
concentrating it's development effort on the pharmaceutical and high technology industries. These industries 
require highly educated and highly skilled employees to compete successfully in the global marketplace. This 
placed the burden squarely on the shoulders of the Irish educational system to develop the capability to provide Irish 
students with the requisite skills. This paper examines the metamorphesis of the Irish educational system from one 
of the poorest in Europe to one of the best, and its reconfiguration at all levels to tum out scientifically and 
technically competent graduates to support Irish industrial policy. 

BACKGROUND 
For over eight centuries Britain ruled Ireland and dominated every facet of its social, political. and economic life. 
When Ireland gained its independence in 1921, it was only natural that she withdrew into herself both politically and 
economically. This was followed by a decade long policy vacuum that lasted until Eamon de Valera came to office 
as head of state in 1932. He remained in office into the 1950s, and then continued his influence on and involvement 
in government matters as a senior statesman for many years beyond that. Unfortunately. de Valera was a fatalistic 
socialist that immediately steered the economy on a course of protectionism and isolationism (Norton, 1999). The 
country isolated itself from trade with foreign nations and actively raised barriers to exclude efficient non-Irish firms 
while subsidizing its own fledging, inefficient. and noncompetitive industries. The low point was reached in the 
1950s when emigration skyrocketed. population fell below 2.9 million citizens. per capital Gross Domestic Product 
(GDP) plummeted to half of Britain's. and the growth in per capita income throughout the decade averaged 2.2 
percent which was less than half the average for other Western European countries (Norton, 1999). This dismal 
economic performance had to be re\'ersed and a new course of action initiated. but at that time no governmental 
vehicle existed to accomplish the requisite turnaround. The Irish people were unhappy \vith the situation and 
exened heavy pressure on the government to rectify the state of the economy. 

I~DUSTRJAL DEYELOPME~T AGENCY 
In 1958 the Irish gO\·ernment adopted the Programme for Economic Development to correct the dismal economic 
conditions then existing in the country. The key factor was to drop protectionism and open up the Irish economy to 
foreign capital and know-how. Unfortunately, the early companies that this program attracted were primarily drawn 
from low-tech industries like textiles which came to Ireland because of the cheap labor and the tax concessions and 

· incentives the go\'ernment offered. These companies never grew. because they could not compete with plants in 
other countries with lower wages (:'Jorton, 1999). Today these firms have all faded from the Irish economic scene, 
and they have been replaced by others that are oriented toward more advanced technologies. Thus, in the late 1960s, 
the government established the Industrial Development Agency (IOA) to anract these higher technology industries 
to Ireland. 

Ireland·s industrial policy has been focused on and more preoccupied with getting multinationals, particularly U.S. 
multinationals. to establish a base in Ireland (Kirby. 1997). The Celtic Tiger appears to be based primarily on the 
multinational corporation (MNC) manufacturing sector (O'Regan, 1998). In fact, most of the success of Ireland's 
economy appears dµe to a small number of grov:th sectors all dominated by the multinationals (Kirby, 1998) of U.S. 
origin that were mentioned earlier. The greatest portion of Ireland ' s impressive economic growth performance has 
been due to the growth of exports, and more than half of these merchandise exports originate in five high-tech 
sectors: computers. computer software. chemicals, pharmaceuticals. and soft-drink concentrates (Murphy, 1997). 
Indigenous manufacturing firms have been able to grow by becoming suppliers to these MNCs (Murphy, 1997). 
The IDA plan was extremely simple and it became the basis for Irish industrial policy from the late 1960s until 
1998. The IDA targeted pharmaceuticals and technology as the two areas to spawn Irish economic growth. As 
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Kieran McGowan, the head of the IDA put it "we were looking around at industries that were growing and also 
wanted what we had, which at that time was low taxes or no taxes, and a location in Europe" (Nonon, 1999). In 

the pharmaceutical area Pfizer built a plan Cork to be quickly followed by Johnson and Johnson, Smith-Kline 
Beecham, and many others. Digital Equipment was the first computer company to locate in Ireland followed by 
Microsoft, Intel, and Xerox among others (Norton, 1999). From that point on, they came in ever increasing 
numbers. 

The IDA has been pleased with the success it has had in attracting computer and pharmaceutical firms to relocate in 
Ireland. The agency feels that it has been right to focus its effons on winning technology projects because these 
have shown the steadiest and most consistent growth historically and are key factors driving the economy; however, 
IDA does recognize that these types of firms are subject to volatility. IDA plans to continue concentrating on health 
care and pharmaceutical projects, but will also now place a large amount of its efforts at winning information 
technology (IT) projects. IDA is also focusing on convincing companies to add other operations such as design, 
software, and research and development to their existing Irish operations in order to deepen their commitment and · 
root them more firmly in Ireland (O'Keefe, 1998). This is an excellent strategy because it moves towards higher 
skilled jobs that could not easily moved to cheaper labor cost countries. Overall. the development portion of the 
strategy appears successful. Now let's examine the educational system. 

THE IRISH EDUCATIONAL SYSTEM 
A major allure for U.S. companies is the Irish educational system, and the fact that English is the spoken and written 
language of Ireland. In the 1960s, Ireland had one of the poorest educational systems in Eur.ope. From 1922 to 
1970 the country invested little in education compared to the rest of Europe. Since then however, the Irish 
government has made investments in education, including the establishment of regional technical colleges in a 
conscious effort to support Irish industrial policy and provide multinational firms with competent employees at all 
levels . .The effort appears to have been successful. In 1999, the independent IMD World Competitiveness Report 

·.ranked I_reland has having one of the best educational systems in the world ahead of France, Germany, the United 
Kingdom. and the United States among others. (http:1/www.idaireland.com1yframes/faivsv.htm1). The Irish system 
is divided into three levels with alternative paths available within each of these levels. What follows is a description 
of only the national schools at each level excluding private and special schools. 

Level One - Primarv School 
Ireland ' s compulsory education ranges from age six through fifteen years of age, but children can start earlier and 65 
percent of those age four and almost all five year olds are enrolled in what are called infant classes. There are 
approximately 3200 primary schools that serve 500.000 students which represents 98 percent of those eligible. 
Education at this le\·el focuses on a child centered approach covering the basics areas of a child's interests and needs 
over a wide range of subjects. No formal testing occurs upon completion of the primary school cycle to validate 
mastery of the subject maner and readiness to move on the next le\·el. 
(http: //www.educationland.ie/htm/education imain.htm). 

level Two- Secondary School 
Thi•s next level of post-primary education is composed of vocational. secondary, and community and comprehensive 
schools accounting for approxim~tely 370.000 students in 768 publically supponed schools of which 445 are 
secondary schools with about 60 percent of the post-primary students. The remainder consists of 77 community or 
comprehensive schools, 246 vocational schools which in addition to covering the second-level curriculum also 
provide an extensive range of continuing technical and vocational education for students and adults. Technology 
advances have come at an ever quickening pace. particularly in computers, communications, and information 
technology (IT). (http: //ww\\'.irlgov.ie/eduipublications/25ca33a.htm). 

It is at these initial two levels. particularly the secondary level. that the basics are presented and the initial exposure 
to mathematics. science, and technology takes place. Recognizing this the Irish government in 1997 established a 
far reaching program called Capital Schools IT 2000 to act as the vehicle for integrating information and 
communication technologies (ICTs) into first and second-level educational institutions. The program is already 
underway and has a target completion date of the end of the year 2001. It represents a government investment of 40 
million Irish punt which is a considerable investment for a nation of Ireland's. size. It targets the three areas of 
classroom infrastructure and resources, teacher skills development and support, and educational research and policy 
with an objective of enhancing learning and teaching through the improved educational use ofICTs. · 
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(http://www.irlgov.ie/educ/it200/chaol.htrn). Ireland's lnfonnation Society (IS) stated several compelling reasons 
for integrating ICTs into the Irish educational system, but for this paper purpose the key revolved around the 
vocational and economic reasons. They said: .. Secondly, there · are vocational and economic reasons for 
promoting the use of ICTs in schools. Knowledge and familiarity with new technologies will be an important 
dimension of employability in the information society. Those organizations that cannot adapt to the information 
age will not function effectively. Similarly, those nations that success/ ully embrace the information age will gain 
an advantage over their competitors. This is of particular relevance to Ireland in light of the increasing demand 
for these skills and their importance for the continued growth of the Irish economy." 
(http://www.irlgov.ie/edu/it200/chap2.htrn). 

The idea is to provide pupils in all first and second-level schools a chance to become computer literate and 
technically competent members of the information society. Specific goals of IT 2000 are to have at least 60.000 
multimedia computers available in Irish schools by the end of 2001, to connect every Irish school with the Internet 
within two years utilizing a 10 million Irish punt contribution from the state owned telecommunication service. 
Telecom Eircann, and also to provide at least 20,000 Irish teachers with professional skills development in ICTs 
(http://www.irlgov.ie/edu/it2000/chap5 .htm). This program might further accelerate the trend that currently exists 
where the majority of students in Irish third-level education major in business, engineering, and computer science. 

Level Three - Universities and Colleges 
This sector of the Irish educational system consists of universities. colleges of education. and technological colleges. 
Although these institutions receive substantial funding from the Irish government, they function as autonomous and 
self-governing units ·which service more than 100.000 students. There has also been a trend in recent years towards 
the establishments of more independent private colleges, but these have specialized primarily in business oriented 
courses. There is a definite separation at this level with the universities offering fields of study leading to 
Bachelor's degrees, Post Graduate diplomas, Master's degrees. and terminal Doctoral degrees in all the usual 
university le\'el disciplines and fields of study: however. the Institutes of Technology and the private colleges grant 
only the Bachelor's degree (CSO, 1998). There are four universities that comprise the third-level segment of the 
Irish educational system. The first is popularly known as Trinity College (the oldest university in the Republic of 
Ireland). the University of Limerick which focuses on technology and business, Dublin City University, and the 
National University of Ireland (NUI). The NUI is organized on a federal basis with essentially autonomous 
campuses located in Cork. Dublin, Galway, and Maynooth. All ot Ireland's universities follow the European model 
where bachelor·s students are taught by lectures and tutorials: master 's students by designated course work, 
research, or some combination of both: and doctoral degrees which are earned and awarded solely on the basis of 
research. Fields of study include the humanities. sciences. technology, social sciences, business, and medicine. 
These schools provide the central core of Ireland 's third - le\'el education and are the primary source of professional 
personnel to support IDA 's industrial policy focus on technology, computers. and phamiaceuticals as the industries 
to spur Irish economic development and growth. (http: !t\\'\\'w.ir]Qo\·.ic1edu/3rd.leY.edu/universities .html). Perhaps 
of more interest however are the thirteen Institutes of Technology introduced in the 1970s which were originally 
known as Regional Technical Colleges and now constitute an integral part of third-level education. These institutes 

· are located in the cities of Athlone. Carlow, Cork. Dublin, Dundalk, Dun Laoghaire, Galway, Letterkenny, 
Limerick, Sligo, Tallaght, Tralee, and Waterford so that they are spread throughout the country to provide easy 
access to interested students. The largest third-level institution in the country, Dublin Institute of Technology (DIT) 
is composed of six constituent colleges of which two are Colleges of Technology, a College of Marketing and 
Design. and a College of Commerce. Their primary focus is in _the areas of engineering and technology, business 
studies. and science and paramedicine. They make available both full and part-time education and training for 
employees in trade and industry throughout a broad range of different occupations . 
(http:/1www. irlgo\'. ie/edu/3rd. lev .edu/techcoll .html ). 

As an example of this type of cooperation the world renown Waterford Crystal Limited is working one of these 
technical institutes. The company has joined forces with the Waterford Institute of Technology (WIT) to create and 
pay the fees for a program that brings new technical skills and self-development opportunities to its shop floor 
workers. The purpose of the program is to create a versatile and multi-skilled workforce, and to retain skilled 
manual workers to help them adapt to workplace technological change. Nearly 300 of Waterfords's 1,500 
employees are currently enrolled at WIT, and another 800 workers have already been awarded completion 
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certificates by WIT (Irish Times, March 1998). The students entering the work force over the past few years are thi 
end result of this reformed educational system (Norton, 1999). 

An organization called the National Council Education Awards (NCEA) has been granted by law authority to grani · 
completion certification of the various Institute of Technology programs. NCEA also establishes and monitoij 
standards for the colleges. Interestingly, these institutes are somewhat analogous to the Junior College systems in 

the United States. They offer the student an opportunity to move through various programs to higher levels of 
academic achievement. For example, the NCEA has established a transfer network through which the student can 
move from a Certificate to a Diploma and ultimately to a Bachelor's Degree upon completion of additional worK 
and demonstrated performance on an examination. The qualifications awarded by the NCEA are recognizeo 
internationally by professional, academic, trade, and craft agencies. The majority of these colleges also offer 
courses that lead directly to the various specific examinations of many professional institutes 
(http: //www.irlgov.ie/educ/3rd.lev.edu/techcoll.html). Bec~use of its national economic policy and developmem 
plan, Ireland has developed considerable specialization in electronics and computer studies. As these two industriei 
have expanded in the Irish domestic economy through the attraction of leading multinational technology companiei 
and their establishment of facilities within Ireland, the need for technically and scientifically competent employeei 
has increased. One factor feeds upon another, and now virtually all third-level institutions grant diplomas ano 
degrees in a variety of electronic engineering and computer related areas of study to provide skilled labor for these 
multinationals (http://www.irlgov.ie/educ/3rd.lev.edu/expert.html). 

The following table illustrates the progression from one level of accomplishment to the next, and is illustrative of 
simil,ar programs in the other science and computer studies offered by the Institutes of Technology. The example ii 
for the Waterford Institute of Technology' s Department of Chemical and Life Sciences in the School of Science. 
This · table is displayed on the computer screen to demonstrate possible progression paths within each specialcy 
leading to culmination in the Bachelor's degree after four years. If the student wants more information on specific 
requirement at each level all that he/she needs to do is click on the word "handbook" and all course requirementi 
and syllabuses will be displayed. (http :/iwww.wit.ie/sos/labsci .html). 

Award sou!f/1t Specialisations 
National Agricultural Applied Applied Pharmaceutical 

Certificate science biology chemistry science 
m (2 years) (2 years) (2 years) (2 years) 

Science 
handbook handbook handbook handbook 

National Some student take Biotechnologv Applied chemistrv 
Diploma the Ouali rv ( 1 year) ( 1 year) 

In assurance 
Science specialisation handbook handbook 

(also open to other 
NC holders). 

·Handbook 
Bachelor" There are study Applied biologv Applied chemistry with guali!Y 

Of options in with gualirv management 
Science universities in management ( I year) 
( I year) Ireland and UK. (l year) 

handbook 
handbook 

Sources: Waterford Institute of Technology, School of Science. Department of Chemical and Life Sciences, 
2000. 

The above description of the Irish educational system provides a good overview of its orientation and focus. It also 
demonstrates how it has been revamped and molded to be congruent with and support the Irish government ' s ano 
IDA 's national industrial policy and initiatives. 
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RESULTS 
This overall strategy appears to have quite successful. At least 60 percent of Irish economic growth has been 
attributed to science and technology. In the period from I 987 to 1997, total employment in Ireland in manufacturing 
and services increased by only 22 percent, but in the targeted areas it improved by 85 percent in pharmaceuticals. by 
78 percent in electronics, and by an astounding 250 percent in computer software (Reville. 1998). Ireland's success 
is no accident. It is the result of careful planning, intensive recruitment of foreign firms, and very thorough 
implementation efforts. This has led to an unparalleled growth in the Irish economy in its competition with other 
EU nations. Ireland currently wins 30 to 40 percent of greenfield investment in manufacturing sites by U.S. firms 
moving into the European Union (EU) despite accounting for only 1 percent of the EU 's population. IDA has had 
an office in the Silicon Valley for over 20 years to conduct a thorough process of sifting. analyzing, and targeting 
specific companies. This process of wooing a company averages approximately three years to bear fruit. IDA ' s 
traditional targets have been young, successful, high technology companies (Lillington. 1997). The approach has 
been so successful with the California effon that the Irish government has opened a New Enterprise-Ireland office in 
Boston·s high technology suburbs around Route 128 to accomplish the same goal. 

The transformation of the Irish economy has been remarkable. Ireland 's economic growth has been phenomenal. 
Real GDP was up by 5.8 percent in 1994, 9.5 percent in 1995 , 7.7 percent in 1996, 10.7 percent in 1997, 8.9 percent 
in 1998, and was estimated at 7 .5 percent for 1999 (Nonon, 1999). All of this is due to IDA policy and effons. 
Ireland in the 1990s was the most dynamic, successful. and fastest growing nation in Europe. Total output grew at a 
rate of 8.5 percent from 1994 through 1998. This was three times the European average and almost three times as 
fast as GDP has risen the U.S. In fact, in 1997 the Irish living standard surpassed that of Britain (Norton, 1999). 
The Irish economy has emerged at the center of the European economic scene since the late 1980s after centuries of 
underdevelopment and a tradition of emigration by a population that was underemployed at home. Ireland today has 
been tagged the Celtic Tiger-to draw anention to the similarity between Ireland 's rate of Gross Domestic Product 
(GDP) growth and those of several Asian nations in the early 1990s (O'Connor. 1998). The term Celtic Tiger is 
based on the premise that Ireland has been an underdeveloped country which is now moving into the group of 
developed nations (Kirby. 1998). 

Whatever the specific reasons underlying Ireland's success. there is no arguing that it is real. The international 
Institute of Management Development. a Swiss-based economic think tank, uses 259 criteria to rank 47 
industrialized nations on competitiveness. These criteria include the domestic economy, internationalization, 
education. government, finance, infrastructure. management science and technology, and people. The criteria are 
uti lized to construct a table highlighting which countries are best at providing conditions for business to be 
competitive. Ireland was ranked 22nd

• I 5th
• 11 th

• and t h from 1996 through 2000 respectively in that able of the 
world·s most competitive economies placing it ahead of both Britain and Japan. 
(hmp: //v.'\vw.imd.ch1wcy1ranking/ranking.cfm?rank_id= I). This suppons the 1997 Irish Central Statistics Office 
(CSO) statement that Ireland was the fastest growing economy in the developed world wi th 6.9 percent rise in Gross 
National Product (GNP) in 1996 following 7.8 percent and 8.8 percent increases in 1994 and 1995. The CSO stated 
that these figures confirmed Ireland· s place as the fastest growing economy of the 29 qeveloped nations in the 
Organization for Economic Cooperation and Development (OECD). (Creation. 1997). In fact, Ireland had real 
Gross Domestic Product (GDP) growth of 8.6 percent in 1999 and a projected GDP growth of 7.5 percent in 2000. 
(http://www.idaireland.conv·vfannes 'faivsv.html). Other indications of Ireland 's significant economic growth are 
falling unemployment, workers shortages in some occupations, rising employment of Irish university graduates in 
Irish business. and efforts to induce immigration of foreign workers to fill existing Irish vacancies. In fact, Ireland, 
which has been an exponer of its people for several centuries. has recently become an importer. 

CO:\CLUSIO~ 
Industrial policy and its tailoring of Irish technological education implemented through the Department of Education 
and Science and IDA efforts have truly been the engine that has driven Irish economic growth and are largely 
responsible for the success of the Celtic Tiger. The government's foresight , planning, and implementation of its 
blueprint for Ireland's economic development and education refom1 have been an example that other economically 
emerging nations would do well to emulate. Ireland chose industries where it believed it possessed a competitive 
advantage, focused on them and revamped if s educational system to support them and then cultivated leaders in 
those industries to relocate to Ireland. It wisely sought industries where Irish advantages and distinctive 
competencies could not be quickly duplicated by other countries nor easily eroded by time. The government's 
industrial and educational policies have done a remarkable job and have served the Irish people well. 
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BARRIERS TO EMPLOYMENT FOR WELFARE RECIPIENTS: 
THE ROLE OF RACE/ETHNICITY 

John A. Garcia and Randall D. Harris 
California State University, Stanislaus 

ABSTRACT 
With the passage of the Personal Responsibility and Work Opportunity Reconciliation Act of 1996. there has been 
an increase in research attention devoted to barriers to workforce participation for welfare recipients. However, 
much of the research conducted to this point tends to view the welfare population as a homogeneous group. We 
argue here that the welfare population is heterogeneous in nature and that ethnic minorities face the greatest barriers 
with regard to workforce entry. This study examined eight commonly identified work re ated barriers in an ethnically 
diverse sample of 4014 active T ANF cases. Our results indicate that different ethnic groups face different barriers to 
workforce entry, with ethnic minorities facing ·the greatest number of barriers. Asians in this sample were at the 
greatest risk for failure . Implications for service delivery and intervention strategies are discussed. 

INTRODUCTION 
The purpose of this study is to examine the potential barriers to employment faced by welfare recipients of different 
ethnicities. Similar to the position of Eberts ( 1997), we argue that the welfare population is heterogeneous in nature. 
Specifically, we argue that different ethnic groups face different barriers to workforce entry and that ethnic 
minorities. in particular, face the greatest challenges with regard to job entry. Our decision to use ethnicity as the 
filter variable for this study is rooted in the social science knowledge base and previous research related to the 
subject. There is an enduring 'legacy of racism. discrimination, and structural inequities in our society that poses 
serious threats to the health and well being of ethnic minority groups (Thomas and Quinn. 1991 ). 

Research Hvpotheses 
Hypothesis One: Different ethnic groups of welfare recipients face different barriers to 

workforce entry. That is. significant differences in workforce barriers will be observed among the 
various ethnic groups. 

Hypothesis Two: Ethnic minority welfare recipients face a greater number of barriers to workforce entry 
than White/N on-Hispanic welfare recipients. 

\Vith a clearer understanding of the rnriance in job readiness among welfare recipients and the factors which are 
most likely to serve as barriers to employment for some but not others. service providers will be better informed to 
construct service plans that are likely to address the unique needs of welfare recipients. 

RESEARCH METHODOLOGY 
. Variables 
The focus of this study was to examine three major categories of barriers to workforce participation, which are 
operationalized by a total of eight variables that have been discussed both in the literature and among human service 
providers as obstacles in transitioning recipients from welfare to work. Category one encompasses job preparedness 
and includes an examination of four variables: 1) recent work experience, 2) educational attainment, 3) vocational 
training. and 4) English language deficits. Category two focuses on famizv structure as a barrier to employment and 
includes two variables: 1) number of dependents in the household and 2) family composition (single parent 
households versus two parent households). Category three examines transportation as a barrier to employment and 
includes two variables : 1) driver's license status and 2) vehicle status . 

Research Setting 
The data utilized in this study pertain to persons in receipt of services from one human service agency located in 
Merced County. California. Merced is one of 58 counties in the State of California and is geographically located in 
the heart of the Central Valley (Central California). also known as the San Joaquin Valley. Of the 58 counties in 
California, Merced ranks second with regard to the highest number of welfare recipients (13,794) per 100,000 
population (RAND California, 1999). 



Data Sources 
The data examined in this study came from two existing databases, utilized by the Merced County Human Services 
Agency primarily for administrative purposes, which include case level data on those persons receiving services in 
the county. The Merced Automated Global Information Control System (MAGIC) provided most of the basic· 
demographic data on the T ANF population, including information such as race/ethnicity. country of origin, 
language(s) spoken, gender, year of birth, and driver's license status. The GAIN Employment Maintenance System 
(GEMS) was the database utilized to glean work related information such as length of time out of workforce, 
educational attainment, and vocational training, along with other useful demographic data such as"family 
composition and number of dependents. 

Analvtic Procedure 
We first use a Multiple Analysis of Variance (MANOVA) test in order to address research hypothesis #1: there will 
be significant differences among the various ethnic groups. In those instances in which the univariate tests in the 
MANOV A analysis were found to be significant, protected post-hoc tests were conducted in order pinpoint/locate 
where the differences occurred among the various ethnic groups. 

The second research hypothesis--ethnic minority welfare recipients face a greater number of barriers than 
Whites/Non-Hispanics--is tested using a-One-way Analysis of Variance. This test is specifically conducted in order 
to determine if there are significant differences among the various ethnic minority groups and the non-ethnic 
minority group (White Non-Hispanic) with regard to the average number of employment barriers encountered. 

Research Sample 
The subjects in this study were all active adult ( over age 18) T ANF recipients in Merced County. California. _in 
August of 1998. This information was obtained from the Human Services Agency of Merced County, the primary 
administrator of Merced County' s T ANF and CAL WORKS programs. In August of 1998, there were 5392 active 

·. adult T ANF cases. However, this number was inclusive of persons who were classified as exempt from work 
· requirements due to "special circumstances." In order to focus our attention solely on those persons who mtist meet 
work requirements under the new federal guidelines. only non-exempt cases were included in the analysis. As such, 
the analysis was conducted on a total sample of 4014 active status cases (welfare recipients required to meet work 
requirements). 

The sample was comprised of 2909 women (72.5%) and 1105 men (27.5%). The average age of the TANF recipient 
was 32.33 years (standard deviation of 8.6 years). The ethnic composition of the sample included 1613 Hispanics 
(40.2%), 1221 White/Non-Hispanics (30.4%), 777 Asian or Pacific Islanders (19 .4%). 386 African Americans 
(9.6%). and 17 American Indians (.4%). It should also be pointed out that the Asian or Pacific Islander group was 
largely comprised of Laotian and Hmong refugees. Forty-six percent (n=358) of the persons identified as Asian or 
Pacific' Islander were classified as having refugee status. 

RESULTS 
Overall Sample and Workforce Barriers 
The findings related to the sample as a v.·hole and the potential workforce barriers that are faced by recipients to 
mirror results from previous research. With regard to the job preparedness variables. 52% of the sample of the 
active T ANF recipients were not employed in the past 24 months, 51 % did not have a high school diploma or GED 
equivalent, 85% reported· having no vocational training. and 30% had an English language deficit. Similarly, the 
family structure variables revealed that 59% of the recipients were from single parent households, and 36% of the 
recipients had 3 or more dependents. With regard to the transponation variables, 38% of the sample did not possess 
a driver' s license, and 79% reponed not having a vehicle. As a unit, welfare recipients in Merced County had an 
average of nearly 4 (3.7) workforce barriers. Less than 10% of the sample had only one or no workforce barriers, 
while 59% of the sample encountered between two and four barriers, and 32% of the panicipants had between five 
and eight barriers. ·Nevenheless. in isolation. these findings mask the significant differences in workforce barriers 
present within the sample of welfare recipients . 

Emplo\'ment Barriers BY Ethnicit\·: Omnibus Test 
The Pillais omnibus test indicated that there was significant variance among the five ethnic groups with reg~rd to the 
identified work barriers. That is, with a p-value ofless than 0.05 and an associated significance of F=0.000, 
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significant differences were observed among the ethnic groups' barriers to employment. In addition. the univariate 
F-tests for each of the dependent variables under analysis indicated that there was significant differences on all eight 
work variables based on the variable race/ethnicity. · 

Emplovment Barriers Bv Ethnicih·: Protected Post-hoc Tests 
Due to the fact that the Multiple Analysis of Variance indicated that there were differences among the groups on 
each of the barriers under examination, protected follow-up tests (One-way Analyses of Variance and Chi-square 
Cross-Tabulations) were generated in order to more clearly pinpoint or uncover those differences. 

Recent Work Historv. A Chi-square cross tabulation was conducted in order to identify differences among the 
various ethnic groups regarding work in the past twenty-four months. As expected. with a Pearson's Chi-square 
value of 88.640 and an associated p-value = 0.000, the results indicated that there were differences among the 
groups. 

The most glaring difference regarding work force participation and absenteeism over the past twenty-four months 
involves the Asian population in contrast to the other groups. At least half of all of the Native American, Hispanic, 
African American, and White/Non-Hispanic recipients had worked at some point during the past two years. 
Furthermore, Native Americans, Hispanics. African Americans. and White/Non-Hispanics had nearly identical 
recent work force participation rates. However, slightly more than two-thirds (68%) of the Asian recipients had not 
worked in the past two years. 

Educational Attainment. A One-way Analysis of Variance was utilized in order to examine differences among the 
various ethnic groups related to educational level. With an F-ratio of 532.165 and an associated p-value of 0.000, 
the results indicated that there are significant differences among the groups. Specifically, the post-hoc analysis 
indicates that there were significant differences among the educational levels of Asians or Pacific Islanders and 
Hispanics and the other ethnic groups. 

While the Hispanic population, with an average level of education under IO years , had a lower average level of 
edu~ational attainment in comparison to \\,.hites. African Americans. and American Indians, again the most glaring 
difference is related to the significantly low levels of educational attainment of the Asian welfare recipients. 

Vocational Training. With a Chi-square value of 21.13159 and an associate p-value of 0.000, the results indicate 
that while all of the groups have a low le\·el of participation in vocational training. Hispanics and White/Non 
Hispanics have the lowest participation rates while American Indians and African Americans have the highest. 

English Language Deficits. While the data provided did not directly examine the participants' ability to speak or not 
speak English. the results appear to suggest that Asians. more than other groups (particularly in comparison to 
Hispanics, for whom Spanish is often considered to be the native language), are likely to have greater English 
language deficits. That is , only 7% of the Asian welfare recipients indicated that English is the primary language 
spoken. 

Number of Dependents. In the sample of Merced County welfare recipients. the average number of dependents is 
2.16. Upon first glance, the data on number of dependents does not appear to be highly meaningful. Again, 
however, a One-way Analysis of Variance indicated that there are significant difference among the various ethnic 
groups and the average number of dependents. Specifically, w ith an F-ratio of 212.260 and an associated p-value of 
0.000, the results indicate that Asian or Pacific Islanders. with an average of 4.05 dependents have on average more 
dependents than the other groups. 

A further analysis of the Asian or Pacific Islander group reveals that 31 % of the participants have two dependents or 
less. while some 55% have between four and seven dependents , and 13% have between eight and thirteen 
dependents. 

Single Parent Households. A Chi-square cross-tabulation revealed that there are significant differences among the 
ethnic groups with regard to single parent status. Specifically, the analysis indicates that African Americans are over 
represented in the category of single parent households, while Asians are significantly under represented in this 
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group. The number of two-parent households for Asian welfare recipients far exceeds the number of single parent 

households. 

Dri~er's License Status. With a Pearson's Chi-square value of 184.009 and an associated p-value of 0.000, the 
results indicate that there are significant differences among the various ethnic groups with regard to possessing a 
driver's license. Transportation concerns as a result of not having a valid driver's license appear particularly 
problematic for the Asian population. White/Non-Hispanics are more likely than the other ethnic groups to possess 
a valid driver's license. .. 

Vehicle Status. The results of the Chi-square analysis also pinpointed considerable differences between and among 
the ethnic groups with _regard to vehicle status. American Indians and African Americans are more likely than the 
other ethnic groups to not possess a vehicle, while White/Non Hispanics are (again) more likely than all the other 
groups to have a vehicle. 

Number of Barriers bv Ethnic Status 
In.order t9 test the second research hypothesis--ethnic minority welfare recipients face a greater number of barriers 
to workforce entry than White/Non-Hispanic welfare recipients-.:a One-way Analysis of Variance was conducted. 
With an F-ratio of 212.261 and an F-probability of0.000, the results reveal that there are significant differences 
among the groups with regard to the average number of workforce barriers encountered. White/Non-Hispanics 
encountered significantly fewer barriers than the ethnic minority groups. 

White/Non-Hispanics and the small sample of American Indians had an average of three workforce barriers. For 
both g~oups, the most frequently occurring number of barriers (the mode) was two. However. African Amer:ican 
recipients averaged 3.5 barriers. The number of barriers encountered by African Americans ranged from Oto 7, and 
the mo'st frequently occurring number of barriers encountered was three. Hispanic/Latino welfare recipients 
averaged four workforce barriers . The number of barriers for Hispanic recipients ranged from O to 8, with the most 
frequently occurring number of barriers being four. Finally, Asian welfare recipients averaged 5 workforce barriers. 
Again. the number of barriers ranged from Oto 8, but the most frequently occurring number of barriers for Asians 

was six. 

DISCUSSION 
The results from this study reveal that even if the negative consequences of non-participation serve as a source of 
inspiration or motivation to welfare dependent recipients, many face a serious array of barriers that are likely to 
serve as legitimate obstacles that will not be easily overcome. Olson & Paveni ( 1996) argue that the presence of one 
workforce barrier may not be an insurmountable obstacle to overcome in obtaining and maintaining employment; 
however. in the face of multiple barriers. chances for employment are greatly diminished. In our sample, each of the 
five ethnic groups faced a minimum of three workforce barriers. What is most disconcerting about this finding is the 
fact that this study only examined a limited number of the differing types of workforce barriers that have been 
previously discussed in the literature. 

The results presented in this study also reveal that there are significant differences among the various ethnic groups 
with regard to potential barriers to employment, and the closer inspection of the data revealed that, consistently, it is 
the ethnic minority groups that appear to face the greatest obstacles. On at least one of the eight variables examined, 
each ethnic minority group had a significantly higher percentage of individuals facing the particular barrier to 
employment than White/Non-Hispanics. Furthermore. with the exception of the small sample of American Indians, 
White/Non-Hispanic recipients faced fewer barriers to employment than ethnic minorities. These results support 
both of our two research hypotheses., and strongly suggest that ethnic minority groups are at the greatest risk with 
regard to workforce entry. -

Clearly, these results suggest that the intervention strategies necessary for assisting persons in moving from 
"dependency to independence" are going to need to be multidimensional and tailored to meet each groups' special 
needs. It is very evident that a one-size-fits-all intervention approach will not be successful in transitioning 
recipients into the workforce. On a· local level, special attention and assistance, as well as creative/innovative 
intervention strategies, will need to be directed at each group. In this sample, the Asian population, which is 
comprised largely of refugees, poses a unique and mu-ltifaceted challenge. · 
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As we rapidly approach the tum of a new century, we are moving into a new era with a new and untested social 
policy approach with the poor. As the new legislation continues to take hold, it is critical that human service 
providers understand the complexity of the problems facing those whom they serve. The new work requirements are 
certain to impact different groups of people in different ways. 
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A PROCESS FOR STRATEGIC ANALYSIS, THINKING, AND CONVERSATIO~ 
IN A PROJECT BASED ORGANIZATION 

Timothy Kotnour, Ph.D. 
AlperCamci 

Industrial Engineering and Management Systems 
University of Central Florida 

ABSTRACT 
The contribution of this paper is a process for strategic project management in a knowledge-based. projec1 
organization. Strategic project management involves formulating, approving~ implementing, and evaluating a 

portfolio of projects. The portfolio of projects focuses on the organization on meeting today's requirements while 
building capabilities for the future. Strategic project management supports the functions of an organization's 
strategic management process for technology and projects. Building robust and resilient plans will be defined as a 

crucial output of the strategic project management process. The role of strategic thinking. analysis. and conversation' 
tools (e.g., scenario planning, roadmaps) will be defined within the strategic project management process. 

INTRODUCTION-THE CHALLENGE 
In today ' s fast changing technological ~nvironment, the technical, project based organization must define. execute, 
and evaluate a holistic project strategy that meets today's requirements while building capabilities for the future 
(Kotnour, 2000). Scott ( 1998) identified and evaluated senior manager's most important problems in the 
management of technology. The top four problems focused on: strategic planning for technology resources, new 
product selection. organizational learning about technology, and technology core competencies. Following this study 
Scott ( 1998) undertook a further study focusing on the primary problem surfaced during the first study. This second 
study ·further defined the issues associated with strategic planning for technology to include: linking corporate and 
techno.logy strategic planning: linking corporate R&D strategic planning with business unit development planning; 
focusi~g on short-term product planning and short term operations problems compromising long term technology 
strategic plans; planning for technical core competencies: integration of technology strategic planning: senior 
n:ianagement ' s understanding of technology related to technology strategic planning: and an overall framework for 
the strategic plan and strategic plan development. \Ve view this as a problem of balancing the all-term or balancing 
the ability to meet today's requirements while building capabilities for the future . 

To address these concerns. technical organizations are implementing the various processes of strategic management, 
project management. and knowledge management. Strategic management helps the organization develop, execute, 
and evaluate organization wide strategies. Project management helps the organization deliver the products and 
services desired by the customer. Knowledge management helps the organization provide the needed kflowledge 
and capability to deliver a project. We believe by combining these three processes, the project-based organization 
will be ·successful. The aim of this paper is to address the research question: "What are the processes and tools a 
project-based organization can use to develop robust/resilient project strategies to ensure today's requirements are 
met while building capabilities for the future?" We address this question by first discussing the strategic 
management process. Second. we define the requirements for a strategic project management process and tools by 
defining three levels ·of strategic activities and robust/resilient plans. Third. we define a strategic project formulation 
process containing four functions, to help develop robust/resilient strategic project plans. 

STRATEGIC MA~AGEl\tENT IN A PROJECT ORGANIZATION 
Strategic management is a continuous process aimed at aligning everyday actions with the organization's long-tenn 
direction based on its customers' needs. The strategic management process includes the functions of Strategic 
Planning. Implementation Planning. Execution. and Performance Evaluation (NASA, 1998). We've expanded this 
cycle by focusing on the interface or: deployment phases between the four functions . Strategic Planning is a group 
process by which the organization defines or refines the organization's vision, mission, goals, and objectives (Sink 
and Tuttle, 1989)._· ·Deploy Strategic Direction reflects the activities to share the strategic direction throughout the 
organization. The strategic plan becomes real through Implementation Planning. Implementation Planning is the 
process by which the organization develops specific strategies and actions to implement the strategic direction and 
defines the specific performance ~easures to track progress. Deploy Resources assigns resources to the specific 
initiatives defined in Implementation Planning. Execution is where projects ai:id activities are actually perfonned. 
Throughout Execution, the organization uses the strategic plan to provide focus and guide day-to-day -behaviors. 
Deploy Results is the process by which the organization measures its performance in accomplishing goals and 
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objectives. Performance Evaluation is the process of performance measurement to produce lessons learned and 
recommendations on how to improve the organization and adjust the strategic plan. Deploy Learnings is the use of 
the lessons learned and recommendations into the next cycle of strategic planning. Figure 1 shows the cyclic 
strategic management cycle. 

These eight functions can take place across three units of analysis within the organization: across the organization as 
whole, projects, and the sub-units of the organization. Organization wide activities focus on developing strategies to 
change or improve the entire organization. For example, deploying a total quality initiative or achieving ISO 9000 
certification is an organization wide initiative. Sub-unit activities focus on strategies unique to the individual 
division or department. The project activities focus on the technology projects necessary to meet the strategic 
direction of the organization. 

Deploy I Strategic 
Learnings _______ ,..•~ __ P_la_n_n_in_g_ ...... 

Performance 
Eval tion 

Deploy 
Strategic Direction 

Deploy Results Deploy Resources 
t Execution I I 
'-----------;.__ ____ ___,.._,. ________ ___,Komour1EMSU~~ 

Figure 1. Strategic Management Cycle. 

Strategic Analvsis. Thinking, and Conversation Activities 
Throughout the strategic management process, three levels of strategic activity occur: analysis, thinking, and 
conversation. Mintzberg ( 1998) describes analysis as a decision making model which uses calculations to assess the 
acceptability of different alternatives. Strategic analysis is conducting situation appraisals such as a strengths, 
weaknesses, opportunities, and threats (SWOT) or forecasting of industry trends. The basis for any strategy is the 
analysis and thinking that enables decision makers of the organization to see more ·clearly the threats and 

·opportunities of the future as well as the strengths and the weaknesses of the-ir organization. The interpretation of 
the analysis for implications to the organization is strategic thinking. Lledka ( 1998) suggests five major attributes to 
strategic thinking. These attributes helps us interpret the results of the analysis by: taking a systems perspective; 
focusing on the intent of the organization; linking the organization's past, present and the future; generating and 
testing hypotheses about the environment; and leaving open the possibility of new, emerging strategies. 

It is important to notice that it is the indi\'iduals who think strategically, not the organizations (Lledka, 1998). What 
the organization needs to have is strategic con\'ersations. Strategic conversations are a group activity whereby the 
group has open and honest dialogue to develop a shared mental model about the organization and its environment 
(Senge, 1990). Van der Heijden ( 1996) states that only through a process of conversation can elements of 
observation and thought be structured and embedded in accepted and shared organizational theories-in-use. Through 
strategic analysis, thinking, and conversation the organization can build better plans that are robust and resilient. 

Developing Robust and Resilient Plans 
The focus of these eight strategic functions within the units of analysis is to develop, implement, and review strategy 
that allows the organization to proactively shape the future and responsively adapt to a changing environment. 
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Strategy is a deliberate search for a plan of action that will develop a business's competitive advantage and 
compound it (Henderson, 1989). Using this definition, we can conclude that strategy is not "the plan", rathera 
constant evolution of thoughts, ideas and insights to come up with the plans for an organization to survive and reach 
its objectives and goals. In developing strategy, the strategic decision-maker deals with a large amount of 
uncertainty (Georgantaz and Acar, 1995; Mante-Maijer et al., 199·8; Godet and Roubelat 1996). Georgantaz and 
Acar ( 1995) identify four major sources of uncertainties: 1) uncertainty about environmental events and trends: 2) 
uncertainty about competitors' moves and tactics; 3) uncertainty about firm's decision and action capability and 4) 
uncertainty about strategy implementation. The basic need for the strategic decision-maker 'h these uncenain 
environments, are robust and resilient plans. (Thomas 1994, Simpson 1992). Webster's Third New International 
Dictionary ( 1993) provides the definitions for robust and resilient as follows: 

• Robust = having or exhibiting strength or vigorous health, firm and assured in purpose, exceptionally 
sound, strongly formed or constructed . 

• Resilient = capable of withstanding shock without permanent deformation or rupture, tending to regain 
strength or high spirits after weakness or depression. 

Robustness and resiliency of the strategic plans are achieved by minimizing the effects of uncertainty associated 
with them. Allaire and Firsirotu (1989) suggests three ways for organizations to cope with uncertainty: 1) predict 
and prepare, 2) create future by dominating or eliminating the sources uncertainty, 3) build in a capacity for flexible 
response and adaptation. Where there is· a high level of uncertainty and a low level of control on the source of 
uncertainty, the best course of action for an organization is to build in a capacity for flexible response and 
adaptation. All these responses to uncertainty require the organization understand the possible futures it faces and 

. the uncertainty associated with them. The organization should figure out what its customers . will need in these 
possible futures and prepare a plan for allocating resources to accommodate these needs. In assessing the possible 
futures, _'the organization should carry on multi-level cross-functional strategic activities, which can be gro~ped as 
strategic conversation, analysis and thinking. Through these activities the organization can develop strategies that 
help it create the most desired future, leverage resource that best position it across multiple futures. and be able to 
respond to a unfavorable condition. 

In eonclusion, to support the organization's strategic management process the strategic project management process 
and associated tools must help the organization: 

l. Allocate resources to meet today's requirements and to build capabilities. 
2. Carry on multiple levels of strategic activity: analysis. thinking, and conversation. 
3. Develop robust and resilient plans by reducing the uncertainty associated with the plans. 

PROCESS AND TOOLS FOR SUPPORTING STRATEGIC CONVERSATION 
Figure 2 provides a high-level view of a strategic project management process. This strategic management process 
begins in. the Implementation Planning function of the strategic management process and reconnects with the 
strategic management process by sharing results in the Deploy Results and Performance Evaluation functions of the 
strategic management" process. The four functions of the strategic project management process include: 

1. Program/strategic formulation. · This first function is the core of the strategic project management. Here, 
the main picture of the business is developed. This picture includes the stakeholders, present situation and 
future outlook for the business, visions, and goals. The aim of this function is to develop an overall project 
strategy. The sub-steps of.this function focus on building a robust and resilient project portfolio. As can be 
seen in Figure 2, the high-level sub-steps define what the organization needs to understand. Different 
processes and tools can help us build this portfolio. We take a portfolio view to represent the set of projects 
necessary to meet today's tec_hnology requirements while building for the future. 

2. Approval and acquisition decisions. This is the decision making function where projects from the 
possible project portfolio are selected. Acquisition decisions are made as a result of a core competency 
analysis where we understa~·d where the competency resides. The aim of this function is to ensure limited 
resources are used and built. For example, we might conduct a project today to build competence needed 
for future p"rojects. · 

3. Implement projects. In this function, the chosen projects are implemented by various stakeholders 
according to their practices. This function is where the organization sees the benefits and outcome of its 
strategic project management process. The aim of this function is to deliver the needed 
projects/technologies and to build competence. 
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4. Prograni!Project performance evaluations. In this function, both the individual projects and the overall 
program portfolio performance is evaluated. Results are evaluated and the gaps between the initial goals 
and objectives and the latest situation is analyzed. Knowledge obtained through this function is 
accumulated and shared throughout the organization. The aim of this function is to ensure progress is made 
and corrective action is taken. 

Strategic Program Formulation Approval I 
l 

• Understand the current industry, business and 
models. and stakeholders Acquisition Implement · 

• Understand the industry's potential future Decisions Project 
• Develop vision, goals. and objectives f-+ -[ • Understand the customer, product/ 

services. technology, and capability needs 
• Formulate project & capability strategies 
• Understand risks and implications - -

' 

I· Program/Project Performance 

I Evaluation 

Figure 2. Strategic Project Management Process 

Throughout the strategic project management process we are trying to reduce complexity and uncertainty. 
According to Gorgenthaz and Acar ( 1995). human cognitive limits affect strategic decisions. Strategic situations are 
complex and highly unstructured. As Van der Heijden (1996) has described. our level of knowledge about the future 
is based on the level of uncertainty and predictability . This interaction of uncertainty and predictability over time 
cre<,1tes three zones. As we look further into the future the degree of predictability goes down and uncertainty goes 
up (Van der Heijden, 1996). In the first zone (short term). predictability is high and uncertainty is low. In this zone, 
forecasting is the planning mode. Forecasting is the traditional way of projecting future using the data of the past. 
In the second zone (mid term), declining predictability and increasing uncertainty leads to range of possible futures. 
In this zone, scenario planning is the planning mode. In the third zone (long term). predictability diminishes and 
everything is uncertain. For this period the only thing a planner can do is hope (Van der Heijden. 1996). To deal 
with the uncenainty and predictability issues within the .strategic project formulation stage we can use two 
processes/tools: scenario planning and technology roadmaps . 

Scenario Planning 
Scenario planning is a natural thinking tool for use in a strategic conversation (Van der Heijden, 1996). The purpose . 

. of scenarios is to provide insight into the future. staning at a given present situation and leading up to a point in time 
in future situation (Godet & Roubelat, 1996). Godet and R6ubelat ( 1996) also classify scenarios into two major 
categories: 

• exploratory scenarios which are based on today's trends and most likely to happen based on current 
analysis and 

• anticipatory or normative scenarios which are based on different visions of the future; best case and worst 
case. 

Simpson (1992) describes scenario planning as a process of constructing alternate futures of a business' external 
environment and its goal is to learn to use these alternative futures to test the resiliency of today's action plan. And 
by constructing these alternate futures. scenario planning attempts to capture the richness and range of possibilities, 
stimulating decision makers to consider changes they would otherwise ignore (Schoemaker. 1995). Shoemaker also 
identified that scenarios can be used as· l) identify early warning signals, 2) assess the robustness the core 
competencies of the organization, 3) generate better strategic options, 4) evaluate the risk/return profile of each 
option. Scenario analysis can help us build resilient and robust plans by identifying the possible future scenarios the 
organization may face. From this understanding we can develop strategies that help us create the most desired 
future, leverage resource that best position it across multiple futures, and be able to respond to a unfavorable 
condition. 
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Technology Road maps 
The outcomes of the scenario analysis can be presented in visual form as roadmaps (Barker & Smith, 1995). 
Roacimaps are visual representation of an organization's goals and show possible paths in time to reach these goals. 
Groen veld ( 1997) describes roadmapping as a process that contributes to the integration of business and technology 
and to the definition of technology strategy by displaying the interaction between products and technologies over 
time, taking account both short- and long-term product-technology aspects. Roadmapping can help us build resilient 
and robust plans by defining a systematic fashion how each project meet today's requirements and provides the 
leverage points to create competencies for the future . Future competencies needs are defined"'from which earlier 
project objectives can be defined. 

CONCLUSIONS 
This paper contributed a process for strategic project management in a knowledge-based, project organization. the 
strategic project management process involves formulating. approving, implementing, and evaluating a portfolio of 
projects. This project portfolio should help the organization meet today's requirements while building capabilities · 
for the future. Strategic project management supports the functions of an organization's . strategic management 
process for technology and projects. We are just beginning to understand this process and associated tools. Further 
research will focus on benchmarking technical organizations for- their processes and tools associated with strategic 
project management. 
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ABSTRACT 
The contribution of this paper is a description of a methodology for process alignment. An organization must be able 
to align itself with the strategic plan to ensure implementation. One key factor is aligning processes to the strategic 
plan. Once processes are aligned to the strategic plan, objectives, goals, and measures can be utilized to asses 
strategic progress. Lessons learned and best practices of process alignment were developed from a case study 
conducted at Kennedy Space Center. Managers may utilize this methodology for implementing strategic plans 
within their organizations. 

INTRODUCTION 
In today's dynamic markets. most organizations utilize strategic management to help maximize their competitive 
advantage. However, John C. Koopman ( 1999) states, "The real threat to most companies is not a strategic threat 
from outside. Instead it is their own failure to align their organization with their strategy and thus ensure good 
execution." The stumbling block in strategic management continues to be implementation, which leads to 
organizational alignment. 

Peter G. W. Keen (1.997) identifies what he calls the "Process Paradox." which is the decline of an organization.at 
the same time that reengineering and TQM are dramatically improving efficiency, quality, and customer service. 
These failures can be linked _back directly to poor alignment. An organization must be able to align itself with the 
strategic plan and turn strategy into action. One of the key factors is to align processes to the strategic plan of the 
organization. Once processes are aligned to the strategic plan. the objectives. goals, and measures of the 
organization (\V\\ A) can be utilized to meet the desired future state (WWWTB). The following figure depicts how 
process alignment can lead to strategic implementation. 

Process Alignment 
Leads To Strategic Alignment. 

/ ~ \ i •Goa ls , 
\ •O bJCCll \ 'CS ) 

~ / 

I 
• 

Processes 
Meeting 

I Current N;eds 

Processes not aligned 
with strategy 

Alignment Methodology 

WWWTB 
•Goa ls 

. •O bJC Cl l \'CS 

•Measures 

• 
Processes 
Meeting 

Future Needs 

Processes aligned 
with strategy 

Figure 1. Process Alignment Leads To Strategic Achievement 

Organizations that have successfully obtained strategic goals are aligned to the strategic plan. Alignment 
encompasses many facets of the organization, including strategy. structure, processes, people, and technology 
(Macdonald, 1994 ). The focus today is how to align the organization and in turn implement the strategic plan. 
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Alignment is a critical success factor of strategic implementation. However, little is known about alignment. This 
research will answer the question, "How can an organization align processes with the strategic plan?" 

This ·research has three objectives: 
1. · Develop a methodology for process alignment. 
2. Demonstrate the methodology. 
3. Develop Lessons Learned from the demonstration. 

The methodology for process alignment was developed from best practices identified in the literature and from 
existing tools. The methodology was demonstrated in a case study conducted at the Kennedy Space Center. Upon 
completion of the case study, Lessons Learned from the demonstration were developed from the approach and 
deployment efforts learned during this research. 

ORGANIZATIONAL ALIGNMENT 
Organizational alignment is defined as being focused on completing the right work the right way with the right 
people at the right time. Addressing the problem of the right work is a process of flowing requirements down from 
the mission/vision set forth by senior management. The requirements are based on the current, transformation, and 
future states of the organization. The right work is a function ofactivities to 1) meet current mission and customers' 
requirements, 2) transform the organization, and 3) deliver on future oriented work associated with the vision. The 
right way includes the processes, resources, and tools by which the work is completed and managed. The right 
people is derived from understanding how people are organized to complete the work and the tools they use. The 
right people encompasses issues such as skill needs from a process and structure perspective, ·and number aligned 
with budget. The right time is the proper timing of doing the work to meet short-term work requirements. short-tenn 
actions to ensure long-term success. and long-term work requirements. The aim of organizational alignment is to 
ensure the right work is completed the right way with the right people at the right time. Organizational alignment 

. consists at three levels: external, internal, and culture. 

· External Alignment. External alignment focuses on deYeloping the necessary and sufficient products and services to 
meet the needs of the customer. The external alignment is in matching the organization's products and services with 
the market and customer needs. This alignment includes the high-level definition of the organization ' s roles and 
core processes. Based on this high-level definition, the organization can align the internal components of the 
organization. External alignment is accomplished via a strategic management process. 

lmernal Alignment. Based on external alignment. the organization can align the internal components of the 
organization. Internal alignment focuses I ) internal strategic alignment (goals, objectives. and measures) and 2) 
internal work alignment (the proces·ses , resources, and workforce to deliver the products and services). Through 
internal alignment, an organization is providing individuals the skills and tools necessary to execute their work 
proce s. Using Kurstedt's ( 1996) management system model we can define internal alignment to focus on the 
process by which work is completed, the tools people use to complete the work, and the people completing the 
~ork. The alignment comes through the .interfaces of the components: the structure by which people are organized 
to do the work (i .e., processes and people), the information available to the worker (i.e., people and tools), and the 
metrics used (i.e. , processes and tools) . When changing the organization, the organization must align these 
components and interfaces. For example, an organization cannot do the same work (i.e. , products and services) in 
the same way (i.e., process, tools, and structure) by reducing the people. The changes in components must be 
balanced and aligned with each other. The doned arrows inside the circle show the systematic, logical way to use the 
model. . The analysis and implementation starts from the products and moves to the people. An across the board 
reduction and then adjustment in process may not produce the customer's desired results. 

Cultural Alignment. Culture alignment is a continuous process to ensure the organization's values or guiding 
principles are reflected in ·everyday decisions and actions. Cultural alignment is the organizational members 
behaving in mann~rs consistent with the organization's value or guiding principles. 

This research will focus on a methodology for the internal alignment of work. 
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ALIGNMENT METHODOLOGY 
With so much of today's literature focusing on strategic planning, there is little in the literature that discusses 
strategic alignment, strategic implementation, and process alignment. · George Labovitz and Victor Rosansky ( 1998) 
state that growth and profit are the result of alignment between people, customers, strategy, and processes. Yet. 
there is still little information in the body of knowledge regarding strategic implementation or process alignment. 
Labovitz and Rosansky ( 1998) also show that alignment creates an organizational culture of shared purpose. Tools 
for process alignment that have been found in the literature focus on differing aspects of the organization and 
process criteria. Although each author identifies a methodology for process alignment. each methodology has 
strengths that can be utilized to align processes. 

Understanding how the organization interacts is an important facet of process alignment. Van Aken and Hacker 
(I 998 ), use systems mapping to l) help breakdown functional barriers, 2) increase understanding of how systems 
they work in contribute to the overall organization, and 3) understand how systems impact each other. Many 
process improvements fail because they are not sustained over the long-term, involve only a fraction of the 
workforce, and are not guided by a framework (Van Aken and Hacker, 1998). Although systems maps may not 
provide a methodology for process alignment, they will be helpful for understanding process impacts on the entire 
system and provide insight for allocating resources to improvement objectives. 

Peter Keen ( 1997) focused his efforts for process alignment in identifying the salience and worth of a process . He 
defined salience as the prominence of a process, and identified processes as identity, priority, background, or 
mandated. Process worth is determined by calculating returns of the process against costs of the process. Utilizing 
this method of alignment will ensure that only the most valuable processes are targeted for change, therefore not 
wasting precious resources on unimportant processes. Although this is a valuable tool for improving process value, 
this methodology does not_ incorporate the organization's strategy, customer focus. interacting processes, or 
stakeholder input. 

The Matrix of Change is another tool developed to align processes (Brynjolfsson, Renshaw, & Van Alstyne, 1997). 
This tool is similar to Quality Function Deployment and evaluates interactions between processes within the 
organization's structure. This method also increases stakeholder buy-in by including stakeholder opinions. 
Important facets missing from this method are the inclusion of the organization· s strategy and objectives, process 
worth, and salience. 

A third methodology for process alignment is the Motion method (Tanner. Schuch. Muller, & Tockenburger, 1998). 
The Motion method emphasizes understanding a process' trends over time in the following areas : effectiveness, 
efficiency. strategic importance, and customer proximity. It also suggests optimizing stakeholder buy-in through the 
use of an organizational top-down and bottom-up approach. Although this method seems to include all factors 
essential to process alignment. it excludes process interactions and process worth. 

Each of the preYious process alignment methods provides insight into factors of process alignment. Utilization of 
these factors is included in the process alignment methodology to ensure successful alignment. Systems maps were 

. used to increase organizational understanding of process contributions, interactions. and impacts. Product/Service 
matrices provided information regarding inputs, outputs, and customer in°f orrnation. The worth and visibility 
(salience) of a process helped identify process which were most important to the organization and to the customer 
while avoiding the "process paradox." Processes were evaluated against future outlook to determine if need would 
increase or decrease over time. Strategic relevance could be determined by drawing a direct link from each process 
to the strategic objective and measure it directly contributed to . . Once the manager had all information regarding a 
process. a decision was made to start, stop. or continue the process. The resulting decision would yield processes 
that were aligned to the strategic plan. Figure 2 provides a graphical representation of a process alignment 
methodology. 
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We Have An Approach For Process Ali~nment. 
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Figure 2. Process Alignment Methodology 

RESULTS AND ANALYSIS 
A case study is being conducted at the Kennedy Space Center. A division chief was selected to be the project 
sponsor and utilized to obtain stakeholder buy-in. Once top-level management buy-in was secured, managers from 
within the organization were selected to participate in the process alignment study. Prior to meeting with the 
selected managers, a preliminary systems map was drawn and processes placed in the appropriate area. Meetings 
were then conducted with the selected managers on an individual basis for one hour each. In the meeting, managers 
amended and solidified the systems maps. identified process characteristics, evaluated future outlook and trends, and 
verified strategic relevance. Upon completion of meetings within the division. gaps were identified for processes to 
start, many processes were continued or improved. and process were found not to be relevant to the strategic plan. 

The systems maps were utilized to identify gaps in each system and point out process interactions. Through the use 
of sy~tems maps. it was found that 25% of the division was not utilizing any processes that met the strategic plan. 
This area was defined as a starting point for process alignment. It was also found that interactions took place within 
the organization and between other divisions that had not been seen before. These areas were identified for 
~mprovement and innovation. 

Once system map analysis was complete, several process characteristics were identified. The following 
characteristics were analyzed: supplier, input, transformation process. output. customer, outcome, process worth, 
process salience, res·ources, effectiveness. customer outlook, and relevance to strategic direction by links to 
objectives, strategies. and measures . The process characteristics were critical to helping participants gain a better 
understanding of each process and its drivers. This section provided insight for processes to improve and processes 
to stop. Although this step only identified three processes to stop. it allowed managers to understand essential 
factors of a process and make long-~~rm improvements or innovations. 

Upon completion of the study, m~nagers utilized the processes marked for start, stop, or improve/innovate and 
began a reengineering effort that was guided at strategic alignment. This study was also a critical part of the 
division ' s ability to meeting a new ISO-9000 standard. By obtaining top management buy in, delivering 
quantifiable results , and providing a means to meeting the new ISO standard, the organization is has a shared 
understanding of the need for process alignment and the resulting changes. 
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LESSONS LEARNED 
Throughout conducting process alignment, a set of lessons learned was compiled. These lessons learned include: 

1. Top-level management buy-in is critical to process alignment success. As with any project, management 
buy-in creates a sense of importance for the project and encourages employees to participate to a fuller 
extent and play a more active role. 

2. Strategic direction for the organization must be clear and completely understood by all employees. 
Organizational goals must be aligned to objectives and measures to ensure processes are aligned with the 
organization. All organizational elements must be linked and lower level employees must have buy-in with 
those elements to ensure success . . 

3. Systems maps point out interactions throughout the organization that would be better addressed cross
functionally. Managers found systems maps to be the most informative and useful ponion of the 
methodology. Employees took an active role in depicting daily work and managers better understood 
cross-functional interactions that were not noticed previously. 

4. We need to find a way to quantify costs in the public sector to better understand process efficiency and 
wonh. Managers found it difficult to quantify costs and were generally unable to determine costs 
associated with a process. Although FTE's and capital could be calculated, a better way of accounting for 
costs could improve results. 

CONCLUSION 
Much of the strategic planning literature focuses on methodologies for developing an effective strategic plan. 
Although some research identifies a methodology for process alignment, each methodology is different, leading to 
differing results. While some methodologies focus on process value, others focus on organizational understanding. 
process interactions, or stakeholder buy-in. The key is to identify best practices and develop a single methodology 
that utilizes those best practices. The tool for process alignment developed here utilizes facets from each of the 
process alignment methodologies discussed here to answer the question: "How can an organi=arion align processes 
with the strategic plan? " This research will help managers by providing a methodology for process alignment. A 
case study of the methodology was conducted at Kennedy Space Center. Lessons learned and best practices for the 
approach and deployment of process alignment were developed from this case study. Managers will now be able to 
utilize this methodology to conduct process alignment and implement strategic plans within their own organizations. 
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ABSTRACT 
The contribution of this paper is a conceptual model of the causal relationships among culture. knowledge 
management. and organizational performance. From this model a set of initial critical success factors for successful 
knowledge management across project teams is identified. This paper serves as a foundation for further research 
and development in the effort to define the appropriate set of managerial actions required for successful knowledge 
management across project teams. 

INTRODUCTION 
Today, organizations need to be faster in new product development, speed to market. and change management. They 
must cultivate their · only source of competitive advantage: knowledge (Huseman and Goodman, 1999). The 
discipline of knowledge management aims to address the challenge faced by modern organizations. and can be 
broadly defined as the tools, techniques and processes for the most effective and efficient management of an 
organization's intellectual assets (Davies, 2000). Project organizations are faced with two important competitive 
forces: the shift to a knowledge-based society (Toffler, 1990) and the need to improve their knowledge faster than 
the competition (Stata, 1989). Given that a project organization survives in part on its technical knowledge. the 
development of this knowledge from successes and failures is a central piece of the technical profession (K~arbanda 
& Pinto. 1996). The possession of technical knowledge is an attribute of the firm as a whole. as an organized entity. 
and is · not reducible to what any single individual knows. or even any simple aggregation of the various 
competencies and capabilities of all the various individuals, equipment and installations of the firm. Also, as 
learning theorists John Seely Brown and Paul Duguid ( 1991) have written, "Experience at work creates its own 
knowledge and as most work is a collective, cooperative venture, so most depositional knowledge is intriguingly 
collective-less held by individuals and more shared by work groups''. Sharing knowledge developed across 
projects increases the project organization's knowledge. Each project has different plans. results, problems, and 
successes that offer an oppommity to learn from (Kotnour. 2000). Due to the importance of knowledge for technical 
organizations. and moreover, because the opportunity to use the project teams' experience to learn. we set the focus 
of this research on the question-: What are the critical success factors for successful knowledge management across 
project teams? V/ e address this question by analyzing the process of learning across project teams using a causal 
model amorig culture. knowledge management and organizational performance. This investigation will serve as a 
foundation of further research and development in the effort to define the appropriate set of managerial actions 
required for successful knowledge management across project teams. 

. MODEL OF THE CAUSAL RELATIONSHIP AMONG CULTURE, K,.~OWLEDGE MANAGEMENT 
AND ORGANIZATION PERFORMANCE 

The model of causal relationships among, Organizational Performance, Organizational Culture and Knowledge 
management is presented in Figure I. Next, we explain briefly the model's components. 

The Organization's lndustr\' 
The Or:ganization's Industry defi~es the technical area or focus of operations, which drives the knowledge to be 
managed. The sub-components include: the market and the location of the organization. The market of an 
organization establishes the potential customers and their needs, as well as the potential competitors. The location 
represents the geographic frame . i'n which the organization performs. and establishes critical facts for the 
organization as laws. econo·my, available technology and culture of work. The characteristics of the Organization's 
Industry are used-· by the organization to define the Organization's Strategic Context through the definition of the 
boundaries between the internal and the external environment in which the organization operates. The boundary 
defines the knowledge exchanged by the industry and the organization. 
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The Organization's Strategic Context . 
The Organization's Strategic Context defines the m1ss1on. v1s10n. goals. objectives. strategies and leadership 
actions of the organization. This strategic context leads to specific objectives for the knowledge management 
program. The vision represents the future goals of the organization (Conger, 1999). The organi=ation 's mission 
defines the industry and the market in which an organization operates. Th e goals. obj ecrives, and strategy define 
how the organization accomplishes its mission and achieves its vision. Strategy is a plan of action that aligns the 
organizational resources to the goals and objectives through time. The leaders · acrions provide support to the 
workforce by creating the conditions that best benefit the organization 's operations. The Organization's Strategic 
Cor:itext influences the Knowledge Management Program's Context by providing the specific objectives of the 
program. 

The Knowledge Management Program's Context 
The Knowledge Management Program's Context defines the characteristics of the internal environment of the 
organization. The sub-components include: the organizational culture. the project learning framework, and the 
rewards . Organi=arional culture is the pattern of basic assurnptions and actions invented. discovered, or developed 
by a given group that has worked well enough to be considered Yalid (Schein. l 992). We recognize the influence of 
the organizational culture in the success of knowledge management programs across project teams. Rewards support 
the fonn of teamwork that is most wanted by the organization. Rewards are a key detenninant of how team members 
will interact with one another and with those outside the team (Ancona. Kochan. Scully, Van Maanen, and Westney, 

. 1999). . 

The project-learning framework is the underlying conceptual philosophy that connects the project management, 
learning, and knowledge management processes (Kotnour. 2000). Leaders of project-based organizations can make 
knowledge management programs across project teams successful by aligning the teams-their composition, the 
nature of their task. and their structure-with the purpose of the knowledge management ,program. The program and 
its objectives must fit the organization strategies and environment in which the organization perfonns. ••A 
prerequisite in using knowledge as strategic pillar of high perfonnance requires the development of a strategy for 
knowledge: the organization strategies. financial resources, operating perfonnance, and internal competencies are 
the basis for a synergistic strategy fonnulation and implementation of knowledge management" (Mische, 2000, p. 
172). 

The Knowledge Management Program's Context influences the Knowledge Management Program's 
Operations by establishing the internal setting of the organization that will create and support the required actions 
of the knowledge management program. 
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The Knowledge Management Program's Operations 
The Knowledge Management Program's operations comprise the actions and arrangements that make possible 
knowledge management across project teams. The sub-components include: the social capital, the team's processes, 
and the knowledge management processes. 

Social capital is the sum of the actual and the potential resources embedded within, available through, and derived 
from the network of relationships possessed by an individual or social unit (Nahapiet & Ghoshal 1998). In the 
context of exploration of the role of social capital in the creation of intellectual capital, it is us-eful to consider these 
facets in terms of three clusters: the structural. the cognitive, and the relational dimensions. The structural dimension 
defines to the connections between people and units. The cognitive dimension establishes the resources that provide 
representations, interpretations, and systems of meaning among parties The relational dimension refers to the 
intensity of the relationships ( e.g .. trust and cooperation) people has developed with each other throughout time 
(Burt, 1992; Cicourel, 1973; Granovetter, 1992). There is a two-way interaction between trust and cooperation: trus1 
lubricates cooperation, and cooperation itself breeds trust (Nahapiet and Ghoshal 1998). Team processes are the 
activities that generate, sustain, and improve the conditions for an effective and efficient knowledge managemem 
p·rocess. Team processes includes: boundary management. conflict resolution, cooperation, project management. and 
commun.ication. Knowledge management processes: are the steps that a team must take to translate experience into 
knowledge (Dixon, 2000). "Knowledge management is a set of proactive activities to support an organization in 
creating, assimilating, disseminating, and applying its knowledge" (Kotnour, 1999, p. 28). In projects. knowledge 
helps increase management performance by meeting and exceeding projects specifications of cost, schedule, and 
performance (Kotnour, 2000). 

The Knowledge Management Program's Operations contribute to the Knowledge Management Program's 
Outcomes by comprising the activities and structures that enable the accomplishment of the program' s goals. 

The Knowledge Management Program's Outcomes 
The Knowledge Management Program's Outcomes define the degree in \Vhich the knowledge managemenl 
program accomplishes its desired outcomes. The sub-components are performance, member satisfaction, team 
learning, and outsider satisfaction. Teams that that do extremely well in several of these sub-components are defined 
as high-performing teams (Ancona, Kochan, Scully, Yan Maanen. and Westney 1999; Sundstron and McIntyre, 
1994). 

Performance in knowledge management programs refers to the extent to which the program's outcomes match its 
purpose ( e.g .. cost. schedule. and performance of a project or the quality and quantity of knowledge created, shared 
and applied throughout time). Members' satisfaction measures the degree to which the knowledge managemenl 
program creates a positive experience for the program's participants. Team learning represents the increment of the 
team's' knowledge in a certain or a series of certain domains throughout time. Outsider Satisfaction addresses the 
level in which the knowledge management program creates agreements in entities and individuals outside the 

. project-learning framework. 

The Knowledge l\.lanagement Program's Impact represents the result of the Knowledge Management 
Program's Outcomes due to the direct influence of its sub-components upon the overall organizational 
performance throughout time. A feed back loop from Knowledge Management Program's Outcomes back to 
Knowledge Management Program's Operations shows that these two components interact over time by affecting the 
three dimensions of social capital, _the teams' capabilities. and the knowledge management process over time. 

The Knowledge Management Program's Impact 
The Knowledge Management P.rogram's Impact defines the effects that knowledge management has over the 
organization and its environment. The sub-components include: the organizational competitive advantages, and the 
organization performance. Organi=ational competitive advantages are the internal characteristics which of the 
organization. These capabilities include: information technology, knowledge management, innovation, leadership, 
and operational agility/excellence (Mische, 2000). Not having the adequate organizational competitive advantages 
implies that the organization cannot deliver successful projects (Kotnour, 1999). Knowledge enables an organization 
to use, create, sustain, and improve its capabilities for a more efficient and ,effective response to the continuous 
environmental changes. These capabilities drive qrganizational performance. Organi=ationa/ performance is the 
global outcome of the activities of the organization and can be measures by indicators such as: financial 
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perfonnance, strategic positioning, leadership, innovativeness, governance and social responsibility, brand 
recognition, and quality of products (Mische, 2000). We recognize the strong influence of knowledge over overall 
organization perf onnance throughout time. 

The model shows three feed back loops from Knowledge Management Program's Outcomes back to Knowledge 
Management Program's Context, Organization's Strategic Context, and Organization's Industry. These feed 
back loops represent how the dynamic of knowledge influences the org,mization's environments by sustaining and 
improving the way the organization does business. Also it represents the impact on the industry by creating or 
improving the industry's standards or best practices. 

INITIAL SET OF CRITICAL SUCCESS FACTORS 
After a detailed study of the conceptual model of the causal relationships among culture, knowledge management. 
and organizational perfonnance, we draw the following set of initial critical success factors for knowledge 
management programs across project teams. 

1. Leadership support represents the leader's willingness to participate in this type of program and perceived 
importance of the program. The required support varies from the basic alignment of resources obtained through 
the organization's strategy to the more intangible ones such as leader's everyday actions that are consistent with 
the success of the knowledge management program across project teams. 

2. Available experience in the project-learning framework refers to the quantity and quality of the knowledge that 
can be accessed through knowledge management. Available experience is a direct outcome of the number Qf 
teams involved and the experience gained of these teams. 

3. Network is the personal relationships among members of project teams involved in the knowledge management 
program. This network 'includes: a) the social connections of the project teams; b) the trust, trustworthiness, 
norms, obligations. expectations, identity, and identification present across the teams and within the team's 
members: c) the cultural distance among project teams ' members: and d) the perceived value of diversity that 
the leaders panicipating in knowledge management programs delivery to project teams' members through time. 

4. Communication refers to the set of mechanisms that suppon a good level of communication across project 
. teams. The condition of communication among teams is imponant to allow members to interconnect effectively 
with each other in order to create. share. and apply knowledge. 

5. Team members' willingness is the willingness of members to: a) reflect back on actions and outcomes to 
create and share knowledge and b) modify and improve their actions based on the team and on others' teams 
previously gained knowledge. 

6. Knowledge transfer process is the mechanisms to support the capture and sharing of knowledge across teams. 
7. Absorptive capacity is the capacity of the project teams. to adapt the knowledge the team and other teams have 

acquired over time. 
8. Time is the duration of the period in which the project teams have participated in the knowledge management 

program. As time increases the strength of the relationship among members of the project teams, and thus to the 
trust, and cooperation among themselves increases. Therefore, the more time teams spend together working in 
knowledge management programs. the more favorable the condition becomes to create and share knowledge. 
Also, as the number of cycles in the knowledge management process increases the quality and quantity of 
knowledge should also increase. 

CONCLUSION 
Knowledge management is crucial in creating and maintaining high performance project teams and a high 
performance organization. Identifying the critical factors for successful knowledge management across project 
teams ·allows project managers to build capabilities that enable them to implement strategies to create, develop, 
sustain and improve the necessary conditions for knowledge management. From the gained knowledge the chances 
of project success and the project teams' capabilities should increase. Success in knowledge management programs 
across project teams refers to the quantity and quality of the knowledge created and shared among project teams. 
Further research includes the influence of ·'time· over the task of 'knowledge creation ' in knowledge management 
programs across project teams performing in high technical organizations. 
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ABSTRACT 
The contribution of this paper is an understanding of the leadership actions a project manager can take to suppon 
learning within a project team. We define five factors that help understand learning in project teams. In order for a 
project organization to improve they need to learn from their mistakes, reinforce positive actions, and adapt to 
customers needs. A project manager can use this paper to help define the specific actions he/she can take to support 
learning within the project team. Researchers can use this paper to identify the factors that need to be understood to 
improve our knowledge on learning within project teams. 

INTRODUCTION 
For an organization to improve and rise above their competitors, it must adapt to customer needs and learn from 
mistakes and successful practices. Every organization that wants to stay in the business needs to improve 
continuously, and follow the changes that happen in the environment they are interacting in (Dixon, 1994). The 
organization needs ·to learn continuously for them to keep up with the changes in the market. Before people and 
organizations can improve. they must first learn (Garvin, 1993). The learning must also be converted to action to 
change how the organization operates. Leaming is the path to continuous improvement of our competence. To 
develop our competence we must function within an organizational culture that fosters such development. Therefore 
the organization's leadership must act in such a way to develop its organizational culture that supports learning. 

Organizational theorists ( e.g., Argyris and Schon. 1978 and Senge. 1990) can be divided into those who describe the 
concepts of organi=ational learning (OLJ and those who describe the concept of the learning organi=ation (LO). 
Current literature offers a diverse set of definitions and frameworks of actions to take in order to deve.lop a LO. a 
plac~ where high-quality human learning goes on (Vaill. 1996). The literature is often very general of what the 
focus should be. For example. Schein ( 1992) suggests developing a learning culture and Senge ( 1990) suggests that 
the manager should act as a role model for the employees and develop an organizational shared vision. The 
recommendations do not provide specific recommendations for a project manager. This research will focus on 
adapting the concepts of organizational learning and the learning organization to the project environment. 

It is most common today that organizations organize by projects. Projects are a key activity of a technical 
organization. In many important ways. traditional project management theory still suffers from a rationalistic dream 
which is based upon a perception of the project as a distinct. manageable actiYity system that, once having been 
designed using the proper scheduling techniques. can be isolated from the environment and implemented 
(Buchanan, 1991 ~ Packendorff, 1995). Researchers pursuing this view noticed that projects are actually dependent 
_upon their environment throughout their life cycles (Pinto and Prescott, ,1988, 1990). This tells us that the 
environment has a big impact when preparing for a LO with a project-based organization, since an organization that 
wants to create a LO needs to capture the knowledge and experience throughout the project life cycle, and make use 
of it for future project improvements. This research attempts to answer the more specific question, "What leadership 
actions can a project manager take to build a learning culture within the project?" To answer this question, we will 
first discuss organizational learning in the project environment . Second, we define five factors that support learning 
in project teams. Third, we offer final conclusions . 

ORGAMZA TIONAL LEAR~l!\G I:\ THE PROJECT ENVIRONMENT 
We can understand organizational learning in a project environment using the concepts of inter- and intra-project 
learning (Kotnour. 2000) . Inter-project learning is the combining and sharing of lessons learned across projects to 
apply and develop new knowledge. Tools to support inter-project learning include information technology tools and 
employee groups aimed at sharing knowledge across the organization (Fiksel & Hayes-Roth, 1985; Niwa, 1990; 
Smith. 1994: Shane & Schumacher. 1996: Sullivan & Yates, 1988; Williams & Kotnour, 1993). Sidell (1993) 
provides a detailed example of an on-line system for recognizing, documenting, validating, and making available 
lessons learned for an organization. Van Aken. Monetta, and Sink ( 1994) describe the use of affinity groups or peer 
groups to share what they have learned internal and external to the organization. 
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Intra-project learning is the creation and sharing of knowledge within a project. Intra-project learning focuses on 
tasks within a single project and supports the delivery of a successful project by identifying problems and solving 
them during the project. Leaming takes place when project team members discuss approaches for completing a task 
or overcoming problems. The intra-learning cycle occurs throughout a project and can be delineated by phase of the 
project, routine reporting cycle such as weekly or monthly status and review meetings, project deliverables. or major 
occurrences in the project. An example of intra-project learning is the launch countdown process for NASA space 
shuttle vehicle launches (Kotnour, Orr, Spaulding, & Guidi, 1997). When a perturbation resulting from either 
technical , weather or management problems occurs the problem is reported. Real-time troubleshooting and repair 
plans are developed by a team to help solve the problem. Potential constraints are accurately assessed and 
coordinated to assure timely, safe and efficient utilization of available support to meet the critical milestones and 
guarantee on-time launch capability. The problems and their resolutions are saved and studied for use on later 
launches. 

For the project organization to learn, organizational members must create, share, and apply knowledge (Argyris & 
Schon, 1978; Huber, 1991). The organization's members create new knowledge by being engaged in a learning 
experienc~. Leaming-by-doing occurs when a problem solver associates plans and actions with results to develop 
procedures to accomplish positive results and avoid negative results (Anzai, 1987). Throughout the learning process, 
support is increased for practices that-meet expectations and decreased for less effective practices for a given 
activity. The organization and the project manager need to understand the set of steps that can be taken to suppon 
learning within project teams. 

SUPPORTING LEARNING IN PROJECT TEAMS 
As sho.~n in Figure 1, we have specified five factors within the organization that help explain learning within a 
projecneam. 

·. 

PM Actions 
Project Team I~ 

Actions : 

: 

Organization -
& Leadership 

Actions Project Culture= Leaming Culture 
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Organizational Culture 

Figure 1. Organizational factors to explain learning within project teams. 

If we want teams that sh~re, experiment with new ideas, are innovative, and are not afraid of questioning traditional 
methods (Dumaine, 1994; Garvin, · 1993; Probst & Blichel, 1997; Senge, 1990) - we need to create the right 
organizational environment to this. People do what they see others, in their settings. do. 
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Therefore, to create the 'right' environment, management can encourage learning by (Cavaleri & Fearon. 1996: 
Senge, 1994 ): 

• Making learning an organizational goal. 

• Reinforcing the learning mind-set of the leaders. 

• Encouraging experimentation with new ideas and being innovative. 

• Implementing reward systems that encourage people to engage in thoughtful dialogue. 

• Building a community of learners. 

We have identified these five goals above to be the foundation to create a learning organization. and to enable 
learning in project teams we need for the whole organization to take certain actions. The organization can support 
these five goals through five factors as shown in Figure 1. Each factor has its own role when it comes to create a 
learning organization. 

Organizational Leadership Actions 
If the organization truly has the desire to create a LO, they need to set that as a goal and assign resources to 
accomplish the goal. The goals of an organization are an important tool to reach the vision of the organization. 
Involving team members in the goal setting will increase the performance results and give a more creative team. If 
learning is an organizational goal, members will find ways to improve themselves and to share their knowledge with 
the rest of the team. Goals are also important in the sense that what the management defines as goals are the most 
important things to accomplish and will help the organization focus its activities. Leaders can further support 
building a LO by investing in educating their leaders and team members. Building required attendance. training 
programs to share best practices will help improve the attitude team members have at work and increase their 
engagement to work as a t~am to reach the organizational goals (Yeung. Ulrich. Nason. & Von Glinow, 1999). 
Leaders should be measured and rewarded if they "are open to ideas from anywhere," '·have the self-confidence to 
involve everyone and behave in a boundary less fashion." and ·'see change as opportunity not threat" (Yeung. 
Ulrich, Nason. & Von Glinow. 1999, p. 130). 

Organizational Culture 
An organization's culture can be viewed as "the accumulated shared learning of a given group. covering behavioral, 
emotional and cognitive elements of the group members' total psychological functioning" (Schein, 1992, p. 10). 
People will behave in the way that the culture's values and norms tell them how to behave. Culture guides how 
members of an organization think, act and feel (Heifetz. 2000) . The organizational culture will influence the project 
culture and set the norms and ground rules on ho\l.· the work should be performed. The project culture is built from 
the organizational culture so if the organizational culture does not support learning as being important then it is 
much harder to get the learning culture within the project team. 

Project Manager/Leader Actions 
To define a set of actions for a project manager in the project environment. for them to create a LO, we need to first 
realize that a project manager' task today is not the same as a couple of years ago. That is; the project managers job · 
is more than planning. organizing. directing and controlling resources . Today a project manager also has the role of 
a leader, to lead change processes at individual, group. and organizational level (Vaill , 1996). The LO and OL 
begins with the leaders . The leader's behavior and how they are looking at the team members' behavior helps the 
team members behave consistently with desire to be a LO (Senge. 1990: Schein, 1992). Members of an organization 
want to integrate their own personal goals with the organizational goals. To get the team members to take the risk of 
learning something new, leaders need to be willing to first take that risk to model continuous learning and 
improvements (Kline & Saunders. 1993 ). The LO culture includes : open communication. honesty, bringing forward 
bad news, and showing that we can use the knowledge from our mistakes as well as from successes to improve and 
build our knowledge. If leaders want to create a learning organization, then they wi11 communicate the importance of 
learning, spend time learning themselves, and encourage others to do the same. The project manager needs to create 
the project culture and actions for the whole team to create knowledge. share it and apply it. 

Project Culture 
The project culture is influenced by the organizational culture but is not necessarily the same. As mentioned before, 
the organizational culture sets the ground rules for how the work shall proceed in the organization, and then each 
project team creates their own culture of how to accomplish the project's objectives. Team members should feel free 
to experiment with new ideas and to be innovative which leads to new knowledge. In order for the team members to 
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create knowledge organization should build a culture of engagement. To enable sharing of the knowledge we need1 
culture of commitment, trust, and no fear (Richardson, 1995). By the formation of a "community of learners" te3J1 
m~mbers will be committed to respect each other's views, and to their own personal development as people an! 
members of the particular organization (Cavaleri & Fearon, 1996; DeVilbiss & Leonard, 2000). · 

There are many ways of creating a learning culture. For example, driving out the fear ( e.g., the fear of failun, 
admitting ones failures, and sharing new knowledge) will build organizations where knowledge is developed an! 
shared. Other useful actions to create a learning culture include: support action over inaction; encouraging leaders ti 
talk about their failures. especially what they have learned from them; give people second chances; learning from 
mistakes; and encouraging people to try new things (Pfeffer & Sutton, 1999). 

Proiect Team Actions 
Team members will engage in learning provided that are enabled with a learning culture, project manager/lea~e1 
actions and the support from the organization. As long as team members receive gu_idelines and directions from 
management of how to perform their work, they can create knowledge by being innovative, searching for 

information that is needed and applying the knowledge to produce successful projects. Team members need an 
understanding of how this knowledge can be shared and stored for future use. This knowledge can later then be usea 
for future projects, and to build capabilities (Kotnour, 2000). 

The organization's members create new knowledge by being engaged in a learning experience. Learning-by-doini 
occurs when a problem solver associates plans and actions with results to develop procedures-to accomplish positive 
results and avoid negative results (Anzai, 1987). The plan-do-study-act (PDSA) cycle, an easily understood ana 
widely used model from quality management (Juran, 1988), is used to represent the learning process in a projecl 
environment. 

• In the '·plan" step, the project team determines the nature of the problem and constructs a plan. The 
plan is a set of expectations about the set of steps to take and the expected results. 

• In the "do" step. the project team implements the plan. Implementation produces a set of results about 
the expected and unexpected actions taken and associated performance such as cost, schedule, or 
technical performance. These results are used to understand project status and to move the project 
forward . · 

• In the "study" step. the project team reflects on the associated plans, and results to determine the gooa 
and bad instances. The output of the "study" step is a lesson learned. 

• The "act" step is the closing of the loop to show the decision to continue with or abandon the process 
of improvement. 

Throughout the learning process. support is increased for practices that meet expectations and decreased for less 
effective practices for a given activity. The PDSA steps parallel the project management process steps, "planning" is 
the same, "do" is "executing", and "studying'' is "control". The ··act'' step is the use of the lessons learned on the 

. next project during the planning phases . The use of "study" over "control" emphasizes the need for learning and 
i_mprovement. 

CONCLUSIONS 
There must be a 'program' in the organization that enables the creation of a learning organization. Defining an 
organizational goal to be a learning organization is a first step. Specific outcomes for a project-based organization 
include: delivering a successful project, building capabilittes. and delivering a series of successful projects. Leaming 
gives the members the ability to assi_milate new idea, from others. from past experience and to translate those ideas 
into action (Yeung. Ulrich. Nason. & Von Glinow, 1999). Learning will improve and develop the organization's 
members; increase productivity; and result in higher morale. and improved organizational work climate (Preskill & 
Torres, 1999). Ex.isting project management actions do support the_ further development of the organization in line 
with a learning o·rganization (Kotnour, 1999). 
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ABSTRACT 
In. its final report. the White House Commission on A via ti on Safety and Security [ 1] recommended a "principle 
focus on reducing the rate of accidents by a factor of five within the decade". Further. it was recommended that the 
FAA and aviation community should .. develop and protect the integrity of standard safety databases that can be 
shared in accident prevention programs". In order to anain this goal. a more proactive approach to safety data 
analysis is required. including the identification of precursor data and its utilization through improved analytical 
techniques. During Phase I of this project, a detailed research plan was prepared in order to determine data 
requirements needed to support analyses to identify and utilize precursors to aviation accidents/incidents. The plan 
utilizes the unique_ approach of integrating quality function deployment techniques with information engineering. 

INTRODUCTION 
The Federal Aviation Administration (FAA) is tasked with the responsibility for ·the monitoring. analysis. and 
reporting of aviation safety trends. Within the FAA, a significant portion of safety analysis is conducted by the 
Office of the Assistant Administrator for System Safety (ASY). In order to investigate the underlying causes and 
factors associated with aviation safety issues. access to a wide range of data is required [2]. The National Aviation 
Safety Data Analysis Center (NASDAC) provides an extensi\·e mix of government and commercial data resources. 
It incorporates 25-plus databases. including: the National Airspace [nformation Monitoring System (NAIMS), 
Accident/ Incident Data System (AIDS). Service Difficulty Reporting System (SDRS). and the !',;ear Midair Collision 
Sy~tem (~MACS). NASDAC thus pro\'ides a central point for safety data access. for ASY as well as safety analysts 
from other FAA organizations. Although primarily intended to support these internal FAA analyses. ASDAC may 
also support requests from other government and non-government organizations (e.g., airlines, and aircraft 
manufacturers). 

In order to attain the goal expressed by the White House Commission on Aviation Safety and Security [ l ], a more 
proactive approach to safety data analysis is required. including the identification of precursor data and its utilization 
through improved analytical techniques . As an initial step ir. this effort. a detailed research plan was prepared in 
order to detern1ine data requirements needed to support analyses to identify and utilize precursors to aviation 
accidents1incidents. Phase 1 of this project encompassed three primary activities: l) conduct an extensive literature 
search. 2) conduct a series of high-level interviews for background infonnation. and 3) construction of the research 
plan. The contents of the NASDAC database are oriented toward historical_ data and its analysis. The purpose of 
Phase I of this research was to prepare a detailed research plan to determine the data requirements needed to support 
future proactive analysis ( e.g., identify precursors to a\·iation accidents1incidents). This plan is intended to position 
NASDAC. and its successor systems to better meet these future needs. 

The Zachman Framework Architecture 
The ·development of an enterprise information architecture has been recommended for use by the FAA, particularly 
regarding these safety analysis data requirement initiatives. since it supports data standardization, data sharing, and 
other expressed FAA goals. According to Cook [3 ]. an ''enterprise information architecture provides component 
orientation that enables the movement to smaller. more easily upgradeable systems. The architecture defines the 
natural boundaries between components." Enterprise modeling is the process that maps information objectives with 
business functions within the architecture: This is accomplished through a comprehensive effort that analyzes and 
models the organization to a level of dt!tail sufficient to enable the design of specific databases and information 
systems. A variety of methodologies ha\'e been de\'eloped to support this approach. They generally provide a 
rigorous set of techniques that build an integrated collection of function models. process models, and data models. 
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Zachman's framework provides such a methodology for developing a detailed and complete view of the enterprist 
information architecture. It provides six increasingly detailed levels of six architectural perspectives: data, function. 
network, people, time and motivation [3]. An example of this framework is provided in Figure I (4). 

Zachman Framework (Adapted for Safety Analysis) 
DATA FUNCTION NETWORK PEOPLE TIME 

.. MOTIVATION 
! (What) (How) (Where) (Who) (When) (Why) 

OBJECTIVES/ List of things impC)ttant List of processes used List of locations where I List of orgamzat10ns List of ma,or av1at10n FAA strategic goats 1n 
SCOPE to safety anatystS such in nfety ana1ys1s safety data 1s cohect1ng or analyzing safety bus,ness aviation safety tsome 

as 1nformat1on aoout air (includes collected or safety safety mformat10n events or cyc1es may oe intemational I 
earners . airports, and methOdologies) ana1ys11 performed (such as recumng 1n scope ) 
NAS operations (1nt11a1 scope limned to conferences. air 

sources or customers shows. budget calls 
for NASOAC) or performance 

cvcles . etc. 
ENTERPRISE High 1eve1 conceptual Business process Log1sttCS networlt for Orgamzat1ona1 cnarts 

1 ...... ,,._" 
Bus1riess plans ano 

MODEL data mOdel witn mOdels (h1gn or IOW shanng safety data with roies schedule po11c1es related to 
relationships between levet) w1th1n and without (high level or down to av1at10n safety 

I classes of data related (Includes deta~s of how FAA ind1v1duals) 
to aviation safety methodologies are i 

performed I I 
MODEL OF THE logical aata mooe1 with lnformauon D11tnouted system Human interface I Deoenoency Bus1riess rule mooet 
INFORMATION most important data management architecture (1n1tially architecture (rotes to diagram showing (categones and 
SYSTEM etements used for safety re~urements would De pnmanly for act1v1t1es) timing of 1nformat10n hierarchies) 

analysis (norma11zed ) 1-m.,~•- ... Office of System between systems 
Can include logical process models (can Safety systems ) 
models for specific be for specific systems 
systems rt needed or interfaces between 

svstemsl 
TECHNOLOGY ! Pnys1ca1 data model (the System specifications System architecture User 1ntertace to Control flow diagram Business rule design 

! MODEL efficient design) and (design ) (types of hardware system (screens and 11mporta11on and (for t>uilo1ng scnpts ) 
maps to legacy data ano software used) secunty design ) processing (tnclJOe oeos10n on I 
(NASDAC mooe1s wil l I schedule) (NASOAC 1mpiementat1on 

I oe in Erwin tool) diagrams will be in metnod) 
i Dec1s1on Base Data 
I Maooer tootl 

DETAILED . Data scnema - pnys1ca1 J Detalled program (sub I Networl( architecture ! Oetaueo secunty : Timing definlllOnS Business rule I REPRESENTATION \ storage design ' rout,ne or scnpt ) design i 1 arcnuecture pnd1v1dua1 I spec1ftcat1on 1n 
i i i 

I access to systems -

I 
program logic (house 

! i : wno can see wnat) 1n Oec1s10., Base I I librarv ) 
FUNCTIONING I Converted data (usat>te j Executable programs Ab1l1ty to share Trained analvsts Successful bus1riess Enforced rules 
ENTERPRISE I datal information events 

Figure I 

Phase I Project Approach 
In order to develop an effective plan for the identification of future data requirements, the following approach was 
used: 

1) Understand the existing environment. 
2) · Characterize the objective environment. 
3) . Conduct a gap analysis by comparing the existing and objective models, identify deltas, 

and determine steps for transition. 

This incorporated an extensive literature search with regard to safety analysis techniques, both within the world· 
wide aviation industry and from other high consequence U.S. government/industrial endeavors ( e.g., nuclear power 
industry, automobile industry, NASA. defense) . The emphasis was on their methods for the identification and use 
of safety analysis data within their specific domain. This review encompassed publications available to the general 
public. Keyword searches, using the internet and other computer-based reference databases, were used to help 
identify the appropriate publications in the pri\·ate and public sector. It is to be noted that this literature search was 
an initial iteration to investigate alternative safety analysis techniques (both existing and emerging in such 
industries as aviation, chemical, medical, and nuclear power). atid the type of data required to support them, 
relevant to the FAA 's safety mission. Additional detailed literature searches were recommended for subsequent 
phases of this research. 

Within the FAA, the UA researchers also interviewed and worked with the appropriate representatives from ASY, 
and liaison personnel from other divisions. The purpose of these interactions was to obtain a better understanding 
of the FAA 's needs in this area. and a context for developing the plan. It was not, in any way, to restrict the 
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investigation to current FAA safety analysis methods. Further, the emphasis in this project was on establishing the 
basis for developing the objective environment (through the use of currently used and potentially useful safety 
analysis techniques, etc.). A significant amount of work has already been accomplished by the FAA in 
characterizing their existing information environment ( e.g., data encyclopedia, inventory of current systems, initial 
development of logical models). This work was reviewed such that the objective models were developed on a 
consistent basis, in order to support later comparison and gap analysis. An overall linkag.e of these efforts is 
depicted in the form of a high-level input process output (HIPO) diagram~ in Figure 2: 

[INPUT] 

JdentificatiJ of available 
precursor data ( e.g., from 
B777, UK CAA, others) . 

➔ [PROCESS] 
.... 

LiteraruJsearch for 
existing and emerging 

methods. 

➔ 

What data, presently not available do we need? 
(Gap Analysis) 

Figure 2 

[OUTPUT] 
.... 

Desired output identified by 
interviews and surveys. 

The results of this literature search and associated interviews were then input to a Microsoft Access database for 
further analysis. Validation of the Access database was conducted by comparing the database contents with 
independent listings of safety analysis tools and techniques (such as those provided by the System Safety Society). 
A total of 281 records on safety analysis techniques were developed in the Phase I Access database. From these, 
we decided to separate the records into methods, tools. or other. Methods are the processes safety analysts and 
others lmanagers. engineers , front-line workers) might use in the course of their work. Some of these users might 
employ a particular method repeatedly, others only once. and still others never. Methods may or may not require 
use of the computer. Often. methods that are done by hand or using calculators eventually are computerized by 
sOJ;neone. If the computerized method cannot be reused on other data. we shall still refer to it as a method. 
However if a computerized method was prepared in such a way that new data sets (next month's. next year's. next 
flight's, etc.) can be entered and analyzed. we shall use the term .. tool". If a record does not qualify as a method or 
a tool. such as the result of an interview. we will classify it as ··other". 

Analysis showed that four areas. General. Aviation_ Civil. and Utilities_Nuclear dominate our database; for tools, 
Aviation_ Civil and General are by far the predominant citations. Especially for tools. this demonstrates a bias 
toward references provided by FAA sources and should not be interpreted as a finding applicable to the population 
of safety-related citations that could be found in a comprehensive search. Tools naturally tend to be industry-specific 
because they are first developed in response to the need to computerize a method and use it in industry-specific 
analyses. Some tools are developed to be generally applicable - such as spreadsheet · products and statistical 
packages. 

OFD Analog Approach 
The concept of systems engineering entails a logical sequence of events which converts a set of requirements into a 
complete system description that fulfills the objective in an optimum manner [5] . It assures that all aspects of the 
project have been considered and integrated into the design solution. A variety of structured approaches to systems 
engineering have been defined over the past three decades [ e.g., 6]. Inherent in any of these system engineering 
methodologies is the idea that the end result of the process should fulfill the customer' s actual needs. The customer' s 
needs determine the formally written requirements definition. which clearly describe what the product will do. From 
this requirements definition, the functional and detailed technical specifications are derived. Determination of the 
customer's need is thus a prerequisite for all subsequent systems engineering steps. However, this is neither a simple 
nor clear process. As part of this research,· an initial set of interviews were conducted with the current NASDAC 
customer base (i .e. the NASDAC user community), as well as external experts in safety analysis. These interviews 
yielded a set of responses which mixed requirements - "musts", "wants", "desires", and "nice-to-haves". Clarifying 
the importance of these requests, as well as their priority for inclusion and linkage to specific design features, is 
necessary. 
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One approach to accomplishing this is the methodology known as Quality Function Deployment (QFD). QFD 
provides the design team with a clear understanding of the customer requirements (referred to as the voice of the 
customer or VOC), forces the customer to prioritize these requirements, and enables comparison of design 
approaches . based on their fulfillment of the customer requirements (Blanchard and Fabrycky, 1998). The QFD 
process involves constructing a series of linked matrices. The top level matrix ( often referred to as the "House of 
Quality) displays the customers requirements versus the proposed technical responses for meeting those 
requirements [ e.g., 7). QFD may also involve constructing additional levels of matrices which further guide the 
decisions that must be made through the remainder of the system engineering process. A summary view of the QFD 
approach applied to this research is shown in Figure 3. 

Characterize ➔ Needs & Requirements ➔ Methodologies ➔ 
Customer Base 

Figure 3 

Tools 

The previous section inferred a relationship between safety analysis methods and the subordinate tools which 
support them. In order to successfully complete a needs analysis, Level 1 (customers versus their requirements) and 
Level 2 (a comparison of requirements to safety analysis methodologies) matrices must be constructed. The results 
of these matrices will then be used to fine-tune the revised third level matrix. Analysis of this approach indicated 
that it maps well to the first three columns of the Zachman Architecture, where: 
A. · · Needs and requirements determine the nature of the output data to be provided. 
B. Methodologies provide the basis for the higher-level functions. 
C. Tools are representative of the lower levels of the functions , and may specify aspects of the network 

configuration required. 
D. The nature of the input data needed may be deduced through the combination of the output data defined 

by (A), and the methods and tools which provide the processing mechanism for creating the output data. 

Characterization of the customer base may also provide aspects of the People column. A variation of the traditional 
QFD approach (i.e. a QFD analog) is thus recommended for conducting the foll-scale needs analysis, subsequent to 
this research project. The QFD method is traditionally used to create a prioritized set of subjective customer 
requirements, as . well as translating these requirements into a set of system-level requirements [6]. These system
level requirements are similarly translated into more detailed sets of requirements at the subsystem, module, and 
component levels. Traceability and justification is then established between the requirements and the design 
characteristics formulated to meet these requirements. This overall approach was recommended, and modified to 
better" map to establishing a Zachman framework. 

Data Collection Methodologv and Gap Analvsis 
The first step in conducting this QFD analog is to obtain the "Voice of the Customer" (VOe), as in traditional QFD 
studies. The voe identifies the customer' s needs and requirements. As such. it is a critical step in the QFD process 
and determines the accuracy and ¥alue of the subsequent QFD steps. The primary components of the voe step are: 

Listen to the customer and capture his unstructured words using open-ended questions. 
Sort the customer responses into categories. 
Select one of these categories (i.e. the true customer needs), and create a hierarchical structure to 
support the later.QFD analysis steps. 

An initial idea for conducting the VOC step was through the distribution of a survey, possibly via e-mail. The QFD 
literature was almost unanimously opposed to this approach. Surveys request opinions based on a series of 
predetermined topics and questions. The literature indicates that a much more effective method is to utilize direct 
interviews using open-ended questions. This allows the customers to speak for themselves, to the extent possible, 
and to capture their actual phrases to identify their wants and needs. Furthermore, it enables the interviewer to better 
understand the environment and context of the interviewees responses. A • series of detailed instructions for 
conducting these interviews were developed, along with representative questions to be asked. 
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Investigation aiso established a basic understanding of the existing FAA environment (i.e. the nature and current 
use of the NASDAC database). The literature search and interviews provided some insight into future NASDAC 
user requirements (i.e. the objective environment, then identified as the Aviation Data Encyclopedia or ADES). 
Mapping these requirements to the nature and use of specific analytical tool output. as well as whether precursor 
data appears to be used, provided the basis for planning the gap analysis. Further discussion clarified the objective 
of this gap analysis. It was requested that the gap analysis and associated research plan address the information 
models then under development. 

This overall strategy can be integrated as part of the overall QFD analog approach. The purpose of creating the 
Zachman Architecture, via this approach. was to create a consistent basis of comparison between the planned 
objective architecture and the one derived from the needs analysis. The matrices involved in this approach also map 
well to the tabular structure currently used by ASY-100 for their user requirements document. The contents of each 
relationship matrix may be used to translate priorities to subsequent lists of needs. methods, and tools. The QFD 
matrices enable traceability of needs. methods. and tools back to NASDAC customers. An alternative method of 
focusing on the most critical needs is by comparing them to independent assessments in the aviation safety area 
[e.g., 8]. 

The .. focussed" subset creates the customer versus requirements matrix identified in Figure 3 and its associated 
discussion. This then fine-runes and revises the subordinate matrices for requirements versus safety analysis 
methodologies, and safety analysis methodologies versus tools. The linkage to establishing the Zachman 
Architecture is complete. The framework provides the basis and context for the comparison of the existing ADES 
design and models ,vith the results of the needs analysis. Although the ADES models are primarily at the third level 
(i.e. model of the information system) of the framework, deltas between the two may still be established regarding 
the type of data and functionality required in the future. The Zachman framework describes how the data and 
functional requirements link throughout the structure. Gaps ( or deltas) between the two objective environments can 
then be_ examined for their imponance within this context. Disagreements may also provide insights. While the 
effort was initially intended to determine needed functionality/data that should be added to ADES, the_ absence of a 
requirement for specific functionality planned for ADES may also be significant. This would indicate that 
cot:i,ponent was not needed. and could be eliminated. Interviews with some of the current NASDAC users identified 
the suspicion that some areas of NASDAC were no longer used. If true. this would be determined through the gap 
analysis. and should be considered in the design of ADES. 

CO~CLL1SIONS 
Phase I. of this project, proposed an analog to the technique of Quality Function Deployment. A set of integrated 
matrices were suggested to enable the traceability of safety needs. methods and tools back to the FAA NASDAC 
customer. These matrices provided the basis for the research plan . The plan mapped back to the development of a 
Zachman information architecture. which \Vould provide the basis for future information system and database 
development. On June 23. this research plan was accepted by members of the FAA 's Office of System Safety (ASY-
100). With this acceptance came the need for follow-up suppon of the research plan proposed. Phase II of this 
project was established to obtain a funher understanding of the existing and planned FAA environments, and is 
currently underway. 
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ABSTRACT 
Concept of knowledge fusion process is defined and applied to analysis of problem situations in management of 
technology. Review of knowledge fusion processes is presented for such areas as: interdisciplinary R&D, creation of 
hybrid technologies, technological forecasting, and development of new products/processes. It leads to the 
conclusion that the essential task of a technology manager is to create conditions favorable for knowledge fus ion 
processes to occur. 

INTRODUCTION 
The Ox(ord English Dictionary defines fusion as "the union or blending together of different things (whether 
material or immaterial) as if by melting, so as to form one whole."[l] The knowledge fusion process may be viewed 
as a transformation and consolidation- -of concepts, information and data which leads to synergistic effects having 
cognitive or economic value. Such processes have been studied by several authors, each in different context and for 
different application. A. Reisman described consolidation of knowledge as such transformation of a scientific 
discipline, that of management science/operations research in particular, which stimulates and focuses research in 
areas of greatest importance [2]. F. Kodama [3] and S. Tatsuno [ 4] consider technology fusion as a subject of 
national technology policy (in Japan) which may support the interindustry exchange and merging o( research 
capabilities to create hybrid technologies and new (hybrid) industrial branches. Knowledge mapping may provide 
better ·understanding of the knowledge structures applicable in management of technology through analysis of their 
elemeRts and interconnections [5] , [6]. It also allows to identify "white spots" on the map of knowledge or to explore 
affinities between new elements of an emerging interdisciplinary domain of knowledge (such as the technology 
management domain) and the source disciplines established earlier (such as economics. operations research, 
sociology etc.). Practical problems of technology management usually require a combined expertise in a few 
subdomains of organizational knowledge and some extent of technical knowledge. Recent advances iri information 
networks and knowledge bases made it possible to extract knowledge from an almost infinite number of sources. 
However this multiplicity of knowledge bases created the next problem: How to integrate the accessible information 
and use it to solve given practical complex problem (technical, managerial, economic etc)? Simultaneous access to 
and extraction of knowledge from different knowledge bases is needed. The process of knowledge fusion becomes 
essential for finding solutions to pr'oblems and for creating new knowledge. and adding it to the common pool (e.g. 
adding .general rules and principles of technology management. establishing new relationships among factors and 
situat'ions, e\'aluating new phenomena, improving techniques for decision making etc.). Based on those 
considerations, we may formulate a hypothesis that the knowledge fusion processes are central to the definition of 
_methods and tools in different functional areas of management of technology. The purpose of this paper is to present 
a _review of knowledge fusion processes and to evaluate their role in the practice of technology management. 

· MECHANISl\1 OF KNOWLEDGE FUSION 
One of the most common types of knowledge fusion is related with natural growth of science. Convergence of 
scientific disciplines, driven by problem solving situations due to practical needs. and expansion of disciplines, 
resulti ::i g from cognitive needs o,f scientists, lead to overlapping of the scopes and definitions of almost all 
disciplines . Process of knowledge fusion across disciplinary boundaries may be viewed as merging among three 
types of disciplinary knowledge. This mechanism is shown in Fig. l . Boundary areas and areas of overlap (which 
may be expressed as similarities qf interest of scientists representing different traditional disciplines) become the 
"battleground" at the front of research. 
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DISCIPLINE A DISCIPLINE B 

Set IA Set 3B 

INTERDISCIPLINARY DOMAIN AB 

Set I: Terms. concepts, dictionary 
Set 2: Statements, descriptive and prescriptive information, reports, observations, facts , events 
Set 3: Methodological tools, models, and theories 

Fig. 1. Three categories of interdisciplinary knowledge fusion 

Those new knowledge fields are directly related to new areas of research and development. Transformations of 
knowledge at the cross-section of disciplines lead to emergence of new domains of expertise, which may better 
address the needs of practice. As a consequence of that process new structures also appear in the industrial system. 
Several historical cases illustrate this aspect of knowledge fusion. Kodama [3] presented the Japanese industry 
experience in such "hybrid" 'industrial sectors as mechatronics, "new" ceramics. and biotechnology. Based on his 
considerations. an expanded version of knowledge fusion representation for the case of biotechnology is shown in 
Fig.2. 

SCIENTIFIC FRAMEWORK INDUSTRIAL FRAMEWORK 

Biotechnology 

Pharmaceutical Ind. 

Chemical Industry 

Fig. 2. Knowledge fusion in biotechnology and related industries 

Two frameworks of knowledge transformation are presented: 
(I ) Scientific framework : Overlaps of disciplinary knowledge in chemistry, biology, physics and engineering which 
resulted in the convergent interdisciplinary expertise of biotechnology, 
(2) Industrial framework: New knowledge impacts on the food, pharmaceutical and chemical industries leading to 
R&D initiatives and establishment of new biotechnology-hased industrial operarions . 
This example suggests that knowledge fusion within the sciemific framework has direct consequences and is being 
reinforced by the needs (in problem solving capabilities) in the industrial frame work. New industries and new 
industrial processes (e.g. those based on biotechnology) require a knowledge support, which goes beyond any single 
traditional discipline. It becomes necessary to maintain access to and to integrate knowledge from multiple sources 
and databases. to establish interdisc ipli nary R&D groups, to adopt common problem solving methodologies, to 
develop common professional language and to create an adequate communication network. If those conditions are 
satisfied. then the knowledge fusion process may take place. This process has to be managed in both scientific and 
industrial environment. Its importance cannot be overestimated both at short and long term. Knowledge fusion 
capability is also becoming an essential condition for technological competitiveness. 
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Quite frequently new technology emerges as a result of knowledge fusion from a number of sources. Several major 
inventions became possible due to cross-fertilization that took place among relatively independent programs of 
research. An example of such a case has been described by R. Goodman and M. Lawless [7], (with reference to 
original work by Clemens et. al.[8]). This example indicates that four major lines of research (immunology, sterile 
technique, cancer treatment and cancer etiology) served as sources for knowledge fusion. which allowed for the 
successful implementation of monoclonal antibodies in diagnostic and therapeutical application against cancer 
(MOAB). We may expect that at least part of the future technological achievements will ~e based on fusion 
processes which are similar to that example. 

KNOWLEDGE FUSION IN TECHNOLOGICAL FORECASTING 
The concept of knowledge fusion provides a new framework for technological forecasting. In this context. we 
should distinguish two spheres of technological forecasting: 

• Potential and probable directions of R&D activities as related to expansion of knowledge in the 
established and emerging disciplines of science (roadmaps of science). 

• Interactions among current and future technologies to be reflected in potential and probable new 
products and new technological processes (roadmaps of technology). 

The first of those spheres may be addressed by analysis of pote.ntial knowledge fusion between pairs of disciplines 
and subdisciplines of science. The fusion appears to be most likely in the "neighborhood territories" of disciplines 
under consideration. The following procedure of forecasting may be applied: 
(1) To create a list of disciplines of science (and their subdisciplines) considered to be sources for potential fusion. 
(2) To form a cross-impact matrix of interactions between disciplines and subdisciplines listed in ( 1 ). 
(3) To.apply the cross-impact matrix for two types of assessment: 
a) Existence of current and future interdisciplinary areas along the "borderlines" between any two disciplines; 
probability of knowledge fusion and emergence of new consolidated cross-disciplinary domains of knowledge; 
b) Current and future direction of knowledge expansion across disciplinary boundaries: probability of nev.· overlaps 

· betweeh disciplines . 
This approach should lead to identification of potential knowledge fusion effects. which. in turn would allow to 
determine the list of the most sensitive interdisciplinary areas , candidates for intensive exploration . It could also be 
used for identification of potential for technological breakthroughs based on fusion among different lines of research 
of the type illustrated in [7]. 
In the second sphere of forecasting, the technology roadmaps constitute a tool for assessment of potential knowledge 
fusion effects in the development of new products. As shown in Fig. 3. any new product platform may be regarded 
as a result of fusion among several technologies. 
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Fig. 3. Knowledge fusion in technological forecasting 

Each line in Fig. 3 (marked as a, b: c) represents expected changes in technology referred to as the states-of-the-art 
(SOA). Rates of those changes are different. Yenical arrows in the diagram' (marked as I, II, and III) indicate 
potential fusion of technologies at different points in time (current and future) . Evolution of products, each involving 
a set of technologies, is a result of fusion of those technologies into the design. The state-of-the-art technologies 
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may be used for each new product platfonn to a different extent, depending on balance between technological and 
economic effects. Evolution of product depends on the rate of change in individual technologies, which contribute to 
that product, and the extent to which the newest technological capabilities are used for given platform product 
design. In other terms, we can forecast some probable future product platforms on the basis of cross-sections made 
across· several technologies and their expected advances within a given time horizon. One could also reverse the 
direction of this analysis and check how the future products ( assumed or intended) might stimulate advances in 
several technologies, critical for those products. There are two components of the forecasting technique based on 
this approach: 
• Assessment of the future states-of-the-art for each technology needed for given category of products (e.g. by 

experts representing respective domains of technology), 
• Assessment of the future sequence of new product platforms and timing of transitions (technological. market 

· and economic analysis is necessary to support that assessment). 
Experience in using this method for corporate strategic analysis and forecasting has been reported elsewhere . 
Willyard and McClees described technology roadmap process used in Motorola [9 ]. Tatsuno presented an example 
from experience of Sharp, Inc. [4], and Barker and Smith showed an example based on experience of British 
Petroleum [10] . 

KNOWLEDGE FUSION IN NEW PRODUCT /PROCESS DEVELOPMENT 
Management of n~w product and process development is another managerial task, which involves knowledge 
fusion . Connections among knowledge components in this case are presented in Fig. 4. 
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Fig. 4. Knowledge fusion in new product/process development 

Management of product/process development is related to technology strategy. At the same time, it constitutes a 
bridge between engineering and non-engineering types of activity. Consequently. it requires a combination of 
expertise of both types. Similarly. access to and understanding of different knowledge sources. simultaneous usage 
of data bases that are different in their nature. and transformation of that knowledge into solutions of practical 
problems are essential factors of success . ·As the new product/process development involves people of different 
mindsets and different educational background, management of knowledge flow and of knowledge fusion may 
generate synergistic effects. Those effects have been discussed in the context of "knowledge-creating" company. 
Nonaka and Takeuchi described four different knowledge rransf ormations depending on direction of conversion 
between tacit and explicir knowledge [ 11 ]. The same distinction of two dimensions of knowledge has been used by 
Numata et al. [ 12] to explain the product development as a sequence of knowledge conversions. According to those 
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authors, an amplification of knowledge occurs during such conversions, allowing to find better solutions for the new 
product. Knowledge fusion represents different dimension of the same process. It constitutes essential part of the 
product development itself ( e.g. fusion of design theory and engineering data to find solution for a technological 
problem), and also of management process, which is accompanying the product development. · 
In every case of knowledge fusion, human capabilities for conducting an open dialog and exchange of ideas are very 
important. A technology manager, who intends to achieve knowledge fusion effects. should strengthen those 
capabilities of the organization he/she is responsible for. It may require special attention to be paid in the process of 
hiring people, who should not only be qualified as knowledge sources but should also ~-become knowledge 
integrators. They should be capable to operate with huge amount of information coming from multiple channels, 
and be able to transform it for purpose of problem solving. Even more managerial effort is needed in arranging 
training programs, which would emphasize the interdisciplinary knowledge fusion possibilities. The producttprocess 
development teams should be viewed not only as creators of new design concepts but also as carriers of those 
concepts across different functional areas of the company. They should also become initiators of knowledge fusion _ 
processes. 

TECHNICAL SUPPORT FOR KNOWLEDGE FUSION 
Recent advances in information technology provided easy access to multiple sources of knowledge and almost 
eliminated problems of availability of-ihformation. However integrating of those massive pools of knowledge and 
bringing together information from different sources on a timely basis is still difficult. Issues of knowledge 
articulation, its organization in different systems, methods of fast extraction and linking or merging of different 
pieces together, involving several transformations, became of critical importance. There is a number of theoretical 
srudie~ on data mining and artificial intelligence, which may be basis for explosive development of new tools in the 
furore. Current methods and tools for knowledge fusion are still experimental in their nature. Several proj~cts have 
been undertaken to develop advanced software solutions based on the concept of knowledge fusion and facilitating 
processes of this kind. The KRAFT system developed in the U.K. is very promising in applications for product 
configuration design problems in multiple partner organizations with heterogeneous knowledge and data models. 
This system is based on research conducted since 1996 at the Universities of Aberdeen. Cardiff and Liverpool with 
support from British Telecom [ 13). Another example is commercial sofnvare for knowledge-fusion-based product 
development, which has been developed and is offered by Unigraphics Solutions Inc. The UG/Knowledge Fusion 
system operates as a product design tool with Knowledge Based Engineering (KBE) solution imbedded into an 
MCAD system. According to the authors, "not only can engineers specify the requirements and rules that will drive 
the creation of the product, but designers are free to make geometric model changes from within the MCAD system 
and still have a model that is ·completely consistent with and associatively linked to the engineering rules" [14]. 
Some knowledge fusion oriented projects are being conducted within the context of methods of access to distributed 
and large-scale database systems. · An example of such approach is represented by the CoBase Project at the 
University of California. Los Angeles, which includes such tasks as text mining. data mining, semantic caching etc. 
[15].' . 

CONCLUSION 
The concept of knowledge fusion provides a common frame of reference for many act1v1t1es and tasks in 
management of technology. Review of knowledge fusion processes in such applications as analysis of emerging 
disciplines, creating of hybrid technologies. technological forecasting, and new product/process development, 
supports the hypothesis that knowledge fusion is becoming an essential process in technology development. This 
process needs to be strengthen methodologically, organized and equipped with tools appropriate to given 
application. Technology manager should be able to identify potential areas of knowledge fusion. and should create 
conditions favorable for this process to occur. Those conditions should be further explored. The dramatic growth of 
knowledge sources and advances in the information networking technology make the knowledge fusion feasible. To 
achieve high efficiency in ~his process however, more advanced tools and technical support systems are necessary. 
Several current research projects in the domain of computing. artificial intelligence and cognitive science are very 
promising. Knowledge fusion may be considered as an opportunity for achieving high efficiency of almost all 
activities belonging to the broad domain of management of technology. 
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ABSTRACT 
This paper describes order picking procedures in a large grocery warehouse. Particular emphasis is placed on the 
constraints imposed by the physical warehouse configuration as compared to those assumed by the computerized 
warehous.e management system (WMS) now in use. Simple heuristics reveal that significant savings could be 
achieved by modifying the WMS so as to better reflect reality. · 

INTRODUCTION 
By some estimates, order picking costs account for about 55% of the recurring costs of operating a warehouse 
(Tompkins. e·t al. 1996). It is therefore hardly surprising that researchers and companies alike have focused some of 
their ~ttention on improving the efficiency of order picking operations, be it at the tactical level, namely, storage 
assignment policies, or at the operational level, in particular batching and routing policies. 

The pr'esent paper reports some insights drawn from a case study that has been on-going intermittently since 1995 at 
a large-grocery warehouse situated in Atlantic Canada. For confidentiality reasons. the name of the company whose 
principal distribution center is the focus of this study shall not be revealed. but it is nevertheless useful to describe, 
in Sections 2 and 3, respectively, the facility's physical attributes and order picking procedures. Note that the latter 
are in fact directed by a computerized Warehouse Management System (WMS) under certain overly restrictive 
assumptions. These appear to have been made in order to allow the WMS to be installed at several different 
locations with minimal customization, hence. for financial reasons. 

Meantime. Section 4 proposes two simple routing heuristics which ignore some of the above assumptions. Savings 
achieved by these heuristics cast a doubt on the wisdom of standardizing order picking software. Finally. 
concluding remarks comprise Section 5. 

PHYSICAL CHARACTERISTICS OF THE WAREHOUSE 
The warehouse. pictured in Fig. l. measures roughly 140.000 square feet and serves 150 grocery stores of varying 
.sizes. In addition to the top and bottom cross-aisles. there is a central cross-aisle, while the order picking vehicle 
can carry two pallets. both belonging to the same order. The so-called picking section, which is under study here, 
comprises 21 aisles divided into three zones. The highest turnover products are stored in zone A while intermediate 
and low turnover products are respectively stored in zones B and C. A dedicated storage policy is enforced inside 
the shelves, while the top of each shelving unit constitutes the reserve storage area in which a random storage policy 
is employed. 

CURRENT ORDER PICKI~G PROCEDURES 
As mentioned previously, the order picking procedures currently adhered to in the warehouse are directed by the 
WMS under certain assumptions, namely: 

i) the picking sequence of the orders corresponds directly to the loading sequence of the delivery trucks; 
ii) since each order exceeds the capacity of the order picking vehicle (two pallets) the WMS partitions the orders 

into several tours; 
iii) each tour is restricted to a sing'le order: 

493 



1 1 1 1 1 1 1 1 1 1 I 
Offices 

I t 

I I' 
1 1 1 1 1 

I I I I I I I I 
I I I I I I I I I I 
I I I I I I I I 

I I I i I I I i I I I I I i I I I ! I I I I 1 

Docks and loading lanes 

I I I I I I I I I I I ---11---1 ---, 1--1___,.11---1___,11 . \ 

I I 11 11 1111 1 FR 
1 I I I I I I I I 

I 

Figure 1 : W~rehouse_ Configu ration 

494 

---



iv) since each order exceeds the capacity of the order picking vehicle (two pallets) the WMS panitions the orders 
into several tours; 

· · v) each tour is restricted to a single order; 
vi) aisles are always traversed in the same direction (it follows that the order picking vehicle cannot make U-tums, 

backup nor meet other vehicles inside an aisle); 
vii) the central cross-aisle is not used; 
viii)all tours begin with the left-most aisle where items are to be picked, if the direction of travel in that aisle is froni 

the docks to the back of the warehouse; · 
ix) if the direction of travel in the above aisle happens to be from the back of the warehouse to the docks. the picker 

has to travel empty to the back of the warehouse. 

Tours hence follow a serpentine path, from the left side to the right side of the warehouse, with new tours staned 
whenever the vehicle is full. Intuitively, relaxing assumptions iii to vii can only lead to· more efficient order picking, 
Sorrie evid.~nce supporting this conjecture is provided in the next section following the devefopment of two simple 
routing heuristics. 

ROUTING HEURISTICS FOR ORDER PICKING 

· Selected Literature on Order Picking 
The order picking problem at hand can be seen as a version of vehicle routing problems (VRP's), which are well 
studied .in the operations research.literature. However, assumptions given in the previous section preclude any of the 
published formulations or algorithms for VRP' s to be applied directly here. Moreover, the literature on order 
batching, e.g. , Gibson and Sharp ( 1992), Rosenwein ( 1996), assumes that several orders are to be combined on the 
··same tour of the order picking vehicle, whereas the size of individual orders in the present situation far exceeds the 
capacity of the vehicle. In other words, the issue of order batching as studied in the literature does not arise here, 
unless assumption iii is relaxed (see Racine, 2000). 

Note that our order picking problem. like all VRP's, entails two decisions: i) partitioning each order into several 
tours and ii) finding the optimal picking sequence within each tour by solving a traveling salesperson problem 
(TSP). The latter type of decision was first studied in a warehousing context by Ratliff and Rosenthal ( 1983) using 
dynamic programming. De Koster and Roodbergen ( 1999) extended this result to warehouses containing a central 
cross-aisle and showed that this feature reduces travel times . Several routing strategies were compared by Hall 
(1993 ). namely, the . traversal. midpoint, largest gap, and double traversal strategies. In the present situation, a 
traversal ·policy is employed, implying that the order picking vehicle enters the aisle at one end and exits at the other, 
with orders picked from both sides of the aisle at the same time. Goetschakkx and Ratliff ( 1988), Petersen ( 1997), 
Petersen ( 1999). Caron, Marchet and Perego (1998) as well as Vaughn and Petersen (1999) all studied some aspects 
of routing in warehouses~ see Racine (2000) for a review. 

The two heuristics described below differ from the above studies in that they accomplish both tasks required of 
VRP ' s, that is , partitioning the ,orders into tours a_nd finding the optimal picking sequence within each tour. 
Heuristic # I relaxes part of assumption iv in Section 3 by allowing vehicles to meet in an aisle (U-tums and backing 
up are still forbidden). · Meanwhile, heuristic #2 goes one step further by also assuming that the order picking 
vehicle can back up. Note that both_ these relaxations are consistent with reality. 

Heuristic Algorithm #1 
The ideas behind this heuristic are ttle following : 
• Why impose at the outset a travel direction in each aisle when the aisles are wide enough for vehicles to cross 

paths? 
• Why not use the central cross-aisle? 
• Routes consisting of an even number of aisles would eliminate empty travel. 
• Each aisle should be traversed ·at most once (given that they are very long). 

Seed Selection Rule: select the left-most aisle that has to be visited. 
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Order Addition Rules: 

If the tour is not complete, select the next aisle to cross according to the following rules: 

l. · Find, if it exists, the nearest aisle with the largest volume of items to pick which: 
pennits to complete an even tour, 
is located less than one aisle length away from the previous aisle visited. 

If it doesn't exist go to step 2. 

2. Choose the nearest aisle whose volume added to the tour's volume doesn't exceed the vehicle capacity. If it 
doesn't exist go to step 3. 

3. Choose the nearest aisle with the smallest volume of items to pick which is located less than one aisle length 
away from the previous aisle visited. 

E Add the items to be picked in the chosen aisle one by one, in the opposite direction of the previous aisle 
crossed (if it is the first aisle, add the items in the direction away from the dock) until all the items of the 
aisle have been added or the capacity of the tour has been reached. 

E If all the items of the aisle have been added to the tour, remove the aisle from the set of aisles which have 
to be v·isited. 

E Verify if the tour is complete. A tour is complete if: 
the capacity of the tour has been reached, or 
the tour crosses an even number of aisles and the difference between the vehicle capacity and tour's 
volume is less than the free capacity available (*). 

If a tour is complete, update the value of the free capacity available subtracting from it the difference 
between the vehicle capacity and the tour's volume. 

(*) Let k be the optimal number of tours to complete the customer' s order. 
Let W be the vehicle capacity. 
Let V be the volume of the customer's order. 
Then the free capacity available = k* W - V 

The free capacity aYailable corresponds to the aYailable volume to create full tours without increasing the 
total number of tours needed to complete the customer' s order. It will decrease as non full tours are 
created. 

In addition, if an odd number of aisles is obtained. an anempt is made to use the central cross-aisle so as to obtain an 
even number of sections (a section is defined as a portion of an aisle located between the central cross-aisle and the 
top or the bottom of the warehouse). 

A manual simulation of this heuristic using data from an actual order yielded savings (in terms of distance) of 13% 
compared to the WMS. 

Heuristic Algorithm #2 
This heuristic is an adaptation of Clarke and Wright ' s ( 1964) savings algorithm. Let dij = shortest distance (or travel 
time) from item (location) i to item j, and let "o'' denote the dock where the order is to be brought. Let sij = doi + doj -
dij = savings achieved from picking items i and j on the same tour instead of picking them on two separate tours. 
Item pairs (i, j) are arranged in a list in descending order of savings. Starting from the top of the list, links (i, .j) are 
selected so as to extend one of the two ends of the tour under construction. If a tour cannot be expanded or no tour 
yet exists, the first feasible link is used to start a new route. In general , links are chosen subject to the following 
constraints: i) items i and j are not already on the same tour; ii) neither i nor j are interior to an existing tour; iii) 
Yehicle capacity is not exceeded. Note that, although a parallel version of the Clarke and Wright algorithm also 
exists in which any number of routes can be under construction simultaneously, we restrict our attention to the 
sequential version. 
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In order to calculate the savings, we must first determine values for dij which respect the physical configuration of 
the warehouse. Two possibilities exist: either both i and j are on the same side of the central cross-aisle, for 
instanc-e. items 1 and 3 in Fig. 2, or else they are on opposite sides, such as is the case with items l and 2. 

In the latter case. the shortest path between the items will always include the central cross-aisle, unless both items 
happen to be located in the same aisle. We can thus simply write d1: = I y1 -y: I + I X1 - x2 I. 

As for items 1 and 3, the shortest path linking them will include whichever one of the three cross-aisles is most 
convenient. That is to say. the cross-aisle yielding the smallest difference in the ordinates of the two items will be 
chosen. Further, the distance formula given below includes three terms: the difference in abscissas, plus the 
difference in ordinates. plus twice the distance between the item closest to a cross-aisle and the cross-aisle chosen. 
If we let a.Pandy .denote the three cross-aisles starting from the docks, we obtain: 

du= · 1 X1 - X3 1-T- I Yi -y3 I+ 2 min { I Yi - Ya I , I Y3 - Ya I, I Y1 - YP I , I Y3 - YP I , I Yi - Yr I , I YJ - Y-r I } 

. Savings achieved by this heuristic are of the same magnitude as those of heuristic # 1. 

CONCLUSION 
This paper described the physical characteristics of and order picking procedures at a large grocery warehouse 
located in Atlantic Canada. The order picking operations are directed by a computerized warehouse management 
system (WMS) under ·very restrictive assumptions. these having been made in order to allow the WMS to be 
implemented at various locations with minimal customization. By developing and testing two simple routing 
heuristics which relax some . of these assumptions. we showed that travel time by the order picking vehicle could 
easily be cut by 10%. This translates into a significant recurring opportunity cost which should be factored into the 
decision of buying stand~rd order· picking software. Care should also be exercised at the design stage of the 
warehouse so as to avoid constraints that will later impede its efficient operation. 
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ABSTRACT 
This paper clarifies the goals, context and directions for the Management of Technology (MOT) movement. h 
stresses the central role of technology in creating wealth. Education, training and skills development necessary to 
achieve the goals are strongly needed. 

The paper explores the drivers of change in the New Century. It summarizes the issues discussed in a series of NSF 
sponsored workshops to define and establish research and education programs in the Management of Technology 
field. The paper puts emphasis on emerging research areas that. deserve attention and their influence on educational 
curricula. 

The author challenges the MOT community to prepare an agenda to meet the demands of changing technology and 
business environments in the 21st century. 

BACKGROUND 
The National Research Council (NRC) report on Management of Technology ( 1987) provided an agreement on a 
definition for the MOT as a field of study. research and application. It detailed several industry needs that should be 
addres~ed and incorporated within research and development of new teaching and management practices. These are: 
• How to integrate technology into the overall strategic objectives of the firm 
• How to get into and out of technologies faster and more efficiently 
• How to assess/evaluate technology more effectively 
• How best to accomplish technology transfer 
• How to reduce new product development time 
• How to manage large, complex and interdisciplinary or inter organizational projects/systems 
• How to manage the organization· s internal use of technology 
• How to leverage the effectiveness of technical professionals 
• Research and education diverted towards satisfying these needs were deemed essential for US industry to regain 

iJs leadership position. 

Working towards the same end goal. a 1\SF sponsored workshop was held at the University of Miami (UM) in 1988. 
·It followed the first International- Conference on Management of Technology held in Miami. Florida in February 
1988. The International Conference on MOT and the ensuing workshop devoted a significant effort in clarifying the 
emerging MOT field. The released workshop report defined five major issues as the key priorities for research 
opportunities within the MOT (Khalil, 1988). These issues are: · 

I) Methods and tools for managing technical resources 
2) Managing the interface between-the organization and the external environment 
3) Management of technological organizations and technological change in times of high 

Competitive pressure _ 
4) Management of R & D and engineering projects 
5) Management of human resources under conditions of rapid technological and social change. 

In 1998, a decade later, we felt that new issues have emerged, which deserve noting by researchers and educators of 
technology management. In another National Science Foundation/University of Miami (NSF/UM) sponsored 
workshop. invited participants discussed MOT future directions and needs. A summary of the workshop report is 
presented here (Khalil, 1998). In a follow-up workshop held in Miami in 2000, these drivers were revisited in order 
to ascertain if any revisions were to be made based on progress and new developments within the field of 
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Management of Technology within the last decade. The emerged consensus is that although great progress has been 
made in MOT, many of the drivers are still applicable in today's environment (Khalil, 2001). 

CLARIFYING THE PURPOSE OF MOT 
Participants at the workshops felt that in order to achieve significant advance the Management of Technology field, 
we should clearly state its purpose and explain the role of innovation in creating wealth and improving the quality of 
life. We should define the target audience for MOT, focus on the gaps that exist in research, practice and education. 
and recommend the steps we need to follow in order to allow technology to attain the great growth in wealth. 

It is agreed that the purpose of MOT is the creation of wealth. In this context the definition of wealth creation must 
be expanded to include the well being of government and non-profit organizations, the quality of life and 
environmental concerns. 

What is missing in the practice of MOT . is the understanding of the context and the environment in which we 
operate. We are now operating in an environment of innovation and great wealth. Additionally today's industry 
operate in a combination of established and emerging environments for technology and for business. If we don't 
take up the opportunities presented by merging the two environments, then we may miss out on some new 
technologies or new business opportunities. Innovation and the accommodation of new markets should be used to 
create wealth. Traditional functional practices and traditional marketing alone will not get an organization where it 
wants to go in an innovative technology environment. It must figure out how to market in this type of environment 
and put into practice the management of technology principles. However the dearth of knowledge and lack of use of 
new and innovative functional practices seem to be missing. In addition we should be able to develop and expand 
education, training and s~ills development programs necessary to create wealth while meeting the demands of 
sustainability within the context of globalization and the new business environment. 

GENERAL TRENDS IN TECHNOLOGY, MANAGEMENT AND EDUCATION 
Participants at the 1998 National Science Foundation/University of Miami (NSF/UM) workshop identified many 
issues as the primary drivers of change in the 21st century. These drivers were classified under seven main topics: 

1. Technology 
2. Changes in Business Environment 
3. Communications, Integration and Collaboration 
4. Strategic Directions of Industry 
5. Changes in Organizational Structure 
6. Financial Sector Structure 
7. Education and Training 

In this paper we will briefly discuss the issues pertinent to each of these topics. 

Technolog" 
The intensity of changes in technology is projected to continue into the next century. The rapid communication and 
diffusion capabilities of information will grow, resulting from technological advancements. The Internet, for 
example, is an avenue for the provision of extensive amounts of raw information, accessible. by many people. 
Through it, interactions can be two-way or multi-way and will foster collaboration in departments within 
organizations as well as between organizations well into the future through enhanced communication. 

In addition to information technologies. another technical area where major and rapid change will continue is 
molecular biology. Industries such as healthcare, agriculture and genetic-based corporations are likely to be privy to 
great changes in technology within genetic engineering. biotechnology and connecting to nanotechnology. 

Also continuing will be the enhancement of performance of technology as a whole by the advancement of 
technology and technology sharing between various disciplines and concentrations. Fusion of technologies will 
continue though the development of multiple products integrating material, mechanical, electronic anct' 
manufacturing technologies. leading to even more complex products. This, in tum, will require engineers and 
managers to be wired together and adaptive to a multi-disciplinary world. Thus the increased technological 
complexity drives the environment towards multi-disciplinary cooperation, cross-disciplinary training and cross-
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cultural contexts. The cost and complexity of technology, as well as the drive to maintain a competitive edge also 
prompts increased pressure on corporations to respond by creating new technology. Pressures continue to lead to 
coliaboration among companies who have been traditional rivals. 

Business Environment 
Changes in business environments are occurring, being partially driven by the new information technologies. The 
imperative of the new information technologies continues to drive a kind of technological imperialism in different 
areas of business disciplines. Finance, marketing, innovation, engineering and public relations all use technolog~ 
and innovation as the common core to compete. Innovation competition among all business processes will be a 

dominant factor in determining business success. 

This includes the emergence of multiple stakeholders and leads to the need for a manager who is able to deal witn 
demands of a diverse array . of issues as well · as diverse stakeholders. In addition, the business environment must 
continue to ensure that the systems responsible for the generation of knowledge are effective. Corporate researcn 
laboratories established in the early twentieth century have undergone major changes, such as the GE and Bell labi 
(with soine observers arguing that these labs have become weaker in the generation of new knowledge than when 
they were 20-30 years earlier). Similarly, government and defense research laboratories have come under pressure 
following the cold war era. Knowledge generation is always a key entry point for effectively managing technology, 
and must be supported by innovative policy development and a resurgence of research funding in the development 
of new technology. 

Collaboration ,Communication and Integration 
The explosive use of the Internet has caused a .. bottom-up" revolution, where communication within companies and 
communication between the business and the customer has been utilized in order to foster business growth. 
Accordingly, collaboration. communication, and integration among departments and organizations are increasingly 
important as information technology continues to change. Collaboration among companies consists of increased 
-global alliances, joint research, development and production projects. The integration of departments within the 
organization needs to build synergy and create a unified organization working collaboratively around an end 
product. Increasingly, there are more sophisticated consumers and more collaborative relationships between 
government and business. 

Due to the new information technologies, Intellectual Property Rights (IPR) has become a fast-changing and 
multifaceted area, and provides a changed legal and logistic challenge to corporations. This emphasizes need fora 
better-structured Intellectual Property Rights agreement. Parallel to this. new and enhanced security and legal issues 
drive _the need for a change in corporate records and information systems. The need for corporations to master 
corfrmunications technology is particularly important because of the quantity of corporate records stored in 
cyberspace. 

Strategic Directions of I ndustrv 
The context for technological change continues to be global. Global stakeholders and competition encourage more 
global alliances. A dynamic global marketplace creates the need to educate members of the organization in 
international business practices. And parallel to this is the increasing trend in industry towards greater dependence 
on the outsourcing of some aspects of technology to small and midsize companies. Worldwide this fosters greater 
collaboration, mergers and joint ventures in order for companies to compete effectively. Thus multiple parties 
involved in innovation create multiple ownerships by competitive corporations working in the same technology. 

As the changes in the competitive environment continue, so too the traditional issue of social justice around the 
world continues and changes in form. Because of the global economic environments, individual governments cannot 
longer attempt to achieve change completely on their own. A strong role must be played by industry; and multi· 
national organizations seem to be on the forefront driving globalization. This creates a more complex interaction of 
different sectors, forms and capital in the world. 

The strategic planning process of organizations must recognize intellectufil capital and tacit knowledge. Thil 
process will also help to define the cultures of the organization and those of employees and customers . . 
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New technology continues to fuel entrepreneurial activities and lead to growth of small businesses. The proper use 
c:>fthese small businesses can contribute to the overall growth of technology and the economy. Not only fueling new 
entrepreneurial activities, rapid changes in technology have made it imponant to begin replacement or improvement 
technology immediately following the development of new products. Shorter business and technology phases are 
creating a greater need to closely integrate between the two. 

Organizational Structure 
Another consequence of information technologies is the growing trend to move away from fixed. permanent 
organizational structure to a more temporary and flexible structure. Organizations may be assembled to meet 
specific needs or special technology and disbanded as the technology changes or the need disappears. Thus 
organizations are increasingly changing their structure from a vertical hierarchy (the traditional model) to a more 
horizontal or network model (Khalil, 2000). There is an additional expectation of greater integration among and 
within organizations, especially aided by the computeriinformation technology and the incorporation of Internet. 

The information technologies have had a dual impact, both in automation of hard good production and in the 
expansion of information services. The production of non-physical products and services continue to grow in 
importance. At the heart of all information technologies, knowledge continues to be the driver behind supply chain 
strategies, driving innovations in product, production. distribution and marketing. It should be recognized that even 
in this global knowledge environment, how and what a corporation does will continue to be influenced by cultural 
influences. 

Financial Issues 
Financial opportunities based on the creation of mergers/acquisitions, particularly in organizations dealing with 
mature technology, continue to occur as corporations realize the benefits to combining technological expertise, 
economies of scale and the elimination of organizational duplications . Another interaction of technology and finance 
occurs because of the continuing pace of change in complex technology. This creates a need for new techniques to 
assist venture capitalists in improving their justification of investment in technology. 
In funding research projects as well as in financing development there is a new need to create public policy leading 

away from parochialism and ethnocentnc trends. 

Education 
In education and trammg. industry has been leading the way towards change and organizational flexibility 

necessarv for sun·ival in the 21st centurv. In the educational arena. universities and schools need to adapt to 
constantly changing technologies. and t~ educating the workforce necessary to meet the changing business 
environment. This adaptation is required in curricula and in the way of delivering education. 

The linking of technology creation to the sustainability of economic. environmental and social development 
becomes increasingly important for education. Moreover. the potential of the changing information technologies 
can facilitate the deliverv· through the emerizing channels of distance learning and electronic educational delivery 
methods. Universities ~re beginning to e;;,e;ge from delivering only local education to delivering education 
throughout the world. Multiple degree seekers are increasing. probably resulting in the future where few managers 
have only a single advanced degree . The need for more technological and managerial education for all managers 
continues. Business leadership to run companies of the future must focus on knowledge generation and application, 
emphasis on innovation. integration of organizations and collaboration. 

A. new discipline model of education, based on knowledge infrastructure integration and cultural acceptance, is 
needed to prepare people for the future of global technology. Moreover. despite the importance of new modes of 
education, hands-on training and involvement need to be a pan of any educational model. 

COI\CLUSIO!'\S 
The endearnrs we have undertaken in . the I 998 workshop (Khalil. 1998) and in the 2000 follow-up workshop 
(Khalil. 2001 ). aim to identify drivers of change in MOT. \Ve pose many questions that need to be answered by 
researchers. practitioners and ~ducators. These issues provide a rich research agenda for many years to come. · 
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The importance of the Management of Technology field to countries, governments and individuals' well being 
makes it imperative to take additional steps for creating more sensitivity to its benefits. The following actions a;; 
recommended: 

• Inform corporations, agencies and educational institutions of the need to emphasize MOT 
• Develop accreditation/standardization for the discipline 
• Reform education in the MOT 
• Create an appreciation for MOT across fields and venically through special technical·.focus for specialists. 
• Explain MOT concept to all levels of management (upper, mid, and low) 
• Approach both professional agencies and universities to create a consortium for spreading the teachings of 

MOT 
• Prepare professional materials, textbooks, case studies and audiovisual material to use in MOT education 

and training programs 
• Encourage industry to document "How to do it?" 
• Invite historians to write and speak about "History of Technology" 
• Create communities of practices 
• Create an advocacy group 
• Hold conferences and workshops 
• Encourage panicipation of accrediting bodies, funding agencies and government and private policy making 

groups 

The n~xt step is to set an agenda for action and assign roles to various organizations that are involved in promoting 
the Management of Technology as the means for creating wealth and prosperity. This will require involvement by 
many groups including engineering and business professional organizations, accreditation bodies, the American 
Association for the Advancement of Science, Project Management Institute. the Business Higher Education Forum, 
Government University Industry Roundtable, National Research Council, the National Science and Technology 
Board, the Industrial Research Institute and government agencies promoting education and research. 
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INTRODUCTION 
· Information technology is changing daily. Because of the unprecedented rate at which it is growing. few laws are in 
place governing individuals and businesses. Lawsuits are cropping up everywhere dealing with issues lawyers and 
judges have not seen. More so than ever, -the line between your personal and professional life is blurred. If you are 
expected to respond to professional e-mails on the weekends using your home resources, should you be able to plan 
your Disney vacation via the Internet at work? If you are expected to work a twelve-hour day, when do you call 
your friends to make weekend plans? Where do employers' rights end and employees' rights start? 

There is no question that technology has made many business processes run smoother. And with Internet access, 
employees have information available at their fingertips in a matter of seconds that used to take days. However, 
images of the stereotypical secretary making personal calls during the workday have been replaced with images of 
employees using the Internet to chat, shop and surf for personal use on company time. Because of the changing 
workday and flexibility with telecommuting, should this behavior be acceptable? Or does that employee have a 
right to privacy and personal use of company resources? 

Employee monitoring is by no means a new phenomenon in the workplace. However. today's technology has 
afforded many tech-savvy companies with the opportunity to develop sophisticated electronic monitoring systems. 
Biometrics is growing rapidly. Biometrics is based on recognition of a person using biological characteristics such 
as facial identification. fingerprints, or retina scans (to name a few examples). This field is growing and will replace 
today's passwords and PINS. While that will provide extreme security. it will also become a very viable way to 
track all employee behavior at work. Employees have a valid concern for their workplace privacy, or lack thereof, 
as a result of workplace monitoring. Where should the line be drawn? 

The capabilities of electronic monitoring devices are limitless. One popular debate currently is with the monitoring 
of practically all activity taking place on an employee· s computer. Employers believe they are within their rights to 
monitor this activity. Employees believe they have rights to privacy. and the right to work in an environment filled 
with trust and creativity. What solutions exist'~ Some employers feel monitoring employee activities on the phone, 
computers, and even tracking employee movement is the answer. According to the Am~rican Civil Liberties Union 
( ACLU). eight million Americans were subject to some form of workplace monitoring in 1991.1 That number · 
increased to o\·er 30 million in 1999. 11 As will be discussed. workplace monitoring protects employer's interests. 
However. it can decrease morale and lower productivity. 

Is monitoring necessary? There are extreme views to both sides of this issue. Should there be an absolute zero 
tolerance policy concerning inappropriate technology use? What rights do employees have in the workplace? 
l.Jnder what circumstances should employers monitor and hov.; should they do it? Should employees be informed 
when and if monitoring takes place? How can a company protect itself against liability and maintain good employee 
relations? These are difficult questions to answer. particularly given the diametrically opposed perspectives taken 
by employers and employees. 

This paper explores the reasons why employers monitor their employees. how technology and information systems 
are used. how monitoring affects employee satisfaction and work performance, and outlines an effective Acceptable 
Usage Policy (AUP). 
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WHY MONITOR? 

An Emplover's Perspective 
There are valid reasons why monitoring should be used. From a management perspective, monitoring can be used 
to measure productivity. If this productivity was used for the basis of a promotion, then most employees might 
believe that some sort of monitoring would also benefit them. This type of monitoring should provide a means for a 
more objective perfonnance review of employees. One of the authors of this paper works as a ~omputer technology 
support person. With this job, there is a "self-reported" monitoring system for the computer repair that is completed. 
All computer repairs that are taken care of should be logged into a network-wide system. The manager of this 
organization states that it is important that this data be entered. However, in tenns of an objective performance 
measure, the manager says the system is unreliable because some employees don't like the system and therefore 
choose not to use it for all repairs. Based on this system, probably the employees and employers would find benefits 
in a more reliable system of monitoring. 

Another reason why management feels monitoring is beneficial is that they believe it increases productivity. Most 
people would agree that if you knew you were being ••watched", there would be a lowered sense of"goofing off' at 
work. In the same respect, employers f~el monitoring will also decrease use of company resources for personal use. 

A negative aspect of monitoring that employers see is that employees have lower morale when monitored. 
Monitoring can also create adverse working conditions and increase compensation claims. In addition. when 
someone is monitored, they may observe inaccurate observations. For example, let's say that a web designer was 
interested in creating a privacy policy for the company's web site. They decided to benchmark other companies' 
privacy polices. It seems reasonable that the gay and lesbian community might be concerned about privacy for a 
number a reasons. The web designer chooses to benchmark Plantetout.com's privacy policy. The implication. if 
someo!le was logging this web designer's surfing behavior. might be that they believe that web designer is a member 
of that community. This type of example may occur with many groups online. whether it is a religious group. or as 
in this example one that is oriented towards sexual preference Table 1 summarizes positive and negative 
perspectives of monitoring from both an employer and employee perspective. 

Table 1. Different Perspectives on Monitoring 

Mana2ement Perspective on l\lonitorin2 
Positive Aspects 
• Can be used as productivity measure 
• Provides more objective performance revie\vs of 

·employees 
• Increased productivity 
• Decrease of company resources for -personal use 
• · Protection of property 

Negati\'e Aspects 
• Increase in compensation claims (labor turnovers, 

absenteeism) · 
• Creates adverse working conditions 
• Lowered morale 

• Inaccurate observations 

Emplovee Perspective 
Positive Aspects 
• Work performance feedback 

1 
• Work performance comparisons ( versus other 

employees or industry average) 
• Flexibility in telecommuting 

Negative Aspects 
• Managerial abuse of power 
• Invasion of privacy 
• Psychological/Physical problems 
• Lack of creativity 
• Unwanted distribution of private infonnation 
• Inaccurate observations 

An Emplovee's Perspective 
As mentioned previously, employ~es may find that certain monitoring systems provide work performance feedback 
th~t could be used for promotions or raises. This type of monitoring may in tum show comparisons aga~nst other 
employees and other industries that might prove positive for the employee (or negative). Monitoring may provide 
more flexibility in telecommuting, which is very important to some people. Nowadays, many people conduct 
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business from home, but finns don't have a good understanding of the amount of time actually spent working on 
business items. 

Employees tend to view workplace monitoring as having more of a negative impact on their work than a positive 
one. They believe that it is an invasion of privacy, even if the business they are conducting is for personal gain. As 
talked about at the beginning of this paper, the line is very blurred between professional and personal lives and 
therefore some jobs require conditions that make it virtually impossible to conduct some types of personal projects 
outside of work. If you are expected to work a twelve hour day from 7:00 am to 7:00 pm. then if you have to make 
arrangements for annual doctor visits, you have no choice but to make these calls on company time because most 
doctor's offices are not open outside of these hours. Employees are also concerned about inaccurate observations 
that can be drawn from monitoring. Something that seems innocent enough to one employee can appear to be quite 
offensive to another. 

WHAT IS BEING MONITORED? 
The better question to ask here might be "What cannot be monitored?" With growing technologies, just about 
anything an employer wanted to monitor could be. Some employers monitor only computer use while others 
monitor everything possible, including voice mail and phone conversations. e-mail. web sites visited. computer files. 
and location of employees in a building. A grocery store employee states that at the company headquarters, when 
entering a building and various rooms. one must present an access key tag (swipe card) that documents who goes 
where within the building. This employee openly wondered why all the monitoring was needed. 

E-Mail: It is becoming the most frequently used means of communication for conducting business and keeping in 
touch will friends and family 111

• The privacy users enjoy at home with e-mail cannot be taken for granted at work. 
So, employees must use caution and care to prevent producing incriminating evidence and preventing liability for 
their employers!\ . Employees should not be composing personal e-mails on their employer's network. Employers 
monitor e-mail for a \·ariety of reasons. Chevron Corporation had to pay out S2.2 million to some female employees 
for an office wide e-mail containing a joke that the females believed was sexual harassment. This case resulted from 
a single e-mail labeled .. Why Beer is Bener than Women". Companies that monitor are also looking to protect their 
intellectual property. including trade secrets that leak out via e-mail'. Many companies install .. sniffer" programs to 
prevent such an occurrence. These programs screen outgoing messages for words that are company related. If any 
are found, the message is re-routed to a manager or supervisor for their review. However. these programs can create 
problems as they slow down the e-mail". 

Computer Files: Almost all corporations have a local area network connecting all their computers. These 
networks connecting the office worker's personal computer help in the monitoring of the files they create and store. 
These computer files are accessible by the Information Systems depanment and any manager with access. The 
regular screening of files employee· s keep on their computers should look for applications that could be infringing 
on copyrights. files that are non-business related. and \·irusesrn. A disgruntled employee could possibly plant a logic 
bomb virus on the system. They should also screen for wallpaper and screen savers that could create a hostile work 
environment. 

Internet Sites Visited: Monitoring an employee's Internet activity can help prevent many problems. If an 
employee is spending too much time on the Internet for non-business related purposes, then an employer must ask, 
"When is the employee actually working?" The hostile work environment issue also applies to Internet use, for if an 
employee is looking at an inappropriate web site. such as pornography or other offensive material. this can create 
hostility in the workplace. Employers also look to see if employees are using the Internet to shop, to look for new 
jobs. to keep in touch with family and friends . A record of web sites visited and the duration of time spent at a web 
site can give an employer a good idea of what employees spend their time on. 

Phone Conversations and Voice Mail:_ While employers are not allowed to monitor personal phone calls, they can 
monitor business-related calls . Some businesses monitor for quality, especially customer service calls. Others look 
at the length of phone calls. In an interview with a Pet Sman Direct Employee. Rohen Schantz. he stated that 
monitoring phone calls helps catch people who do not do their work . They had an employee who was supposed to 
answer the phone and take orders from customers. The gentleman would hang up on customers before saying hello 
-- disconnecting the call so he would not have to work. The company documented this behavior and was able to 
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terminate this employee. Without monitoring the employer would not have known this activity was occurring. 
Schantz noted that while the employer did catch offenders, morale was low and turnover rates were extremely hign 

Location of Employees Within the Building: Video cameras are widely used to monitor the actual activity of 
employees within a company building in order to ensure than they are working and that they are not doing anythini 
illegarii,_ Biometrics and swipe cards are also utilized to monitor employees. They can help prevent theft, 
unauthorized entry, and other illegal activities. Most companies have video cameras that are ~Jearly visible to 
employees. However, when employees are unaware that the cameras are there, such as in restrooms and locker 
rooms, issues concerning reasonable expectations of privacy are raised. 

HOW ARE "THEY" MONITORING? 
In the past, monitoring activities were more focused on hidden cameras or microphones, or office and locker 
searches. However, this section focuses more on current and future technologies for monitoring. 

Currently, there are many networking technologies that enable information specialists to view e-mail, monitor the 
web sites visited, and view just about any activity taking place on your desktop computer at the office. There is 
software available ( one example is surfCONTROL.com) that allows a company to place restrictions based on key 
words or .. rules" for company Internet access. This software will then enforce which Web sites specific employees, 
departments, or locations should be permitted to visit. The software then notifies management when these rules are 
broken. 

Busi~esses with mobile employees are using advances such as Automatic Vehicle Location (AVL) and Global 
Positioning Systems (GPS). This type of technology allows employers to have access to the positions of trucks, 
cabs; and drivers. This type of monitoring provides accurate accounts and precise logging of hours and locations. 
Another type of technology that tracks movement of employees is through swipe cards. These are used in many 
busin-esses to gain access to buildings and specific rooms. 

'The future of monitoring lies in biometric technologies. Biometrics may be the future of security in the sense that it 
is hard to fool. Society·s use of technology is growing at a phenomenal rate and there is increasing demand for the 
sharing of data. The more portable this information becomes. the greater the issue of security affects us. People are 
busier and more productive now than ever. and security issues are a concern for many organizations. Growing 
companies are constantly looking for ways to reassure themselves and their customers that their information is 
secure. Companies are increasingly aware that they are morally and legally responsible to ensure that customers and 
employees only have access to inf9rmation that is appropriate for them. People are born with a number of 
distinguishing characteristics that uniquely identify them from anyone else in the world. As technology to identify 
those characteristics becomes more accurate, we are presented with identification methods that provide higher 
secu'riry and more reliable identification. Taken to the limits. the power behind this technology can impose many 
ethical and moral dilemmas. such as personal privacy. 

All biometric devices work in relatively the same manner. The biometric features of a person are initially scanned 
by the device. which then uses complex algorithms to c_reate a digitally recognizable print identifying the person. 
The print is then recorded into a database. so that when that feature is scanned again in an attempt to gain access, the 
biometric device searches the database for a match. at which point the person is either granted or denied access. 

There are a number of different types of biometric identification. Some examples are face recognition. fingerprints, 
hand geometry. retinal scans. iris scans. signatures, and voice recognition. Table 2 shows some applications of 
biometrics from the perspective of forensics. civilians. and commercial applications. 
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Table 2. Applications of Biometrics 

Forensic Civilian Commercial 

• Criminal Investigation • National ID • ATM 

• Corpse Identification • Drivers License • Credit Cards 

• Parenthood Determination • Welfare Disbursement • Cellular Phone 

• Border Crossing • Access Control 

As with many technologies, biometrics is a double-edged sword. The many benefits that can be gained from 
utilizing biometric security devices must also be carefully balanced with a number of negative aspects of biometrics . 
. This duality is something that must be considered in depth. Biometrics is truly a controversial topic. However, until 
biometrics can become more regulated and have a greater degree of accountability. it will continue to be a 
controversial subject. 

WHAT IS NEEDED TO PROTECT BOTH EMPLOYEES AND EMPLOYERS? 
There are three perspectives to look at with monitoring. The following example illustrates the many feelings about 
monitoring. If you and your spouse went to marriage counseling, you might be asked to write everything down that is 
bothering you about your spouse - to get it off your chest. You are under the impression that your spouse will not read 
the journal. If you knew this, you might be very harsh and not put much thought into how you express yourself. This 
might illustrate how employees act when they know there is no monitoring whatsoever. Now what would happ.en if 
you found out that your spouse went behind your back and read what you had written. The words might be 
misconstrued and what was written may not be how you feel now, but just how you were feeling in a moment of 
anger. Your spouse would possibly be hurt and angry for what was said, and you might feel betrayed and upset for the 
invasion of privacy. This is what can happen when an employee is under the impression that they are not being 
monitored. then later finds out that something they have said or done was monitored. The third perspective is that if 
you a·nd your spouse knew from the beginning that every1hing you wrote down would be read by the other individual, 
you would be more precise about what you say so that the communication was not misconstrued. You also may not 
write down items that you would write down if you knew that spouse was not going to read the journal. This is the 
case when an employer fully discloses what is being monitored, why it is being monitored. and what the ramifications 
will be ( either positively or negatively) based on this monitoring. This is how an Acceptable Usage Policy (AUP) 
should be used. 

An AUP states the rules about how company resources can be used and who has access to what resources. An AUP 
clearly communicates what is acceptable use of company resources. There are not clear guidelines as to what should 
be on an AUP because each one should be tailored to the specific company. For example. if you are a tech-savvy 
company. then you might be more lenient about letting employees use the computing resources for personal 
business. An AUP must be a clear plan of communication to employees. The AUP should protect the rights of all 
parties involved. The Government of Saskatchewan has an excellent AUP that clearly communicates to employees 
what can and cannot be done with technology. They list examples for each. which makes it very easy to understand 
(see Table 3). · 

CONCLUSIO~ 
Workplace monitoring will continue to be a controversial topic until the laws and communication keep up with the 
growing technology. There are currently no federal laws to protect employee privacy. Therefore, one should 
assume they have no privacy when making decisions about using company resources. If a company has an AUP in 
place. then if an employee does not adhere to it. it may be grounds for termination. Employees should consider e
mail to be a loud conversation heard by all. Another analogy is that it is like sending a postcard through the mail 
and you don't know who is reading it. In conclusion. workplace monitoring can directly impact a corporation's 
bottom line as well as employee morale. It is important that employers carefully and clearly communicate 
management's expectations to its employees. This will minimize productivity and legal problems in the future. 
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Table 3. Samples of Usage of Technology Resources as set out by the-Government of Saskatchewan's AUP 

IncidentaU Against -
I 

Technolo~· Core Incidental Unacceptable Unacceptable Existin2 Policv lllteal I 
Phone Answering an Making a brief You make many Accessing 1-900 Using the office Recording phoncj 

inquiry from a personal call. personal calls & lines on phone during conversations 

member of the your work calls government office hours to without 

public. are answered by phones. buy and sell ..., permission. 
busv co-workers. stocks. 

Photo Copier Making copies of Making a Making a photo Extensive ·Photocopying Photocopying -

a branch meeting photocopy of copy of your personal photo brochures that and distributing a 
agenda. your resume. neighbor's copying that ties describe a copywntten 

resume up the machine product you sell anicle without 
during office at the summer authorization. 
hours. fair. 

Fax machine Se~ding a revised Using the fax to Faxing the results Faxing out copies Faxing copies of Faxing 
copy of an office confirm the of the office of your resume an offensive joke confidential 

• ' 
renovation itinerary for your hockey pool to during working to co-workers in information to a 
drawing to a personal travel the rest of the . hours, tying up other ·customer· who 
contractor. plans. depanment. the fax & backing depanments. pays you for it. 

up depanmental 
faxes. 

Networked Sending an e- E-mails to co- Sending Distributing Distributing a Making a 
Computer mail to all the workers with depanment-wide chain- racist or obscen~ libelous or 

members of the binhday wishes. e-mails with e-mail with large joke via e-mail. slanderous 
, , depanment's holiday greetings. 'puppies 4 sale' executable file statement about a .. OH&S Playing solitaire type messages . attachments that co-worker. in an 

Committee with while on break waste limited e-mail. 
, . minutes of the network 
., last meeting. resources and 

contain viruses. 
Networked Researching the Browsing a news Subscribing to a Downloading a Buying and Downloading. 
Computer on the latest site during the newsgroup on a beta version of a selling stocks at storing. 
Internet developments in lunch hour to government program off the work on the distributing and 

your profession keep up with internet account Internet. and Internet. selling child 
on the Internet. world events. that is of a needing hours of pornography. 

personal nature. IT suppon to get 
your computer 
re-staned. 

Stand Alone Word Processing. Preparing a roster Preparing a roster Crashing the using the Running a pirated 
Computer Doing the budget. for your for your computer by spreadsheet on version ofa 

children·s soccer children 's soccer installing a the computer to popular program 
team over the team. tying up graphics- analyze the on the computer. 
lunch hour. the computer intensive multi- performance of 

when co-workers player combat your stock 
need to access it. game. ponfolio. 
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ABSTRACT 
This study examines the relationship between the degree of competition and IT usage in 19 selected Australian 
industries. An Industry Competition Measurement (ICM) Framework is used to measure the degree of competition 
and Information Technology (IT) usage is gauged from three indicators: critical dimensions ofIT. drivers ofIT 
investments. and the distribution of IT portfolios in these industries. Linear regression tests show a strong and 
significant association between the level of industry competition and the critical dimensions of IT such as impact 
and importance of IT. Industry competition. however, is not significantly associated with the level of motivation in 
investing in IT and the distribution of IT portfolio. The implication of this finding is that with increasing levels of 
competition. there is a need to better understand the position and role of IT. Firms in competitive industries may be 
at a competitive disadvantage if the position and role of IT in the firm is minimal. In addition. the cross-sectional 
nature of this study provided a unique view of the various inter-relationships between the degree of competition and 
the indicators of IT usage. 

INTRODUCTION 
Competition is the heart of the economic system. Through an understanding of factors that affect the degree of 
competition, firms and governments have attempted to formulate actions and policies that will provide the firms and 
nations with competitive advantage. This changing industrial landscape is accompanied by the continuing impact of 
IT at national. industry, firm and strategy levels. Over the last 20 years. numerous authors have promoted the 
potential uses of IT as a competitive weapon. The Competition-IT link is thus hypothesised as being a crucial 
element in understanding the effects and role of IT in delivering superior competitive positions to firms. industries 
and governments that embrace IT in its operations (Porter and Millar. 1985). 

The objective of this study is to assess the association bmveen industry competition and its IT profile. This has a 
number oframifications for both the individual firms and the industry. First. through an understanding of the factors 
that affect competitiveness and IT profiles. organisations can improve their understanding of their respective 
industry and identify critical benchmarks of their current position. Second. although it has been shown that IT can 
change an industry's competitiveness. it has never been shown whether the competitiveness of an industry actually 
influences the usage and applications of IT . This study will show the existence or absence of such a reciprocal 
relationship . In addition. the results of this study will allow a firm to evalu.ate its IT profile and assess the direction 
of IT investment and usage. A portfolio an3lysis of IT investments will enable firms to look at the overall position of 
its IT investments and not to be drawn into the technical aspects ( and ever changing specific technologies and 
applications) of their IT investments . This would also add knowledge to the strategy alignment process, which has 
been shown as one of the major issues in information system management (Wang. 1994). 

LITERATURE REVIEW 
Competition is a process (rather than a situation) and it is a function of market structure in which firms operate 
(Corones. 1990). Department ofTreasury ( 1991 ). Miller ( 1997): Sheehan. Pappas and Cheng ( 1994) all suggest that 
competition is a multi-dimensional construct. extending beyond simple price competition. Furthermore, Day and 
Reibstein ( 1997), Economic Planning Advisory Council ( 1991 and 1993) also noted that there is no singular 
measure of competition. and that competition can only be gauged from various "signals of competition" (Industry 
Commission. 1992). Each signal can be thought of as one dimension of competition. _None of these signals, by itself, 
can be used to infer the overall state of competition in an industry. Boyle ( 1972) suggests that competition can be 
measured by examining signals such as the degree of industry concentration. change in market size, degree of 
product differentiation and condition of entry . The Economic Planning Advisory Council (1993) suggests that 
signals of competition would include level of firm concentration. competition from actual or potential entry, 
competition from overseas suppliers and acti\·ities of pro-competitive regulatory bodies. Mason ( 1939) and other 
industrial organisation economists. e.g. Bain ( 1956 and 1968), Clark ( 1961) and Scherer and Ross ( 1990), suggest 
that the number of buyers, number of sellers and their size distribution. product differentiation and condition of entry 
collecti\'ely determine the state of competition in an industry. The literature suggests that the most popular and 
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widely accepted model of competition is that of Michael Porter ( 1980, 198S), who is regarded as one of the most 
significant contributors to the field of competition and business policy (Peters, 1993; Randall and Lewis, 1991 ). · 
Porter's structural determinants of industry competitiveness (the "five forces") model suggest that the level of 
industry competition is a function of the intensity of rivalry, bargaining power of buyers, bargaining power of 
suppliers, threat of new entrants and threat of substitutes. The Porter five forces model has been used in numerous 
competition studies (such as Boyle, Macleo~ Slecin, Sobecka and Burton, 1993; Munk and Shane, 1994; and 
Ratnatunga, 1995), and serves as the foundation theory of many Competition-IT frameworks (Neumann. 1994; Lee 
and Adams, 1990). According to the five forces model, an industry is said to be most competitive when the 
following are present: high intensity of rivalry, high bargaining power of buyers, high bargaining po,.ver of 
suppliers, high threat of new entrants and high threat of substitutes. The competitive forces are, in tum. are 
determined by the strength of their respective competitive factors. The Porter five forces model contains over 30 
unique competitive factors. 

Although there is much discussion on IT in the literature, Weill and Olson (1989) noted that researchers have 
difficulty in agreeing as to what actually constitutes IT. Numerous interchangeable terms such as information 
technology, information system. or technology are used. Unlike the competition component of this study, there is an 
absence of a universally accepted theor~tical framework on which to base the measurement of IT usage. This study 
uses three indicators of IT usage: critical dimensions of IT, drivers of IT investment and IT portfolio. These three 
indicators collectively provide a picture of the IT profile of an organisation or an industry. 

IT is generally said to have an impact on the way an organisation operates (Parsons, 1983 ), high level of rele\·ance 
to the achievements of corporate objectives (Butler, 1996: Clemons and Kimbrough. 1987; Wiseman and 
MacMillan. 1984), high level importance in day-to-day operations (Porter and Millar, 1985) and playing a strategic 
role (Notowidigdo, 1984: Wightman, 1987), typically as a source of competitive advantage. These four dimensions, 

. namely_lmpact, Relevance, Importance and Strategic Role ("IRIS") are indicators of the position and role ofIT 
in an organisation and are part of the profiling process on an organisation's use ofIT. 

Another aspect of the IT profile of an organisation is the underlying motivating reasons for investing in IT. Wang 
( 1994) who suggested gaining competitive advantage. strategic planning. goal alignment. management support and 
information architecture as the reasons for undertaking IT projects. Moad ( 1994) suggested improving productivity, 
quality and competitiveness as the driving forces behind IT investments. Connors ( 1996) added that IT investments 
may be driven by the need to meet customer expectation. typically because other competitors have offered products, 
services or facilities which raise overall customers' level of expectations. This is similar to what McFarlan (1984) 
called .. strategic necessities", where a firm must undertake a particular path because it has become necessary for its 
survival. Macrae ( 1996) reported that the top issues faced by IT executives in both private and public sectors were 
the need to align IT and organisational objectives to create a synergy between the two. Similarly. Black ( 1996) 
suggests that firms learn from best practices in the IT field. which included business alignment ( of IT and strategy) 
_and technology infrastructure. 

IT profile of an orga~isation can also be examined from the .. portfolio" of its IT applications and deployments. Weill 
( 1988) classified information sys~ems into transactional. informational and strategic. Clemons and Kimbrough 
(1987) describe IT as.being a routine necessity, a strategic necessity, providing comparative advantage, temporary 
competitive advantage, or sustainable competitive advantage. Willcocks ( 1994) proposed a •·portfolio" approach in 
which ~T investments are classified into mandatory investments, investments to improve performance, competitive 
edge investments, infrastructure in\·estments and research investments. Remenyi ( 1995) classified IT investments 
into .. must do" investments, core investments. prestige investments and "corn seed" investments. 

METHODS 
Hrnothesis 
Although there are a number of suggestions ( such as Bjornsson and Lundegaard, 1992; Johnston and Carrico, 1988; 
King and Grover, 1991; and Sager, 1988) that the nature of the industry competition may influence IT usage, little is 
known about this relationship. The primary hypothesis is that the degree of competition faced by a firm is associated 
to its IT profile. This can be further refined into three hypotheses (H la to H 1 c) that examine the association between 
industry competition and each of the three indicators of IT usage. The research can also be extended to include 
testing of any significant differences in both dependent and independent variables based on industry groupings. 
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Data Collection 
The industry classification scheme employed was based on the Australian Stock Exchange (ASX) Industry 
·classification, which contains 24 main industry and 124 industry subgroups as of 31 December 1996. A total of 19 
industries were selected for inclusion in the study. As there is no sampling involved, N (population) and n (sample 
size) are both 463. The "subjects" chosen were the highest managing personnel in the organisations as listed by the 
ASX, mostly Managing Director (56%), CEO (16%) and Chairman (16%). Data was collected via mailed 
questionnaires and was first sent in March 1997 and the time frame indicated for completion was two weeks, 
followed by two reminders. The response rate was 52.14%, i.e. 195 useable responses over 463 less 89 unusables 
(blank or refusals). 

DATA ANALYSIS 
The Porter's five forces model was operationalised (see Suwardy, Ramatunga and Hooley, 2000) and a listing of 
industry competitiveness was obtained. The industry competitiveness ranking was based on the depanure from the 
··theoretically neutral state of competition"· in the Porter model. When all the competitive factors are rated as 
··average" (i.e. neither high nor low), one can imagine an "average", "neutral" or "par" state of competition. This is 
an important theoretical foundation in the measurement of competition. Firms and industries that are more 
competitive than this neutral state of competition would have a positive level of competition (i.e. their level of 
competition is .. above par"). Similarly, firms and industries where the competition is low would be "below par" and 
would have a negative level of competition. Thus, a zero compe-tition level does not mean no competition (as 
dictated by the neo-classical theory on competition), but merely a state where competition is perceived to be at l?ar. 

The three indicators of IT usage adopted in this study are developed based on the literature, especially the 
frameworks and models that explore the Competition-IT link. These three indicators are: (I) Impact, Relevance, 
Importance and Strategic Role ("IRIS'), (2) Drivers of IT Investmems. and (3) IT Portfolio. The four critical 
dimensions of IT (impact. relevance, importance and strategic role) can be directly analysed by mapping their values 
on a radar/diamond chart (as used in Labovitz and Rosansky, 1997 and Rowe, Mason. Dickel, and Snyder, 1993). 
Comparisons of industry IRIS scores can be accomplished by multi-layering such charts and this would highlight the 
relative position of IT in one industry compared to others. A factor analysis using Principal Component Analysis of 
the four critical dimensions was performed. resulting in a one-factor model which explains 76.6% of the variance) 
and the factor score saved. The drivers of IT investments were factor analysed (using PCA with Varimax rotation) 
and resulted in a four-factor model that explains 85% of the variance observed. Data analysis of the IT portfolio 
presented a unique challenge in its analysis because of the inter-relationships amongst its components (in that they 
all total 100%). While industry comparisons using pie charts were relatively easy. these five components ofIT 
portfolio cannot be factor analysed. Significant differences on IT profile across industries were tested using one-way 
ANOV A with Bonferroni post hoc tests. which adjusts the · significance leYel by the number of tests performed, with 
a significance level of 0.05. 

Hypothesis testing (H la to H 1 c) was performed primarily with linear regression tests. i.e_. testing the association 
between Industry Competition Index ( independent variable) with each of the three indicators of IT usage ( dependent 
variable). This was first done on a bivariate basis and by using the factor sc·ores. In addition. in the case of drivers of 
IT investments and IT portfolios. structural equation modelling tests were performed using LISREL. 

RESULTS AND DISCUSSIONS 

Competition and Critical Dimensions of IT 
A number of industries were consistently found to be in the same competition-IRIS quadrants. For example, the 
Pasroral and Agricultural and Developers and Conrracwrs industries were consistently present in the low 
competition - low IRIS quadrant, Paper and Packaging and Building Materials in the high competition - low IRIS 
quadrants. The Retail, Computer and Office Services. Banks and Finance, Insurance and Media, on the other hand, 
consistently feature in the high competiti_ve and high JRJS quadrants. 

The Retail. Computer and Office Services. Insurance. Banks and Finance and Media industries all operate in a 
highly competitive environment and they believe that IT has greatly impacted on their operations, that IT is highly 
relevant in achieving their corporate objectives. that IT is extremely important in ensuring t.he firm operates 
smoothly, and that IT is playing a significant strategic role. The information intensive nature (Porter and Millar, 
1985) of these industries provides these industries with the opportunity to fully utilise IT. The Retail industry is 
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involved with more than just placing items on the shelves and hoping for customers to purchase them. Retailers 
require good inventory control and customer purchase pattern systems that keep them abreast of competition, _and all 
this infonnation is best captured electronically. In comparison, the Paper and Packaging and Building Mate,:zals 
industries are the two competitive industries that rate low on all four critical dimensions ofIT. It is likely that the 
"production-oriented" nature of these indus~es do not provide them with an "IT-friendly" environment to operate 
in. This does not necessarily mean that these industries will forever remain in this quadrant. Benefits of IT 
investments are not only available to those in service industries, but also manufacturing industries. The d~ta fro~ 
this study, however. suggests that this is not the case yet in Australia. As competition intensifies in these mdustnes. 
one can expect more attention to be given to the usage of IT in these industries. The Pastoral and Agricuilural and 
Developers and Contractors industries rate low in both the measure of competition and the composite IRIS 
measures. The Pastoral and Agricultural industry is not an information intensive industry. and it consistently rates 
low on the four dimensions of IT usage. This may be because the industry is primarily concerned with production
related activities in the industry. Nevertheless, this may change in the near future, as there is an increasing 
technolQgical advances in the field of genetically modified crops and environmental improvements (such as water 
preservation and improved desalination processes). This observation is also relevant for the Developers and 
Contractors industry. Of the industries included in this study, b<;>th these industries often have the lowest IRIS 
scores. 

In testing H 1 a, that there is no significant relationship between competition and the impact. relevance. importance, 
and strategic role of IT, the results show that the degree of competition is significantly related to how the industry 
rates the impact of IT on their operations (R2=.27, SE=.38. t=2.52 and p<.05) and the importance of IT in day-to-day 
functions of the industry (R:=.32. SE=.39. t=2.84 and p<.05). There is some evidence that the degree of competition 
is also associated with the strategic use ofIT, but this relationship is not significant at the .05 level (R2=.20; SE=.51, 
t=2.08. and p>.05). In addition. there is no significant association found between the level of competition and 
relevat}Ce ofIT (R1=.03, SE=.37, t=0.66 and p>.05), which suggests that IT is relevant to the organisation regardless 
of levels of competition. 

A linear regression analysis testing the association between industry competition and the composite IRIS factor 
score was performed. Results indicate that the degree of association between the independent variable ( competition) 
and the dependent variable (IRIS) was significant at the .05 level. The degree of competition accounts for almost a 
quarter of the variance in IRIS (R2=.23, SE=.90. t=2.283 and p<.05). One can therefore conclude that there is a 
significant relationship between competition and IRIS. This suggests that the more competitive the environment an 
industry is in. its assessment of these four critical dimensions of IT are more likely to be higher as well. The degree 
of competition is thus significantly associated with the IRIS scores (rejection of H 1 a). 

Competition and Drivers of IT Investments 
There are numerous reasons for an organisation to invest in IT. Whilst these drivers of IT investments can be quite 
generic. they off er an insight to the underlying motivation in making such investments. The list of items that were 

· presented to the respondents were developed from the literature. as well as responses obtained from the pilot study 
(Sohal. Ratnanmga. Speight and Suwardy. 1998). These drivers were factor analysed in order to identify the latent 
motivating factor and resulted in, a four-factor model which explains 85% of the variance observed. The items 
grouped as a factor have high loadings (the smallest loading was .75 and the highest was .90) and furthermore, the 
cross loadings were also minimal. indicating a good factor analysis. Factor 1 was tenned "Strategic Advantage 
Driver" and it encompasses three motivating reasons for investing in IT: to reengineer business, to obtain a 
competitive advantage. and to provide differentiation. Factor 2 was tenned "Necessity Driver,. and it arises because 
the respondents indicated that there is a "'necessity" aspect of IT investments. This is supported by existing literature, 
where Clemons and Kimbrough ( I 9-87) and Kirby and Turner ( 1993) suggested that in many cases, IT investments 
have become a "strategic necessity" without which no finns will be able to compete. This included the need to 
provide a sufficieritly flexible IT infrastructure to meet customers' expectation and to keep up with competitors. 
Factor 3 was termed "lnfonnational Driver .. and it represents the desire to further harvest the information so that 
management can obtain more, faster and bener information. The ability of IT to "'mine data .. is now receiving much 
publicity and "data warehousing" is becoming mainstream. Factor 4 was tenned "Operational Advantage Driver". 
and it includes the desire to reduce cost and increase operating efficiency by investing in IT. The factor scores are 
computed and saved for further analysis. · 
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No significant association between competition and drivers oflT was observed. Competition only explains 8%, of 
the variance in strategic advantage driver (R2=.08, SE=.99, t=l.23"1. p>.05), 1% of the variance in necessity driver 

· (R::=.01 , SE=l.03, t=0.312, p>.05), 4% of variance in infonnational driver (R1=.04, SE=l.01, t=-1.869, p>.05), and 
4% of variance in the operational advantage driver (R2=.04, SE=l.01, t=0.813, p>.05). All these results point to the 
same conclusion, that the motivation for investing in IT is not associated with the degree of industry competition. 
This suggests that the motivation to invest in IT (for whatever reasons) does not appear to be associated with the 
level of industry competition. Less competitive industries are not less motivated to invest in IT and vice versa. 

It must be noted that this finding should be evaluated from a cross-sectional (inter-industry) perspective. The 
"internal" competitive pressure is present even in what is comparably a less competitive environment. Consider two 
firms in very different industries: Firm A in a highly competitive industry (e.g. Media) and Finn Bin less 

· competitive industry (e.g. Medical Services). This, however, does not mean that there is no competitive pressure 
within the Medical Services industry. Assume that both finns were the first to make a strategic IT investment. say 
offering their customers the ability to purchase products or services from the Internet. Internally (i.e. within the 
respective industry or from an intra-industry perspective), there is an increased competitive pressure for other firms 
in the industries to follow suit. Other firms in the Media and Medical Services industries may have an increased 
motivation to invest in similar facility as such investments may become a "strategic necessity'' and prerequisite for 
survival (Clemons and Kimbrough, 1987; Kirby and Turner, 1993). However. on a broader inter-industry 
perspective, the· levels of competition in these two industries are very different, yet firms in these two industries may 
be just as motivated to invest in IT. This is an important contribution of a cross-sectional study (Schmalensee, 1989). 
Competition may be a relevant factor if a single industry ( or case study) approach is taken, but the results show that 
in taking an inter-industry perspective. the level of industry competition is not associated with the motivational 
reasons for investing in IT. 

To further examine these results. the four drivers of IT investments and the degree of industry competition were 
subjected to a LISREL Structural Equation Modelling (SEM) analysis. LISREL was used to simultaneously examine 
relationships among the five variables and to assess the direct and indirect effects of competition on the four drivers 
of IT investments . ln constructing the model. relationships among the four dependent variables were fixed 
(constrained) as it was assumed that the variables are orthogonal. The results indicate that while the model has good 
fit (adjusted goodness of fit is over .90), only 2% of the variance is explained by industry competition. None of the 
effects between industry competition and the four drivers of IT investments are significant at the .05 level. This 
further confirms that there is no significant relationship between the level of competition and the drivers of IT 
investments. Thus. in conclusion. the results suggest that the HI b (that there is no significant relationship between 
the level of competition and the drivers of IT investments) _should be accepted. This finding suggests that while there 
may be internal (intra-industry) competitive pressures to invest in IT. the level of inter-industry competition is not 
associated with the level of motivation for investing in IT. Less competitive fim1s across industries are just as likely 
to invest in IT as more competitive ones. 

Competition and IT Portfolio 
The IT Portfolio is an all-inclusive classification system that provides an indication on the deployment and direction 
of IT usage in an organisation. This portfolio was largely based on Willcocks ( 1994) classification. The five 
components of the portfolio are: mandatory IT. operational IT, competitive IT, infrastructure and research IT. The 
majority ( over 71 % ) of the overall investments are either mandatory and operational performance investments. 
ranging from the Media industry (58.00%) to the Paper and Packaging industry (93.33%). Few industries are 
inyesting much in infrastructure and research investments ( overall averages are 8.58% and 6.70% respectively). The 
Media industry has the most IT invested for the purpose of obtaining competitive edge (26.20%), and the Chemicals 
industry leads the way in infrastructure IT investments (21 .67%). Perhaps somewhat expectedly, the High 
Technology and the Computer and Office Sen1ices industries have the two highest re.search investments. The 
respondents indicated that there is lin,e movement expected in three years time. This indicates that the IT profile 
(from a portfolio point of view) of the respondents is not expected to change. 

IT portfolio distributions and compositions are not correlated with the degree of industry competition. This was 
empirically tested conducting a linear regression analysis between the Industry Competirion Index and the various 
components of the IT portfolio. Competition accounts for only 4%. 13%, 2%, 0%, and 7% of the IT portfolio 
components respectively, indicating that are no significant associations at the .05 level. This suggests that the type of 
IT applications employed by an organisation is not dependent on the level of industry competition. Highly 
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competitive industries arc just as likely to have a particular spread of IT portfolio as industries with lower levels of 
competition. 

· · A further test of the relationship between competition and components of IT portfolio was also perfonned using 
LISREL 's SEM analysis. The model comprised one independent variable (Industry Competition index) and five 
components ofIT portfolio as dependent variables. As the five dependent variables are related to each other (they all 
total 100%), relationships among these variables(~) were fixed (constrained) to zero. Similar to the linear regression 
results. the LISREL analysis indicates that the percentage of variance explained by industry competition is very loi· 
(5%) and non-significant. In addition, the model also demonstrates poor fit. None of the effects between the 
independent and dependent variables (A) is significant at the .05 level. 

Thus, in conclusion, the hypothesis (H 1 c) that there is no significant relationship between the level of competition 
and the IT portfolio is accepted. The level ·of competition does not appear to be associated with the distribution of IT 
portfolio. Competitive industries are just as likely to have a similar IT portfolio to less competitive industries. 

Limitations 
This study can be enhanced by further clarifications of industry boundaries and the inclusion of more firms that 
· represent a particular industry. In addition. whilst the industry response rates are high. the underlying number of 
listed firms in Australia is low, resulting in only a handful of responses in some industries. The measurement of 
industry competition is based on Porter's five forces model. Although this is perhaps the most popular model of 
competjtion, the results of the study hinges upon on how well this model fits reality. Three IT indicators are used as 
surrogates of the degree of IT usage because there is an absence of a widely accepted measure of IT usage. The 
Competition-IT link would have been better tested with one single measure ofIT usage. However, given the lack of 

. agreement in the field as to an appropriate measure of IT usage, this approach was not adopted. When a widely 
· accepted measure is available, a further study using the methodology outlined in this research would be able to 
provide a more definitive examination of the link between competition and IT usage. 

SIGNIFICANCE AND IMPLICATIONS 
The results from this research can be grouped into three areas: Competition. IT usage and the Competition-IT link. 
Results from each section contribute to the body of knowledge. No prior study has previously operationalised the 
Porter's five forces model and applied the model across industries (the model is employed in single industry case 
studies). The Industry Competition Measurement Framework provides future studies of competition with an 
empirically and theoretically sound methodology for measuring the relative degree of firm or industry competition. 
The resulting ranking of competitiveness in Australian industries also provides benchmarks for future studi~s. 

· , 

The three indicators employed in this study are based on an extensive literature review and they summarise the most 
critical evaluation criteria in determining IT usage. The critical dimensions of IT have been identified as Impact, 
Relevance, Importance and Strategic Role ("IRIS"). The use of IRIS charts allows a firm or industry to compare its 
assessments of IT to another firms in the industry, industry average or other industries. This allows management to 
critically evaluate the position of IT in their respective organisations. The four drivers of IT investment identified in 
this study also provide an insight ·to the motivating reasons to invest in IT. The inter-industry distribution ofIT 
portfolios shows that Australian listed firms and industries are still predominantly occupied with mandatory IT and 
operational IT and not enough attention is being paid to IT infrastructure and researching into future IT applications 
that may yield long-term strategic benefits. 

The examination of the Competition-IT link shows that the degree of competition is significantly associated with 
IRIS factor score. but not ~ith drivers ofIT investments and the IT portfolio. The implication of this finding is that 
with increasing level of competition, there is a need to better understand the position and role ofIT. Firms in 
competitive indus•tries may be at a competitive disadvantage if the position and role of IT in the firm is minimal. In 
addition, the cross-sectional nature of this study provided a unique view of the various inter-relationships between 
the degree of competition and the indicators of IT usage. 
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BUILDING SUCCESSFUL MARKETING RELATIONSHIPS 

Kaylene C. Williams 
California State University, Stanislaus 

INTRODUCTION 
Relationship denotes connection between actors (Haugland. 1999). The premise of successful business or marketing 
relationships is to understand how your customers trade with you and what service ethic they expect. That is. 
relationship marketing refers to all marketing activities directed toward beginning. building. and maintaining 
successful relational exchanges. The purpose of this paper is to define relationship marketing, to present theories of 
relationship, and to explore the importance of relationship marketing to the marketing program. In panicular. this 
paper focuses on the qualities needed for successful relationship, what builds marketing relationship, and what is 
detrimental to marketing relationships. 

DEFINITION AND IMPORTANCE 
Sheth and Parvatiyar ( 1995) define relationship marketing as .. the process of developing cooperative and 
collaborative relationships with customers and other market actors." Additionally. Shani and Chalasani ( 1992) 
define relationship marketing as .. an integrated effort to identify, build up, and maintain a network of individual 
customers, and to strengthen the network continuously for the mutual benefit of both sides through intuitive, . 
individualized. and value-added contacts over a long period of time". (Yau. et al.. 2000, 2) Because customers have 
become more sophisticated and demanding. relationship marketing is integral to an organization's basic marketing 
strategy, i.e., developing and implementing customer retention programs. customer relationship management, after 
marketing activities, one-to-one marketing. membership programs, cross-distribution arrangements. cross selling. 
co-production, co-branding, channel partnerships. logistics sharing. special supply arrangements. business alliances. 
database marketing, and so forth (Sheth and Parvatiyar, 1995). 

Understanding individual customer' s needs becomes easier when long-term relationships exist and are used for 
longitudinal information about customer's general and specific needs (Gould, 1998). Accordingly, relationship 
marketing requires time and effort that in tum leads to greater customer loyalty, increased market share, and 
increased profits. In particular, a research study examining the differences between customer acquisition and 
customer retention revealed that a 5 percent increase in customer retention raises the value of each customer by 25 -
100 percent (Cross, 1999). That is. money invested in keeping a customer is more productive than money spent 
trying to replace customers we have lost. Marketers can retain customers by recognizing they exist, communicating 
with them. and responding to the needs they express. (Morris. 1998) Also. the longer customers are with a 
company, the more willing they are to pay premium prices. make referrals. demand less hand holding, and spend 
more money (Reichheld. 1994 ). As noted by Sharma et al. ( 1999). "The primary motivator for long-term 
relationships is satisfaction with past interactions. Satisfied customers tend to buy produ~ts from the same supplier. 
If customers have a long and satisfactory relationship. then a single unsatisfactory experience does not influence the 
relationship. For example. brand loyal customers, even after an unsatisfactory experience, tend to repurchase the 
product. In contrast, the consequences of having dissatisfied customers are significant. In this case, customers may 
switch to a new supplier whose performance is closer to their expectations, or reduce the amount they are buying 
with their existing supplier. The results of the benefits of relationships are higher profitability. This relationship has 
been tested in terms of the sales and profitability and in terms o_f the impact of selling costs." 

THEORIES OF RELATIONSHIP 
Relationships have been studied across many academic disciplines and from many different perspectives. As such, 
there is no consensus explaining and discussing relationships. (Haugland, 1999) From a business perspective, 
business relationship or relationship marketing. should be entered into only when it contributes to a sustainable 
competitive advantage. The various theories addressing business relationships include transaction cost economics 
(Williamson. 1985). resource dependence theory (Pfeffer and Solancik, 1978). relational exchange theory (Macneil, 
1980), and_ models of business networks (Hakansson and Snehota, 1995 ). For example, relational exchange theory 
focuses on building personal trust relationships and developing grid norms while theories of transaction cost 
economics try to understand when market governance is being replaced by authority-based governance. 
Additionally, factors influencing the duration of buyer-seller relationships have been studied. (Haugland, 1999) 
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Again, these theories basically postulate that relationship marketing must in some way contribute to a sustainable 
competitive advantage, be it economic, social, organizational, or strategic. 

. . From the consumer's point-of-view, participating in relationship marketing may simplify his/her buying and 
consuming tasks, simplify information processing, reduce perceived risks, maintain cognitive consistency and a state 
of psychological comfort, and it may satisfy family and social norms, peer group pressure, government mandates, 
religious tenets, employer influences, and marketer policies (Sheth and Parvatiyar, 1995). As a side benefit, 
improving relationships can have a measurably positive effect on health and well-being (Williams and Williams. 
1997). Morgan and Hunt (1994) state that there are ten types ofrelationship marketing: supplier-manufacturer, 
client-service provider. strategic alliances between competitors, co-marketing alliances, firm-nonprofit agency, 
R&D partnerships, long-term firm-customer exchanges, working partnerships. internal marketing. and internal 
relationships between a firm and its business units. Regardless of the type of relationship, each of the partners must 
be addressed according to his/her specific needs and point-of-view. 

QUALITIES NEEDED FOR SUCCESSFUL RELATIONSHIP 
Successfuf relationship does not happen by itself. It requires time, effort, and even hard work to create, maintain. 
and build marketing relationship. Listed below are various qualities that contribute to successful marketing 
relationship. 

1) Partner Compatibilitv - Partner compatibility assumes that members need to be capable of relationship. 
Given this capability, partner compatibility then refers to the ability to plan and work together in a manner that 

. is productive and solution-oriented. Two aspects of partner compatibility are particularly important: (I ) 
assessment of operational philosophy and style and (2) cooperation and problem-solving ability. This basically 
alludes to the fact that partners need to work together as a team. Teamwork requires integration and the sharing 
of many strong similarities including performance and relationships/people skills. (Whipple and Frankel, 2000) 
Teams or partners also must be able to handle conflict. domineering personalities. enforced silence, and 
misunderstandings (Mann. 2000). 

2) Shared Values and Goals - When business partners such as customer and supplier bond, they act in a unified 
manner toward a desired goal. These actions can include coming together to design a product, to build quality 
control and delivery systems. and to develop long-term planning. As well as joint actions, bonding also can 
result in collaboration and cooperation, common identity, and joint similarities. Likewise. sharing technologies 
and knowledge with business partners can enhance bonding. (Yau. et al.. 2000) Morgan and Hunt ( 1994) note 
that relationship commitment and trust is developed when firms develop and maintain high standards of 
corporate values and align themselves with exchange partners who have similar, workable values. Also, the 
partners need to acknowledge that different relationships have different rules, values. and goals (Mann, 2000). 

~) Communication - Duncan and Moriarty ( 1998. 3) present an argument supporting the premise that 
•·relationships are impossible without communication." In essence. everything a company does and does not do 
can send a message that can strengthen or weaken relationships with their customers and stakeholders (Duncan 
and Moriarty, 1998). As such, the role of communication in establishing and maintaining profitable stakeholder 
relationships is essential. Communication plays a major role in attracting and retaining customers. Also, the 
benefits of understanding and applying communication theory and strategies to marketing are rife with promise. 
For example, relationship commitment and trust develop when firms communicate valuable information, 
including expectations, marketing intelligence. and evaluations of the partner ' s performance. (Morgan and 
Hunt. 1994) Also. effective, ongoing communication must be built among all p.layers. be it members ofa 
design team. in-house decision makers, or consultants. In particular, members must think before they speak, not 
take things too.seriously, and address issues before they get out of control (Szcerba, 2000). 

4) Methods for Capturing Partner-Specific Data - Buyers want to find the merchandise they need at an 
attractive price. Beyond this, however, they want to be recognized and to know that they consistently can rely 
on the marketer. That is, they :want to be a marketer' s main priority. In order to do this, a marketer must know 
the customer. Data mining is a tactic that can be used to learn more about the customer and helps direct the 
·marketer's offerings and services to the customer's needs (Hicks, 2000). These approaches have included 
unsolicited mailers, in-store and phone surveys. publicized web addresses, retail point-of-sale purchases, retail 
store credit cards, customer cards. and traditional consumer research. This data then is used to obtain increased 
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sales; encourage consumers to buy; get infonnation about products, services, policies, and competition; 
detennine purchasing habits; and find out who customers are and their buying patterns. (Hicks. 2000) As an 
additional note, when customers give data to companies, they expect the company to keep that data, use it 

• appropriately, and that it will facilitate their transactions with the company (Goldwag, 2000). 

5) Empathv - Relationships become unique when partners •·get personal" with each other, i.e., share inner 
feelings or personal concerns. Empathy is the ability to understand someone else's desires and goals. including 
being able to see situations from another's perspective; understanding the other party's position. desires. needs 
and wants; knowing their business, strengths, weaknesses. and personality; and possessing a general 
appreciation for the other party. (Yau. et al.. 2000) That is. empathy is a sense of connection be it an inner or 
outer form of proximity. An even more heightened sense of empathy may be denoted by "intimacy." Intimacy 
or .. pure relationship" involves opening out to each other, enjoying each other's unique qualities. and sustaining 
trust through mutual disclosure (Jamieson, 1999). According to Uten (1974, 3), intimacy is "knowledge of the 
core of something, an understanding of the inmost parts. that which is indicative of one· s deepest nature and 
marked by close physical, mental, and social association." As such, intimacy may be a more multidimensional 
fonn of empathy or, at the least. built upon empathy. 

6) Meeting the Partners Specific Expectations and Keeping Them Happ,· - Customer service does not end at 
the point of purchase. Customers may need to know how to use the product, to know recommended alternatives 
if a product/flavor cannot be used, to understand rules or claim prizes in a promotion. to get information on . 
availability and new products, and to provide feedback on new products and even contribute design ideas. 
Complaints need to be dealt with quickly and satisfactorily as the lifetime value of a customer can be a very 
substantial loss. (McLuhan, 2000) Gruen. et al. (2000. 50) noted. "Delivering core services is fundamental to 
membership retention as well as the membership's consumption of the association's services. However, it does 
not increase correlation or enhance the membership 's psychological anachment to the organization." 

7) Commitment and Trust - Commitment is the degree of the partner's psychological anachment to the 
association. A partner can be commined in three ways: (I) psychologically bonded to the organization/partner 
on the basis of the perceived costs. (2) having a personal sense of moral obligation toward the organization/ 
partner, and (3) psychologically bonded to the organization on the basis of how favorable it feels about the 
organization/partner. (Gruen, et al.. 2000) Trust is the willingness to rely on an exchange partner in whom one 
has confidence. That is. a partner is more likely to refer others and more likely to continue a relationship if 
he1she trusts the other partner. Typically. higher trust is associated with greater probability of continuance or 
long-term existence of relationship (Moorman. et al.. 1993 ). In general. managers tend to define trust as a 
behavior that conveys useful information. permits shared influence. encourages self-control. and avoids abuse 
of the other's vulnerability (Zand. 1972). It should be noted that shared communication and values positively 
contribute to trust (Morris. et al.. 1999). Also. handling complaints satisfactorily is significantly and strongly 
associated with both trust and commitment. That is. customers who complain are offering firms the opportunity 
to demonstrate their trustworthiness (Tax. et al.. l 998 ). Finns undermine trust by providing weak internal 
support. assigning top executives whose backgrounds do not fit the relationship ' s or venture's objectives, and 
failing to give needed authority on critical issues like pricing (Obermire. 2000). 

8) Pro,·iding an En\'ironment That Enhances Relationship - Marketers need to provide an environment that 
minimizes risk and promotes the panners· motivation. opportunity. and ability to create value. That is, partners 
should be provided with regular opportunities to exchange value face to face. Successful environments can 
bring people together around a common cause or interest. (Gruen. et al.. 2000) Also. successful environments 
may be more conducive to "luck." Relationship commitment and trust are developed when firms provide an 
environment wherein resources. opportunities. and benefits are superior to the offerings of alternative partners 
(Morgan and Hunt. 1994 ). Another important aspect of environment is to be able to focus on problem 
resolution through the safe use of constructive input. Additionally. management must support a relationship
enhancing environment wherein ongoing relationship training is available . 

9) l\'urturing or Investing in the Relationship - Relationships are built brick by brick. Resources such as time 
and effon need to be invested continually in order to create, maintain, and build successful relationships. For 
example, it takes time and effort to determine and neutralize upset feelings. According to Lauridsen (1999), 
conflict and upset feelings are the result of three things: ( 1) expectations are not fulfilled, (2) an intention is 
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. blinded, and/or (3) feelings about a situation are not communicated.· When upset feelings are present. it takes 
time to calm down and ~nalyze the nature of the problem. However, each time conflict resolution is successful 
or somehow there is an investment into the relationship, the relationship can move to deeper levels of trust, 
conimitmeni communication, and balance. 

10) Safeguarding Investments Against the Threat of Opportunistic Behavior - For relationships to work 
effectively, the actors must be able to safeguard their invesnnents against the threat of opportunistic behavior 
(Haugland, 1999). One way to do this is to develop some form of governance or economic action which is 
embedded in social relations. That is, close cooperation based on shared norms can constrain behavior. control 
opponunistic behavior, and solve the safeguarding problem (Maitland, Bryson, and Van de Ven. 1985). Also, 
members must be dear but flexible regarding potentially divisive issues. 

11) Reciprocitv or Delicatel\' Balancing Deposits and Withdrawals - Good relationships balance giving and 
receiving so -that both parties know what they are contributing and they expect no·rmal acknowledgement and 
appreciation for their part. As noted by Cecil (2000, 98), "Every agency asks its customers for loyalty, 
frienaship and respect; yet surprisingly few agents actually nurture those customers and demonstrate friendship, 
loyalty and respect in retum ... Real emotional connection demands a deeper alignment and a reflection of the 
intent in your behavior . .. To be influential you must be in touch regularly and valuably." As such, marketing 
relationships require balanced responsiveness, repayment, and return for similar favors and conditions as well as 
balanced power and ownership. Or, both parties must perceive that they win. In order for this to occur, both 
parties must take responsibility for maintaining a balanced relationship. (Mann, 2000) · 

BUILDING SUCCESSFUL RELATIONSHIPS 
Given that the above qualities are needed for successful relationship, then what can be done to build these qualities 

·. or to help businesses in their relationship marketing efforts. Don Peppers. U.S. relationship marketing guru and 
· author of the One-to-One Future, presents four steps to help businesses in their relationship marketing efforts: ( 1) 
identify individual customers, (2) differentiate these customers by key characteristics such as need and value, (3) 
interact or communicate with each customer in a way that recognizes their specific needs and persuades them to 
respond, and ( 4) customize the service or product to reflect the specific desires of the customer: Peppers suggests 
that a company begin by pinpointing their most valuable customers. drawing a line between them and the rest, and 
giving them the one-to-one treatment. Once this has been done, then the next most valuable group can be addressed. 
(Mitchell, 1998) 

Gruen et al. (2000) examined the relationship building efforts of professional associations. They identified~ set of 
relationship marketing activities that can be used to manage membership relationships. to enhance the membership's 
comrtl'itment to the relationship, and to enhance the membership ' s relationship behaviors. Lill ( 1999) suggests the 
following relationship builders and breakers: 

Relationship Builde.rs: Relationship Breakers: 
1. Treat customers like life-long partners I. Focus only on making the sale 
2. Become a solutions provider 2. Simply wait for a problem to develop 
3. Deliver more service than you promise 3. Over-promise and under-deliver 
4. Schedule regular service calls 4. Wait for customers to call you 
5, Develop open and honest communication 5. Lie or make exaggerated claims 
6. Use the .. we can" approach 6. Use the •·us versus them" approach 

7. Blame somebody else. Knock a competitor 
7. Take responsibility for mistakes made 8. Focus on your own personal gain 
8. Be an ally for the customer's business 

Also, Rosenfield ( 1999) notes nine mistakes that are made with regard to relationship marketing: assuming 
customers want a relationship. assuming customers are willing to work. assuming customers will be fair, assuming 
customer satisfaction is enough. being careful about tier inflation and avoiding good marketing followed by poor 
product, accidental disenfranchisement, changing the. rules, obtaining cannibalization rather than incremental results, 
and confusing necessity with loyalty. · 
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Here are some additional tips that will help to minimize detriment and maximize success in relationship marketing 
(Gursha. 2000): 

• Assign a dedicated individual or team to work on these relationship-marketing programs. Preferably, this 
individual(s) will have relevant relationship marketing experience. 

• Remember that flexibility and innovation are imponant in creating customized programs. 

• Thoroughly research your potential partner's business before proposing a program. The program should 
differentiate their offering from their competitors' offerings. 

• Know who the decision maker is and focus on this individual. 

• Prepare yourself and management for some failures. Otherwise, you may be stopped mid-process. 
· • Follow-up with your customers. Once a deal is completed, contact your partners as appropriate and make any 

needed adjustments. 

• Put all agreements in writing as deals can be complicated and last for several years. This also helps to ensure 
accurate communication. 

SUMMARY AND CONCLUSION 
A company's efficiency in understanding and responding to customers' needs can allow the company to build more 
meaningful connections or relationships with consumers than ever before. This connection or marketing 
relationship contributes to the bottom line by reducing costs and increasing revenues. That is, effective relatiqoship 
marketing can contribute to the development of long-term customer loyalty and to ·a sustainable competitive 
advantage. "Relationship marketing can work if it delivers on the principles that created the concept in the first 
place. It's amazing how wide of the mark we have been in understanding what it takes to cultivate intimate 
relationships with our most important customers. It's even more frightening how easily we can accidentally and 
thoughtlessly damage or destroy these fragile assets through the inconsistent and insensitive behaviors we exhibit. 
In the light of the channels of personal communication that are being opened to our customers, it's clearly time that 
we seriously ponder and take action toward becoming a real partner and what that really means." (Cecil. 2000, 102) 
This paper has defined and explored relationship marketing and its importance to the marketer. The qualities needed 
for successful marketing relationships are presented as well as how to build successful marketing relationships. As 
noted by Theodore Levitt ( 1986), "Relationship management is a special field all its own. It is as important in 
preserving and enhancing the intangible asset commonly known as •goodwill' as is the management of hard assets. 
The fact that it is probably harder to do is that much more reason that hard effort be expanded to do it." 
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THE IMPLEMENTATION OF SUCCESSFUL CRM PROGRAMS 

Kaylene C. Williams 
California State University, Stanislaus 

INTRODUCTION 
Customer relationship management (CRM) systems are designed to build value-enhancing relationship with the 
customer such that customers get what they want. how they want it, and when they want it. That is. using 
technology and human resources effectively, businesses almost can aim at becoming the .. friendly general store." 

. CRM goes beyond customer service in that companies also gather data on customer's buying habits and needs. store 
and analyze that data, and use it to improve overall operation and connection with the customer. CRM techniques 
increasingly are being used as witnessed in a recent Ernst & Young survey indicating that business respondents 
planned to increase their CRM spending by 31 % in a year in which overall technology spending increases were 
expected to flatten to 8% (Battista and Verhun, 2000). The purpose of this paper is to define CRM and its 
importance. Thereafter, processes for implementing successful CRM are presented. The paper focuses on factors to 
use or understand in successfully implementing CRM programs. 

DEFINITION AND IMPORTANCE OF CR.1\1 
Customer relationship management (CRM) is a total package that a business puts together to manage its 
relationships with its customers (Lagos, 2000). According to Khirallah (2000, 22), customer relationship 
management .. is a business strategy that attempts to ensure every customer interaction (whether for sales or service) 
is appropriate, relevant, and consistent - regardless of the communication channel." Additionally, this business 
strategy is designed to optimize customer satisfaction, revenue. and profitability. In general. CRM provides a 
common platform for customer communication and interaction. which ultimately leads to. improved customer 
responsiveness and comprehensive view of the entire customer life cycle. CRM also requires that the business and · 
its technology acquisition be focused to effectively identify customers. differentiate among them. interact with them, 
and possibly customize for them. (Lagos. 2000) As noted by Henricks (2000, 124). CRM is ··a term referring to a 
·set of tools, practices. and technology that helps people perform a number of customer-related tasks. These tasks 
include collecting customer data in one place. making it widely available. identifying the best customers, finding 
more like them, bringing out their needs and. eventually, turning prospects and first-time buyers into long-term, 
loyal customers ... [that is] CRM is a combination of technology. training and business strategy that promises to help 
companies improve returns on investments in marketing and boost both sales and profits ... [CRM] is all about 
building lasting beneficial relationships with customers." . 

Many businesses have deployed or are seriously considering deploying CRM programs and systems. That is, 28% 
of all companies contacted by an Information Week Research surYey are tackling online sales and fulfillment; only 
20% are creating customized messaging for their customers. (Sweat. 2000) However. many companies are hesitant 
because of the initial cost, problems with customer-data quality. data-integration issues. and internal barriers to 
implementation. For example. the Information \Veek Research study also found that .. 24% of companies with CRM 
implementation under way or planned say they'll spend between S 1 million and $5 million in the next 12 months on 
those projectsi and 13% will spend more than S5 million. Spending depends on companies size: a majority of small 
companies will spend less than S l 00,000 in the next year, while 57% of mid-size companies will spend between 
S 100.000 to $1 million, and 72% of large companies will spend more than S 1 million" (Sweat, 2000, 3 ). 

CRM can mean simple customer tracking or an entire suite of software applications that manage customer contacts. 
Of those companies now deploying CR1v1 use. 81 ~ o use it for client suppon and serYices. 59% add sales and 
fulfillment. 43% say they're doing promotion and ad-campaign monitoring. and 41 % customized messaging. In 
general. marketing automation lags behind because it depends on complex data warehouses. (Sweat, 2000) 

Be it on a limited or full range of CRM implementation activities. why are these companies implementing CRM? 
CRM can help a company gain ground and customers by bringing about greater efficiency. improved productivity, 
increased customer loyalty or satisfaction. brge orders. repeat orders from existing customers, and new business. In 
the Information Week Research survey. most active CRM respondents emphasized a need to grow closer to 
customers with 93% needing to increase their customer loyalty or satisfaction to justify their investment in CRM. 
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Also, 89% expressed a need to show increased revenue and 81 % said that they needed to get larger orders and repeat 
orde~ from existing customer~. (Swea~ 2000) · 

, . In general, most companies approach CRM in bits and pieces. For example, few companies get CRM applications 
from a single source with 3 8% saying their needs are met by a single vendor. Forty-six percent ( 46%) of companies 
using CRM have custom-developed programs, while 45% use tools form multiple vendors. Typically, CRM 
packages or suites meet general needs such as customer-interaction tracking but not more comple,c'customer-

. · management issues such as heavy analysis. (Sweat, 2000) 

PROCESSES FOR IMPLEMENTING SUCCESSFUL CRM 
According to Henricks (2000), the implementation ofCRM is a multi-step process. First, all of a firm's individual 
customers must be analyzed by sales volume and profit trends. Then, the most profitable customers are selected and 
their needs are identified. Next, the firm tries to sell even more.to its best customers; and at the same time, it tries to 
find more of this type of customer. Finally, the firm stops serving its worst customers be they too small. too much 
trouble, or unprofitable. 

Jim Barnes (Clark. 2000) has premised that relationships must involve mutual benefit from relevant values. and that 
the best relationships are based in emotions. From this basis, the implementation of a customer relationship model 
must include the core product, the processes and systems, the technical performance, the interaction with the 

. customer (most companies stop here), and the emotional component. The presence of these elements results in a 
true emotional loyalty that leads to higher customer lifetime value and higher shareholder value. (Clark, 2000) 

Schultz (2000) presents five practices. policies, or activities that firms should use in developing and implementing a 
CRM program: 

l. Gather customer data that matches or fits with the customer segmentation scheme. That is, a firm should use 
. data that fits the way they view the market. Qualitative data then can be used to complement the quantitative 

data. First. identify the data needed and then go after it. 
2. Use a customer focus and not an organizational focus. One way to do this is to establish a single customer 

account number that is used across all business units. 
3. Data integration should be a function of marketing and not information technology. While the IT department is 

critical in gathering, manipulating. and analyzing customer information. marketing decisions must drive the use 
of data. 

4. The measurement of success must be built into the system. The corporate scorecard could include changes in 
customer performance and value. satisfaction. and retention. When management sees increases in these 
nutnbers. then the value of CRM can be recognized and appreciated. 

5. Firms that rely almost exclusively on technology have much more difficulty in achieving customer management 
and marketing goals. It is the culture and the people that enable businesses to use their data to build customer 
relationships. 

Morrow (2000) suggests fanning basic components for implementing a customer/client relationship marketing 
program for financial services and insurance. First, define your clientele into A, B, and C levels. The A level has 
the greatest potential and should get more personal communication. The B level or middle group may group into 
level A s~atus through job performance. investment success. inheritance, or good fortune. These customers are 
retained effectively and used to get referrals. Level C customers end in more unproductive business and should be 
referred away and handled by someone else with as little personal involvement as possible. 

The second component sugge·sted by ·Morrow (2000) is to retain key clients. Level A clients typically will refer 
other Level A type clients. These super clients should be contacted frequently and kept happy. 

The third component is to maximize referrals . It is not enough to get a lot of referrals, these need to be converted 
into clients. Affluent persons often have veils or layers of people who shield them from sellers. So, continue to 
send quality information until you have gained the referral's trust and confidence., 

The fourth component of a sound CRM program is to market to qualified prospects. A prospect is someone who 
needs your service, can afford it, and is approachable. Morrow (2000) also suggests embracing the Internet in your 
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CRM program by making constant reference to your web site, which in tum should encourage direct contact through 
. e-mail requests for more specific information, and through phone calls to establish an appointment. An additional 
tool to use for strengthening the integration of marketing media is a periodic newsletter. 

Blodgett (2000) notes that while firms are providing customer service, they can gather data on their customers' 
buying habits and needs, then store and analyze that data and use it to improve products and services, as well as 
management policies. She suggests that strategy include scrutinizing a company's customer focus. operations, 
systems, and culture. Four steps for CRM implementation are noted: (I) examine how the company understands its 
customers; (2) analyze the multiple means the company uses to interact with customers; (3) segment the customer 
base including demographics, profitability, and location; and ( 4) analyze human resources and get top 
.management's support. 

Battista and Yerhun (2000) suggest five fundamental dimensions to implementing successful CRM: ( 1) customer 
relationship strategy, (2) customer access management, (3) customer process management, (4) customer experience 
management, and (5) customer knowledge management. Customer relationship strategy involves assisting 
customers with the research, analysis, and visioning associated with the development of the optimal relationship 
strategy, including building the right customer portfolio, maximizing the range of value delivered, identifying the 
most appropriate role to play within the market, and determining the balance of reward/risk associated with the 
customer relationship. Customer access management establishes the appropriate channels to connect with the 
customer. Customer process management optimizes customer-related information flow using workflow and 
enterprise resource planning applications. Customer experience management transforms service centers into 
strategic relationship management capabilities and assets. The purpose of the call center is to gain maximum value 
out of their contact centers by aligning call center capabilities with the needs and expectations of customers in a cost 
effective manner. Customer knowledge management revolves around ensuring that an organization can capture the 
right information about the right customers and can put that infom1ation into the hands of the right employees. 

FACTORS TO CONSIDER I~ IMPLEME~TING CRl\l PROGR.\!\IS 
Even though CRM progressively is being used more by businesses. there are certain difficulties that must be 
overcome. These difficulties are as basic as being too hard. too costly, too different, and too hopeless (O'Malley, 
2000). That is. consideration of the following factors will enhance the successful implementation of a CRM 
program. 

1) Customers Belie\'e It Is Just a Sales Pio\' - According to a chartered Institute of Marketing study. customers 
tend to believe that CRM is just a sales ploy. That is . .only 8~o of customers surveyed believed that they 
benefited more than the companies from regular contact. Half of the surveyed customers said they would 
welcome a relationship that was based on saving them money. (Marketing. 2000) Additionally. customers are 
quite reluctant to set up a relationship with their retailer. i.e .. only one in three respondents wanted a 
relationship and 30% did not expect any form of relationship no maner how much they spent (Clark, 2000). 

2) CR\I Recover\' - The average business loses one-third of its customers each year. This is even more 
pronounced in e-commerce with the average site losing 60% of its customers in six weeks. This attrition can be 
disastrous to a company, particularly given that 60% of sales and marketing managers have no systems for 
identifying the at-risk customer. The main reasons customers leave are: break down of value and trust, 
acquiring a customer and then leaving him/her alone thereafter. the inability to provide tiered or segmented 
service. the failure to intelligently deselect customers. and poor targeting. (Clark. 2000) 

3) Failing to Involve the Whole Compam· - CRM is not localized as it involves all customers and the 
relationship with them be it present. past. or potential. As such, CRM involves the whole company and the 
company strategy. or management strategy rather than just a marketing issue or under marketing ownership. 
CRM needs to be introduced over aU of the business with all departments working together and buying into the 
new vision. The implementation of CRM enhances the management of people, processes. and systems. These 
three elements are interdependent and needs to be incorporated. (Clark, 2000) 

4) Rework Corporate Structures - Typically, inherited corporate structures are built around products. The 
formation of cross-functional teams can lead to a more flexible and beneficial structure. The advantages to 
using a cross-functional corporate approach include better information sharing, more agility in decision-making, 
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faster .response time, greater customer contact, a flattened and less hierarchical organizational structure, fewer 
non-value adding actjvities, performance ownership, and more eager employee buy-in. Corporate structures 
need to be redesigned with a focus on customers. (Clark, 2000) 

S) Leadership and Vision - A recent Ernst and Young survey indicated that participants averaged between two 
and ten major CRM initiatives, all of which they considered to be mission critical. As a result, companies nee~ 
a single, clearly articulated vision for their customer relationships so that frustration and>Confusion are reduced 
and productivity maximized. That is, the company's vision must be coordinated through effective leadership. 
(Battista and Verhun, 2000) An important aspect of coordinating the company's vision is to persuade 
employees to buy into the new vision. Resistance can be overcome by measurement. 

6) Measure the Results - Measurement and accountability are the most powerful tools for overcoming resistance 
and creating buy-in of a new vision (Battista and Verhun, 2000). A basic step is to establish a set of 
measurements that can be used to gauge the success of a CRM implementation. Examples of these 
measurements may include quality of customer interactions, the customer's satisfaction, ROI, units sold, asset 
growth, service level agreement measures, market share or performance, other financial and operational 
benchmarks, cross-sell ratio, conversion rates wherein qualified leads are turned into sales, cost per sale, 
response rates, campaign size/target market, campaign velocity (the ability to mount and execute campaigns 
more frequently), wait time, duration of call, and fee collection ratio. Khirallah (2000) proposes that an ideal 
basket of metrics for measuring CRM efficiency would consist of customer profitability, customer satisfaction, 
market share, wallet share - or totality of customers' financial wallet, cross-sell ratio, response rates, 

' ' relationship duration, and system availability/ response time. She suggests that these variables should be 
·_ measured monthly if possible and the most valuable customer segments should get the highest priority in the 
. evaluation process. In addition, the indicators should be tracked over time in order to contribute to the 
,benchmarking and continuous improvement processes. (Khirallah. 2000) 

. 7) Cvber Relationships - A web site that consists singularly of an electronic brochure is no longer sufficient for 
company Internet activity. The majority of sites can handle transaction. but are not brining in customers or 
learning more about them. However, a well-planned web site can encourage interaction and facilitate the 
building of relationships. Cyber relationships can be genuine or artificial~ but genuine relationships are more 
prone to long-term payback. That is, the single inclusion of a name or birthday card will not fool the customer. 
The key for genuine relationship building on the Internet is to create value for the customer who visits the site 
and to encourage the customer to return to the site. This can be done by simulating the best off-line experience 
. and adapting it to the web. e:g .. make the customer feel comfortable. easy na\'igation. interactive chat rooms, 
programs such as .. take a friend shopping with you," and basically just simulate the pleasures of shopping. The 

· Internet doubles the challenge. i.e .. rewards are high but so is potential for error. A site needs to be a living 
thing. emulating personal face-to-face interaction. To do this. attend to as many senses as possible, target your 
audience. and·provide different le.vels of information to suit different needs. (Clark. 2000) Peppers and Rogers 
(2000) suggest five tactics that can help to solidify e-business success: (I) use web-ready tools to identify end 
users directly, (2) concentrate on catalog-buying and order-processing technologies that can reduce cost and 
make it easier for channeLpartners to make a profit or manage their own business processes, (3) customize these 
technologies to your customer's needs, (4) enable multiple gateways wherein your customers and partners can 
interact with your company. and (5) avoid commoditization, rather concentrate on ways to customize products 
_and processes for your cust~mers. 

8) Technolog,· - Technology is crucial to those firms that are stri\'ing for a partnership relationship with 
customers. Maintaining deep relationships is largely technology driven. Clark (2000. 36) states, "Today's 
technology has reached an acceptable price.'performance point, making it viable for firms to acquire, 
consolidate. analyze and manage the large volume of data that make relationship management possible. 
Customer relationship management technologies tie together many people, processes and technologies that 
have. until now. been kept separate. From a technical standpoint. the need to tie together these disparate units ii 
at the core of the implementation challenge." Technology issues that need to be addressed in order to 
implement a CRM program may include databases. data mining. data warehouses (Reid, 2000), bandwidth, 
powerful workstations, web infrastructure. computer technology integration, advanced algorithms; cookies, 
intelligent agents, middleware, neural networks, online analytical processing, push technologies, techniques, 
analytical tools, and applications. (Clark, 2000) In general, there are three categories of applications: ( 1) 
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customer service and support, sales force automation, and emerprise marketing automation. The integration of 
these three is sometimes called enterprise relationship management (ERM). ..Software vendors also have 
started to create packages called partner relationship management (PRM) platforms that can coordinate these 
front-office functions among a network of alliance partners and distribution channels. Most of these front
office applications are built upon powerful customer databases. In fact, data warehouses are the linchpins of the 
CRM architecture. Analytical tools are required to access and make business sense of the data stored in the data 
warehouses. Data mining is the process of sifting through large amounts of data to find related information. 
Mined data is often accessed by management decision-makers through applications called executive 
information systems (EIS) and decision support systems (DSS). Executive information systems are tools 
programmed to provide standardized reports or briefing books to top-level executives." (Clark, 2000, 37) 
Some of the technology-related barriers to CRM implementation include inconsistent or missing data. legacy 
systems, channel proliferation, cost, lack of in-house skills, change management, and the future (Clark. 2000). 

SUMMARY AND CONCLUSION 
Customer relationship management (CRM) seeks to understand how one's own customers and markets behave. As 
noted by Weiner (2000, 31 ). "The one-site-fits-all assumption, even across products within a customer segment. may 
not be valid. Such an assumption may, in fact, lead to decisions that won't produce the desired results." So, CRM 
programs build value-enhancing relationships with the customer such that customers get what they want. how they 
want it, and when they want it. As noted by Clark (2000, 3 7), "'In the end, there are two fundamental choices 
available to organizations as they face the reality of the new economy. They can produce an established product at 
the lowest price and the highest efficiency and reliability. Or, they can be intermediaries who develop relationships 
with customers and serve their needs well. The customer-centered role of the intermediary will be a perennial 
source of added value. but that role is always changing. Customer relationship management is a new service, still in 
its infancy. whose central challenge is to use technology to achieve the goal of mass customization. During the next 
few years. firms will be investing in technologies and new business processes that will enable them to expertly 
manage and develop their single most important source of growth and value in the hyper-competitive marketplace of 
the years ahead: the customer relationship ." 
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ABSTRACT 
In portfolio optimization models the problem is to find the plan of a capital investment in securities in such a way 
that the risk is minimized and a desired rate of return is guaranteed. Recently algorithms for portfolio models based 

· upon the mixed integer linear programming(MILP) models are proposed. These algorithms can generate optimal 
solutions but require too much time to apply to real problems. 
In this paper, we propose an algorithm that is characterized by solving a LP-relaxation and remodeling a MILP 
utilizing the slack value information of the LP-relaxation solution. The proposed algorithm is tested using Korean 
stock market data to verify its accuracy and efficiency. Extensive experiments show that the proposed algorithm can 
generate solutions of good quality very quickly. 

INTRODUCTION 
The classical portfolio optimization problem is to find an investment plan for the stock market with a reasonable 
trade-off between the rate of return and the risk involved. The classical quadratic programming model by Markbwiz1 

has a disadvantage in terms of computational complexity and is difficult to apply to real world problems. The 
complexity problem is partially alleviated by the recent works by Konno and Yamazaki2

• They proposed a linear 
programming model, which is called mean-absolute deviation(MAD) model. as an alternative to Markowiz model. 
The linear form of the model is made possible by a risk function they introduced. The model has been analyzed 
further by Zenios and Kang3 with asymmetric distributions of the rate of return. It is shown that it may be a gooc;i 
alternative to the original Markowiz model. 

Speranza4 generalized Konno and Yamazaki's model with a weighted risk function. He showed that suitable 
coefficients in the linear combination can make his model more compact and can generate the same solution as 
Konno and Yamazaki's. Lastly, Mansini and Speranza5

·
6

·
7 introduced more flexible models and finalized their work 

by introducing three different algorithms in their recent paper8
. 

In this paper, we propose an algorithm that takes advantage of the slack information of a relaxed LP. The algorithm 
we are introducing has similar accuracy but requires less time to obtain a solution compared to the Mansini and 
Speranza's algorithms. In the remaining pan of this paper. we describe the mathematical model followed by an 
explanation of the algorithm we are introducing. Results of computational experiments and final comments are 
shown in the next section. 

:\IATHEI\IA TICAL MODEL · 
We present the mathematical programming formulation of the problem, which was appeared in the previous work 
by Mansini and Speranzi. We define the required notations: 

Indices 

J · set of candidate securities. 
j index for security.)=/, .... J. 

index for time period. r= 1. . ... T. 
index for security, i=l . ... , I. 

Parameters 
r1, observed rate ofretum of security) at time period L, 

T r , 
average rate of return of security j. i.e .. r = ) ~ 

J ;':i T 
lower bound of investment asset. 
upper bound of investment asset. 
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c1 purchase cost of one transaction unit of security j, 
d1 transaction cost rate of security j, 
/1 minimum number of security j that must be included in the portfolio 

(in transaction unit), 
u1 maximum number of security j that can be included in the portfolio 

(in transaction unit), 
p required rate of return. 

Variables 
Yr deviation of rate of return below the average at time period t, 
x1 number of security j to be purchased in transaction unit. 

T 

ILPI: Min -L ~ 
t=I T 

s.t. 

- L(r1r - r)x1 ~ Yr , ·'it. 
JeJ 

Lo+ d)cjxj ~Co' 
JEJ 

L<I + d)cjxj ~c,' 
JEJ 

2:[(r1 -p-,oo')c1x1 ]~0, 
JEJ 

I J ~ x 1 ~ u 1 , x 1 integer , 

Yr ~ 0 , "dt. 

"dj ' 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Constraints (2), (7) are needed to transform the objective function to be linear. Constraints (3) and (4) force the 
amount invested to be between Cn and C,. The constraint (5 ) on the expected return implies that the selected 
portfolio should have a combined rate of return greater than p . Finally constraint ( 6) enables number of each stock 

to be within allowable range. 

THE PROPOSED ALGORITHM 
Three heuristic methods developed by Mansini and Speranzat1 are all based on the solution of an LP-relaxation of 

.JLPI and on a subsequent adjustment· of the solution to obtain integer feasibility with respect to the original 
constraints. The three heuristics are referred to as the procedure A. B. C, respectively. The procedure A solves the 
L·P-relaxation and subsequently solves a smaller version of ILP 1, that is composed of the variables having positive 
values at the LP optimal (They call the smaller version of ILP 1 the local MILP). The procedure B is an extension of 
the procedure A. The number of variables for the local MILP is not limited to the positive valued variables. The 
procedure B constructs· the local MILP using the first k securities sorted by the nondecreasing order of the reduced 
cost. The procedure C is a further extension of the procedure B. It uses an iterative procedure which changes the 
securities on which the mixed integer _model is solved at each iteration. 

The major difference between ou( method and M&S algorithms lies in that we utilize slack information of the 
LP-relaxation while the latter use the information of nonzero basic variables. Thus, M&S algorithms start searching 
the integer optimal solution with a subset of the original variables ·and our method starts with a modified feasible 
region. As we will see later in the experiment results, utilizing slack information is far superior to using the basic 
variable information. This superiority is more visible as the number of nonzero basic variables at LP-relaxation 
optimal becomes large. 

We· define additional notations. 
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Parameters 

xj : value of x j at LP-relaxation optimal, 

y j : value of y j at LP-relaxation optimal. 

Variables 

r I : additional increase in y, 

81 : an amount of change to be made in i 1 . 

Now, we introduce our method. 

Step 1. solve the LP relaxation of ILP 1. 
Step 2. construct ILP2 using the slack information obtained in Step 1 : 

ILP2: Min I~ (8) 
. T 

S1 - L(rj, - rj )8j ~ r, +S, ' "d t ' (9) 
JeJ 

~)l + d)c1~ 1 ~Seo, (10) 
JEJ 

Io+ d)c j 8 j ~sci , (11) 
jeJ 

~) r1 - p - pd 1 )c i 1 ~ Sf' . (12) 
JEJ 

8 + x = x j . j J , 'rlj , (13) 

l i ~xi ~u i , 'rlj ' (14) 

8 j u.r., x 1 ~ 0 integer, 'rlj. (15) 

r, ~ o, Vt . (16) 

\vhere 

S, = S,, + L (r
1

, - , ~ ).i1 . that is the slack of the constraint (2) at the LP-relaxation optimal. 
JEJ 

_JEJ 

JEJ 

· SP = - I ( ri - p - pd .i )c J: 
1 

. 

JEJ 

Step 3. If ILP2 generates an optimal solution. ( X , r. L\ ). then X is a solution to the original problem. The 

objective function value of (}) at X can be calculated by plugging Y1 + Y1 into Y1 in (1 ), where r, is the 

value of y, at ILP:! optimal. If ILP2 is infeasible. then. the original problem is also infeasible. 

Now. we explain the basic idea of the algorithm. First, in equation (9), we note that LHS value can be increased 

without affecting y, as long as a change is less than the current slack. If a change is larger than the slack, then 
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r, stans to have a positive value. This increase denotes the amount that should be added to the optimal Y, value of 

ILP 1 to achieve integer feasibility of x 
1 

variables. Thus ILP2 tries to achieve integer feasibility with the amalles1 · 

changes in X . This means that ILP2 tries to find a feasible solution to ILP 1 that is around the optimal solution of 
the LP-relaxation. Generally speaking, we cannot guarantee that the optimal solution is near the optimal of the 
relaxed LP always but can be sure that a good feasible solution is around there. Therefore. wi!,h Theorems l and 2. 
we expect that our algorithm could find a good feasible solution very fast. 

Theorem 1 If ILP2 has no feasible solution, then ILP 1 has no feasible solution. 
Proof: X in any feasible solution to ILP 1, ( X, Y ), can be made to construct a feasible solution to ILP2 by a 

suitable selection of ( Y, ~ ). Thus, if ILP2 has no feasible solution, then there exists no X to constitute ( X, Y) 

that is feasible to ILP 1. 

Theorem 2 X in ILP2 optimal solution is a feasible solution to ILP I. 

Proof: X in ILP2 optimal solution satisfies (2)-(6). We always can find y
1 

that makes X satisfy (2). Thus we 

have the theorem. 

COMPUTATIONAL EXPERIENCE 
Our algorithm is compared to the most recent development, M&S algorithms using the data from Korean stock 
market. The algorithm was coded in Objective Pascal on a personal computer with Intel Pentium(333MHz) and with 
98 M~ memory. LP solutions are obtained by LINDO. 

Among the three algorithms of M&S. the procedure B is omitted from further comparison since its performance is 
~andomly fluctuating by a control parameter k and. consequently. it fails to show a consistent performance during 
our initial experiment. The experiments have been carried out on a set of data from July, 1998 to June. 2000 with a 
total of 600 securities. The required rate of return. p. is initially set to 0.7 (%/month) to simulate the average 

interest rate of financial market during the period. The performance criteria is the percent error from the optimal 
solution. 

Table l Percent errors from the optimal solution and computational times ( p = 0.007) 

Size 20 40 60 80 100 
Percent error 0 0 0 NIA NIA 

Optimal Time( second) 25.5 74 2712 NIA NIA 

Percent error 0 0.0001 2.4000 0.3901 0.6463 
Procedure A -Time(second) 11.5 14 308.5 3465.5 6421 

Percent error 0 0.0001 3.020 2.5620 0.6935 
Procedure C Time(second) 25.5 31 853.5 12615.5 20974 

Percent error 0 0.0001 1.014 0.2310 0.5211 
Proposed - Time(second) 5 6.5 53 923.S 995 

Table 1 shows the percent errors of each algorith~ from the optimal solutions and the c.p.u. times to obtain 
solutions for each ·problem size. Each entry represents an averaged ·value from ten times of run. Each run is made 
with the required number of securities randomly selected from the 600 securities. When the problem size is 80 or 
greater. it is not possible to obtain an optimal solution from ILP l in two hours. Thus, in this case, the best solution 
obtained in two hours is used to calculate the percent error of each algorithm. 

In terms of solution accuracy, the proposed algorithm is ranked best in al] problem sizes. The percent_-error based 
upon the ten times of run ranges from 0.0 to 1.014%. The procedure A shows a similar accuracy in smaller sized 
problems but results in inferior performance by deviating up to 2.4 %. Algorithm C is worst in a11 problem sizes. Its 
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deviation from either the optimal or the best achievable solution js as large as 3.020%. 

Alrwrithms show a considerable difference in terms of computational time. The proposed algorithm takes far less 
ti~e to obtain a solution. The time difference grows as the problem size increases. For the problems with 100 
variables, procedure A and procedure C take around six and twenty times longer than the proposed algorithm to 
obtain solutions. 

We find that the number of variables. to constitute the local MILP of procedure A or C is determined by the number 
of variables, time periods as well as the required rate of return. More specifically, the number of variables and time 
period decide the number of constraints and, consequently, the number of basic variables. The required rate of return 
also determines the number of basic variables that have positive value at LP-relaxation optimal. 

To experiment behavior of the algorithms for different value of the required rate of return, we increase p value to 

I %/month, which is equivalent to 12% annually. The results are summarized in Table 2. 

As shown in Table 2, three algorithms show accuracy very close to each other. The maximum difference of the 
average percent deviations among the algorithms observed during the experiments is 0.213(=2.6883-2.4758)%. 
Though the pr_oposed algorithm shows inferior performance for this higher valued p case, we interpret that the 

differences are not meaningful. Our algorithm reads slack values from a LINDO output and is, therefore, vulnerable 
to rounding erro_rs. · 

In this set of experimen~s. we find that most of MILP's constructed by the procedure A or C are composed of less 
than ten Yariables. Thus we expected two procedures would be very fast and actually they are. Especially, procedure 
A takes less than 1 minute to solve the largest problem compared to 10 minutes for p =0.7% case. Nevertheless, our 

algorithm is still the fastest one taking the half of the time of procedure A. 

Table 2 Percent errors from the optimal solution and computational times ( p =0.0 I) 

Size 20 40 60 80 100 

Percent error 0 0 0 N/A NIA 
Optimal 

Time(second) 22.5 16 107 NIA NIA 
Percent error 0.0187 0 0.0319 0.0034 2.4758 

Procedure A Time(second) 7 7.5 20.5 44.5 43 

Percent error 0.0035 0 0.0003 0.0030 2.5883 
Procedure C 

Time(second) 29 76.5 152 . 260.1 312.2 

Percent error 0.1525 0.091 0.0094 0.0645 2.6883 
Proposed Time(second) 3 5 3.5 20.S 23.3 

From the experiments so far carried out, we are able to conclude that the computational times of procedure A and C 
are strongly correlated to the number of \'ariables to constitute a local MILP. When the size of the local MILP is 
relatively small, e.g .. less than ten variables. they are able to generate a solution quickly. But, as the size of local 
MILP grows. its computational time increases drastically. In a word. for a realistic problem size and for a typical 
rate of return, two compared algorithms are far behind our method. 

CONCLUSIONS 
In this paper we propose an algorithm. to solve ILP portfolio problems. The proposed algorithm shows superior 
performance both in solution accuracy and computational time during the computational experiments using Korea 
stock market data. Therefore. it is concluded that the algorithm is a good candidate for a real world application and a 
good addition to the existing solution methodologies. 
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ABSTRACT 
In this paper we consider a flow-line manufacturing system organized as a series of workstations separated by 
finite buffers. The buffer allocation proplem consists in determining the buffer capacities with respect to given 
optimality criterion. For this problem we propose a genetic algorithm where the tentative solutions are evaluated 
with an approximate method based on Markov models aggregation approach. 

INTRODUCTION 
We consider a flow-line of workstations in series, where the parts are moved from one workstation to the next 
by some kind of transfer mechanism. The workstations are supposed to be separated by finite buffers (waiting 
capacities) for parts. The parts are accumulated in a buffer if necessary. A workstation is composed of one or 
several machines working in parallel (see Fig. 1). We denote the number of machines in workstation j by n1, 

j=l, ... ,M. 

Fig. 1 Production line with buffers 

The machines are subject to breakdowns. When a breakdown occurs. the corresponding machine is unusable 
during a random repair time. \Ve study the lines with deterministic times of operations (but possibly unequal for 
different machines). In case of transfer lines and robotic assembly lines this assumption is usually satisfied. It is 
supposed that the repair time does not depend on number of failed machines. The supply of new parts on the 
input of the line is assumed to be inexhaustible. The parts released from workstation M depart from the system. · 
The times to failures and times to repair for each machme are assumed to be mutually independent and 
exponentially distributed. A machine is subject to failures only at the time when it is working. The performance 
of the flow-line is measured in terms of a,·erage production rate, i.e. the steady state average number of parts 
produced per unit of time. The performance evaluation is made with the help of Markov models, and the 
optimization of buffer sizes is done by a genetic algorithm. 

The paper is organized as follows. Section 2 presents the background of the problem: Section 3 deals with our 
optimization method. The numerical results are reported in Section 4. and concluding remarks are given in 
Section 5. 

RELATED WORKS 
Performance evaluation 
Most of the solvable analytical models for lines with finite buffer capacity are developed for the lines of two 
machines with a buffer between them. There are two types of models for such two-stage lines [2). In the first 
approach it is supposed that the amount of parts in buffer is discrete, and Markov chain models are applied. 
Another approach is based on approximation of the number of parts in buffer by a real value, and an assumption 
of continuous flow of parts . In this approach the model involves discrete and continuous states and continuous 
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time. For machines with equal production rates this model was introduced by Vladzievskii [11). More general 
mo~els for two-stage production lines were developed in [3,4,6). 

Exact performance computation of a production line with more than two machines is problematic due to 
exponential growth of the number of states in the known models. Several approximation methods for evaluation 
of such lines have been proposed on the basis of decomposition, when the behavior of M-machine line is 
approximated by behavior of a set of two-machine lines (see e.g. [2,7]). In this paper .. we will use the 
decomposition and aggregation approach proposed in [4,5) since it appears to be sufficiently fast for evaluation 
of tentative buffer allocations within the search heuristic. 

Optimization of buffer allocation 
Let H=(h 1,h2, ••• ,hM.J) ez!'·' be the vector of decision variables, which contains the sizes of buffers allocated in 
the line (h; is the size of the buffer between workstations i and i+ 1). The problem of optimal buffer allocation 
was considered ' in literature with respect to different optimality criteria. The most commonly used among them 
are: 
• the average steady state production rate V(H) (i.e. the number of parts produced in time unit); 
• the total buffer capacity B(H)=h,+hi+ ... +hM.,; 
• the average steady state inventory cost Q(H)= c1q i(HJ+cJll2(H)+ ... +cM.JqM.1(H), where q;(H) is the average 

steady state number of parts in buffer i, 
• and different combinations of these criteria. 

For example in [ I 2) Yamashita and Altiok propose a dynamic programming approach for minimization of total 
buffer_ space when the required value V(H) is given as constraint. In [ 1 O] Spinellis and Papadopoulos propose a 
version of genetic heuristic and a simulated annealing algorithm for simillar problem formulation. The machines 
in [ I OJ are supposed to have exponential service times and to operate without failures. Smith and Chikhale in [9] 
~ombine the constraint on B(H) with an objective function .linear in V(H) and Q(H;. For the case of reliable 
machines with exponential service times these authors propose an algorithm based on the complex method of 
Box. 

In this paper we will deal with a criterion of a specific form, which is a function of criteria mentioned above: 
M-1 

q,(H)=TamxS(V(H)) - J(H) - T0 mx "f..ciq/H) -? max. 
i=I 

where Tam is the amortization time· of the line: S(V) is the revenue for the sold production per unit of time; C; is 
the inventory cost ofone part in buffer i per unit of time: J(H) is the cost of initial buffers acquisition investment 
for the configuration H. Normally the sequence c1.c2 ..... c,.,. 1 is nondecreasing. since the cost of a part increases 
after each operation. The functions SO ·1 and J(H) are usually monotone and non-decreasing and they may 

• incorporate penalties, fixed costs for different standard buffer sizes, overproduction price reduction etc. The 
function rp(HJ is to be maximized given the maximal admissible size for each buffer d1.d1., .... dM.J· 

For optimization we use a genetic algorithm (GA). This choice is motivated by discreteness of decision 
variables. the form of the objective function and the approximate method of its evaluation. The version of GA 
proposed in this paper 1s based on the steady state reproduction scheme. 

THE METHOD PROPOSED 

Performance evaluation heuristic 
In this section we briefly describe the performance evaluation method. This is an approximation method, 
applicable to the lines, which can be decomposed into sections of the following two types (see Fig.3): two 
machines in series {R1) and two machines in parallel (R1) . 

It is supposed that a machine can be in operational state or under repair. The operational machine may be 
blocked and temporarily stopped in case if there is no room in the downstream buffer to put a processed part. It 
may also be starved if there are no pans to process in the upstream buffer. Otherwise the operational machine is 
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working. The working machine i is assumed to have constant cycle time T/ and the production rate u;= I !Tc'. 
i= 1, ... .K. where K= L J=l .... M n J . 

It is supposed that machines break down only when they work. Let Tb; denote the mean time between failures of 
working machine, and let A;=l!Tb; be the failure rate for i=l, ... ,K. Similarly, T/ and µ;=l!T/ denote respectively 
the mean time to repair and the repair rate of machine i. For two machines in parallel the Markov model is 
shown in Fig.4. For two machines in series our perfonnance evaluation method is based on a Markov model of a 
two-stage line [3,4,6], given in Fig. 5. 

R 1 : two machines in series Productivity: u I ~u2 

Machine a Machine b 

i.1 
buffer 

Ri: two machines in parallel 

Machine c 
ul 

Machined 

;_, ~u2 

0 

Fig. 3 Aggregation scheme Fig. 4. Markov model of two parallel machines 

In Fig.4 the states are expressed by < a 1 • a: >, and in Fig.5 by triple < a1 • a2 .x>. where a, =O if machine i is 

under repair, and a, = 1 if it is operational. Value x E [0.h] is the amount of space in buffer used by the parts. The 

.unknown rate values TJ.: are obtained using the equation L p 1 r iJ = Pi Ir Ji where 'u is the rate of transition 
j j 

between the states i and} of the model (it may be a known value of ;.k, µk or unknown 'k for some k), Pi is the 

probability of the state i. The values of i. i used in this figure are obtained with respect to the difference of 

productivity. For the case u1<u2, i. ~= i..1 (u 1/ u:). and for the case u:<u1.). '1= }.1(u1/ u1). 

µ ; 

P,,(O) 

110 -------------

a) 

Po,(0) 

------r.o,o 
Po,(0) 

-----------;,'--010 

b) 

Fig.5 Markov model of two machines in series: 
a) u1<u.:: b) u1>u1:and c)u 1=u2• 

;_ .. 

P,o(h) 

c) 

In the discrete-continuous model for two machines in series (shown on Fig.5), we have [6] a set of intermediate 
states { 0.1} 2 x ]0. h [ and the boundary states ( l 0.1 } : x { 0} )u( { 0.1 } : x l h} ). The probabilistic characteristics in this 
model are given by the probabilities of boundary states at time t: 
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P a,a/0,t)=P{<a1,a1,0> at time t}, P a,a/h.t)=P{<a1,a1,h> at time t} . 

and the probability density fa,a/Y,t) of intennediate states: fa,alY,t)=8F a,ah•,t)loy, where Fa ,a / \·,t) is 

probability that at moment t the system state <a1 ,a1, x> is such that a1=a·1, a:=a·1, and x <y. The as~mptotic 
steady-state distributions are described by 

P a,a/O)=lim,_«P a,a/0,t), P a,a/h)=lim,_P a,a/h.t). fa,a/x)= lim,-.rfa,a/x.t). 

The analytic expressions for fa,a/x) . P a,a/0), and P a,a/h) are obtained in [3,4,6). The approximate approach 
of line perfonnance evaluation consists in replacing the above Markov models for R1 and R~ by the Markov 
model of one machine. Parameters J •. µ •, u •·of equivalent ·machine are calculated from differential equations 
corresponding ~o the Markov model. For more details see [ 1,4,5). After K-1 steps of this procedure the system 
reduces to a single machine with parameters A•, µ •, u • and the estimate of the overall production rate V(H) is 
given by·u•µ·l(J·+µ} 

The precision of this approximate method depends on the order in which the line is aggregated. In this study the 
replacement of type R1 is always applied where it is possible before the reduction of type R2• In case there are 
several alternatives, the rule R 1 is applied to the couple of machines, separated by a buffer of_the least capacity. 
The value Q(HJ is estimated by summing the expected amounts of parts (multiplied by the inventory costs) in 
buffers between the neighboring workstations on each stage of decomposition. 

Optimization algorithm 
In this.. paper we use a genetic algorithm for buffer allocation optimization. The basic components of GA are the 
population of individuals and the random operators that are introduced to model mutation and crossover. An 
individual corresponds to a tentative solution, which is coded by a fixed length genof>pe string G, consisting of 
symbols, called genes . 

The genotypes of the initial population are randomly generated according to some a priori defined probability 
distribution. All individuals are evaluated using the perfonnance evaluation heuristic method. The variant of GA 
proposed in this paper implements the steady-state reproductive strategy [8], in which a couple of new 
individuals is generated at each iteration. These new genotypes replace a couple of "unpromising" individuals 
chosen in the population by some ·heuristic rule (thus the population size N remains constant during the run of 
GA). Usually the stopping criterion is the limit on the number of GA iterations lmax· The best solution found is 
returned as the result when GA stops. 

Construction of a new pair of genotypes (offspring) starts with choosing a pair of parents from the current 
population by means of probabilistic selection operator. Then the crossover operator replaces some genes of one 
parent with the genes of the other. After crossover the strings undergo murazion. where a randomly chosen 
subset of genes is randomly altered. 

In this paper we consider a GA where the coding of a buff er allocation consists of M- I genes, and each gene 
contai~s the size of the corresponding buffer. Here we denote the genotypes of current population II by 
G01 ,G01

, .... G1.~'i, and G/1' is the value of gene i (i.e. the size of buffer i) in genotype of individual}. 

The genotypes of initial population-are randomly constructed with uniform distribution of each gene G/i' over 
the set (0 . 1. .... d;} . i= l. ... M-1. After that the genotypes are processed by a simple local search heuristic Optl. 
This heuristic for ·a given genotype c ui, returns the optimized genotype Opt I (Gu1

) . obtained according to the 
following algorithm. 

Local optimization heuristic Opt_l(G) 
1. For i:= l to M-1 do: 

l. l Set Jz:= G; and denote H:= ( G 1, .. . ,G;.1, h-1 ,G;+ 1, .. . ,G,.,.J. 
1.2 If <p(H)> <p(G) then set G;:= h-1 . 
1.3 Denote H:= (G 1, ... ,G;.1, h+ I ,G;. 1, .. . ,GM_J. 
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1.4 If <p(H)> <p(G) then set G;:= h+ 1. 
2. Return G. 

The same heuristic is used for local optimization of solutions before they are added into population at each 
iteration of GA (by iteration we mean construction of a pair of new genotypes from two parents). The general 
scheme of the GA in use is the following. 

Genetic Algorithm for Buffer Allocation 
l. Forj:=l to N do: 

1 . 1. Generate a random genotype G. 
1.2. Set Gw:= Optl (G). 

2. For t:=l to lmax do: 
2.1. Select the parent genotypes G1

q
1 and G'rJ using a selection operator. 

2.2. Produce the offspring G · and G · · from G'q' and G'rJ using crossover operator. 
2.3. Compute c·:=Optl(Mut(G ')) . 
2.4. If C is already present inn, set c·:=Mut(G.). 
2.5 . Choose l:S k:S N such that <p(cfk1)= min <p(G(J') and set Gn:1:= c·. 

ISJSN 

2.6. Compute G .. :=Optl (Mut(G' ')). 
2.7. If G** is already present inn, set G .. :=Mut(G •• ). 
2.8. Choose ls k:S. N such that <p(Gk')= min (G(j)) and set cfk':= c··. 

ISJSN 

3. Return the best solution from fl 

In step 2.1 we use the s-toumament selection operator which randomly (with the unifonn distribution) chooses s 
indi\·iduals from current population and selects the best one of them as a parent. The crossover operator in step 
2.2 is implemented according to the standard one-point crossover scheme. where a random position i is chosen 
unifonnly between l and M-1 , and the resulting genotypes are obtained from G'q' and G1

r
1 as follows: 

G'=(G /q) , .... G;./q) .G.''1 
••••• GAf.t1J. 

G ''=( Gt 1 
••••• G,.t1 .G/q) ..... G,.,. 1'q'J . 

This operator is applied with a fixed probability PcrosJ• otherwise the parent genotypes are copied to G · and G ·' 
without any changes. The mutation operator Mut is used in steps 2.3 and 2.6 before the local optimization 
procedure. Given the input genotype G. this operator produces a new genotype Mut(GJ=(G 1 +; 1, •••• G,\1. 1 +~M-J, 
where ; ; is an integer unifonnly distributed value from [max {-G;. -~l ~ min{d,-G,.~}]. The parameter~ regulates 
the intensity of mutation. It should be big enough to avoid cycling of the algorithm. which may happen if all 
solutions produced by the mutation and local optimization are present in current population. The perfonnance 
evaluation method and the GA described above are also applicable to. the lines with consecutively-parallel 
structure [5], where a buffer may provide and collect pans for several \vorkstations linked with it. 

NUMERICAL RESULTS 
The GA was programmed in Delphi 5.0 and tested on Pentium computer (Celeron 450Mhz processor). In the 
experiments we used two series of problems. The series as.1-.as.6 consists of instances constructed on the basis 
of production lines from [ 1]. This series contains 4 lines of 4 to 14 workstations with single machine in each 
workstation and 2 lines containing some parallel machines ( consisting of 10 machines). The second series 
contains l 0 lines of 5 workstations with one machine per workstation, denoted by bn5.l-bn5.10. In each 
instance of this series there are two bottlenecks, fonned by slower machines. 

In problems as.1-as.6 we assign the upper limits d, equal to the corresponding buffer sizes from [I]. The 
machine parameters and the structure of the lines remained unchanged. except for the problem as.4, which has 
been slightly modified . The cost of pans arriving at the input equals 1, and each operation increases the cost by 
10%. The holding cost of a pan for one time unit is assigned to 0.1 % of its cost. The amortization time 
T0 nr=7000. The revenue per pan depends on the production rate of the system and it is defined as follows. Let V' 
denote the maximal production rate of the line: v·= V(D), where D=(d1,d2, •••• dM.J- In case V(H)<0.5 V', the line 
is considered inefficient and S(V(H)J=0. In case V(H) E [0.5 v·. 0.9 V'], the revenue per item equals the cost of a 
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part in the last buffer multiplied by factor 1.3. If V(H) E[0.9V', V1, then S(V(H))=S(0.9V') remains constant (the 
case of overproduction). The buffer acquisition cost J(H)= IO x B(H). 

On each problem the GA was compared with a Monte Carlo method (MCM). where the solutions were 
randomly generated and then optimized by Optl heuristic, similarly to genotypes of the initial population in GA. 
The computation time given to the Monte Carlo method was equal to the time of one GA run. The instances 
bnS.l-bnS.10 were also solved by complete enumeration method (CEM). Unfortunately, the \ , ,ork time ofCEM 
grows exponentially with the number of buffers, and we are unable to apply it to all problems .of series as.1-
as.6. 

Table 1 shows the results of experiments with problems as.1-as.6. Here the GA has the following parameters: 
population size N=200, tournament size s=5, mutation parameter 6=5, number of GA iterations lma.r=3000, . 
crossover probability Pcross=0.5. The column T contains the computation time in seconds (for one run), the 
average objective function value rp is given for GA and MCM with a 95% confidence interval, obtained by 30 
independent runs of algorithms. 

.. GA MCM 
No M T {/) {/) 

1 5 58 8824.0± 0.9 8789.5+7.3 
2 10 210 48763 .4±0.3 48661.7±37.0 
3 3 60 999.0±10·11 995.5 + 2.4 
4 14 770 18328.2~8.6 17208.9±73.0 
5 8 220 10163 .9±0.6 10151.7±2.l 
6 8 190 30430.4±10· 11 29894 .7±85.8 

Table 1. Experiments with as.1-as.6 

'The criterion for problems bn5.l-bn5.10 is formulated similarly to one for as.1-as.6. The difference consists in 
revenue calculation: here we assign S{V(H))= l.3xl. l 5 xV(H). The maximal buffer size d,=20. }.i=O. l , µ i=0.4 for 
i= 1, ... ,5. The production rate of ••fast" machines equals 4, and for the .. bottlenecks'' it is 2 items per unit of 
time. 

CEM GA MCM line 
No {/) (!) (I) 

I 21390.4 21390.2± 0.3 21368.1±8 bfffb 
2 21116.2 21116.2=10' 1

: 21112.2::2 tbfbf 
3 21416.8 21416.8::10" 11 21398.5:::9 bbfff 
4 21254.0 21254.0:± 10· Ii 21238.1::5 fbbff 
5 21352.4 21352.3:: 1 Q' II 21337.5±6 bfbff 
6 21235 .0 21235 .0±10- 11 21228.8±2 fbffb 
7 21268.8 21268.8±10' 11 21263 .6:::2 fffbb 
8 21207.5 21207.5±10- 11 21205.9±1 ffbfb 
9 21342.6 21342.6± I 0- 11 21335.5±3 bffbf 
10 21215.6 212 I 5.6± 10- 1 

I 21213.1±2 ffbbf 

Table 2. Experiments with bnS.1- bnS.10 

The column 'line' in Table 2 contains the information about the location of the bottleneck machines: the letter 
.. f' denotes the ••f'ast" machines. and .. b" denotes the .. bottlenecks". ·For each problem of series bnS the complete 
enumeration took 311 seconds; the GA and MCM worked for 56 seconds. Here the parameters of GA are the 
same as before. 

CONCLUSIONS 
A method for buffer allocation problem is proposed. It is based on Markov models for performance evaluation 
and a genetic algorithm. The proposed genetic algorithm is compared to complete enumeration and Monte Carlo 
method. The computational experiments show a better quality of solutions obtained by the GA compared to 
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Monte Carlo method. In cases where the complete enumeration was possible, the average objective function 
value of the GA solutions was close to the results of CEM (maximal deviation is less than 0.001%). In practice 
the objective function and the constraints may have a more complex form than that mentioned above. The 
algorithm proposed here is applicable for the objective function of a relatively general form. This form of 
objective function allows viewing many other well known formulations as special cases. using the appropriate 
penalty functions. 
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ABSTRACT 
A problem of optimal design of paced transfer lines with workstations in series and with blocks of parallel operation 
at the workstations is considered. Operations of each workstation are partitioned into blocks. All operations of the 
·same block are performed simultaneously by one spindle head. The different blocks of the same workstation are 
executed sequentially in a fixed order. The relations of the necessity and the possibility of combining the operations 
in the blocks and in the workstations as well as precedence constraints are given. The operation time of a block 
depends on the operations of the block. The operation time of the workstation is the sum of operation times of its 
blocks. The problem is to minimize a weighted sum of the number of workstations and the number of blocks, 
providing a given cycle time and satisfying the above constraints. The proposed method is . based on mixed integer 
pro¥ramming. 

INTRODUCTION 
Paced transfer lines with workstations in series and with the simultaneous execution of manufacturing operations in -
one block (by one spindle head) at one workstation are widely used in industry for mass production (Groover. 1987). 
The operation concentration in the blocks and the workstations allows decreasing considerably the total number of 

· spindle head and workstations. This decreases the total cost of the line and the occupied area. 

In this paper. a problem of optimal design such transfer line is investigated. The preliminary design stage, when the 
set N of manufacturing operations is known. is considered. We consider the case. when the spindle heads of the 
same workstation operate sequentially in a fixed order, and the block time is determined only by the operations of 
this block. In this case. the workstation time is a sum of operation times of its blocks and the line cycle time is the 
maximum workstation time. 

The design problem is to assign the operations of the set ~ to workstations and blocks in such way that: 
• · a weighted sum of the number of workstations and blocks is as small as possible, 
• a given cycle time is provided. 
• given technological constraints are satisfied. 

The following technological constraints are considered: 
i) a partial order relation over set K which defines a set of possible operation sequences; 
ii) necessity of performance of some groups of the operations in one block or at the same workstation (e.g., 

because of a require machining tolerance); 
iii) impossibility of performance of some groups of the operations in one block or at the same workstation (e.g., 

because of spindle head and _workstation constructions or because of technological incompatibility of the 
operations). _ 

These constraints reflec·t general rules of such type line design as well as existing tendencies and designer I 
experience. The development of procedures to generate these constraints in real designing process is an important 
independent problem. This problem is out of the scope of our paper and we assume that all constraints are given. 

If every block is composed onJy ·of one operation and the constraints ii) and iii) are omitted, the considered problem 
coincides with well-known line balancing problems. Other panicular cases: when each workstation has only one 
spindle head or all spindle heads of the same workstation work simultaneously and the objective funct.ion is the line 
cost life per part, have been investigated in (Dolgui er al., 1999a, 2000b). 
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A detailed analysis of the assembly line balancing problem is given in (Scholl. 1999). The problem is to assign all 
operations to workstations to minimise the unbalance of the assembly line under a given partial order of operations 
and the given cycle time. The unbalance is minimal ifand only if the number of the workstations is minimal too. 

Generally, integer linear programming models are fonnulated. To solve them, exact or heuristic methods are used 
(Baybars, 1986; Talbot et al., 1986). The exact methods are mainly based on branch and bound algorithms. The 
most effective branch and bound procedures are FABLE, OptPack, Eureka and SALOME (Scholl. 1999). The most 
known heuristic method is COMSOAL (Arcus. 1966). 

The assembly line balancing methods cannot be directly used to solve the problem studied in this paper by the 
following reasons in particular: 
l) the blocks cannot be a priori considered as macro-operations because they are not known advance and fonned 

during optimization; 
2) the block time is, as a rule, bigger than maximal time, which is necessary to perfonn each operation of the block 

separately; 
3) the line cost depends not only on the number of the workstations but also on the number of the blocks. 

Modification .of these methods, as well as development of new methods, are needed to solve .the investigated 
problem. The considered lines are designed for a long exploitation time and they are expensive. The economic 
effects. which can provide an optimal line variant, justify the search of an exact ( or .. good., approximate) 'design 
decision for each concrete line, even though large calculations time. 

The methods for the investigated problem solution can be based on different techniques of discrete programming. 
Each of them has its advantages and disadvantages and they can supplement one another. An approach, which is 
based on the transformation of the initial problem to the shortest constraint path problem. has been development .in 
(Dolgui er al., 1999b. 2000a) to solve such class problems. This approach can be used directly when there is a lot of 
constrains. 

In . this paper. another approach. which is based on the mixed integer linear programming (MIP) models is 
investigated. Some problem details. which are conditioned by the specificity of concrete types of a technological 
process and equipment, as well as possible generalisations. are omitted. It allows to show mathematical structure of 
the problem and to propose the methods for it solving. 

In Section 2. a statement of this problem is given . In Sections 3. the approach to solve the problem using a MIP 
model is proposed. Calculating experiment results obtained using XPRESS-MP solver are discussed in Section 4. 

PROBLEM ST A TEMENT 
The investigated problem is to determine the following design parameters: 
• number m of workstations: 
• assignment of the set!\ of operations to workstations (NA , k=O. l. ... m-1 ): 
• number nk of blocks for each workst3tion: 
• partition of Nk into blocks (N1,.1• /=0. 1. .. .. n,-1 ). 

The collection P={ {N01 •• ••• Non1 -1 [ .. .. . {.,\'n, . 1 1. . . .. ;,,:n,. 1 11111 -1: f of these parameters represents a unknown 
de.sign decision. 

The following data for its solution are given at considered design stage: 
a) the set N of all operations for machining of a product: 
b) non-strict partial order relation between operations: 
c) necessity and possibility of combining operations in one block and in one workstation: 
d) machining modes for each operation under its performance separately: 
e) some operation parameters. which to take into account under combine the operations in blocks (e.g., the power, 

the feed force etc.) ; 
f) the maximum number m0 of workstations and the maximum number n0 of blocks for one workstation. 
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The time f (NJ of simultaneously perfonnance of the set N~ of operations in one block is detennined by the length 
L{N) of working stroke for corresponding spindle head and by its feed per minute S(N). 

The values L(N) and S(N) are detennine as follows: 

L(N)=max{/JI jEN}, 

S(N)=min {s1 Ii EN}, 

(1) 

(2) 

where 11 and s1 are · the length of working stroke and the feed per minute under performance of the operation j 
separately. Then 

l'(N)= L(NJ/S(N)+rb=max{tl i,jEN}, (3) 

where ~bis a constant which give an additional auxiliary time ·(it is the same for all blocks); 

Obviously, l'(N')-5:f(N'') if N'cN"~N. 

The time ts (N1c) for the workstation k is equal to 

nk-1 
t\N,.)= L lb ( Nkl )-t-T.5, (4) 

l=O 

where T.
5 is a constant which give an additional auxiliary time. it is the same for all workstations (this constant can be 

omined if it is subtracted from the given value of the cycle time). 

Then. the line cycle time T(P) for the design decision P is equal to 

T(PJ=max{NNJ i OSk Sm-I} . . (5) 

The l1ne cost Q(P) depends on the number of the workstations and on the number of the blocks for each workstation. 
It can be estimated by the following way: 

m-1 
.Q(P)=C,mTC: L nk • 

k=O 
(6) 

where C1• C1 are constants. the relation between them is defined by mean relative cost of workstation and spindle 
head. 

The problem is to minimise the line cost Q(P) and provide the given productivity (i.e. T(P)S:T0) under the above 
technological constraints (where T,() is the given maximal cycle time corrected by the constant t} 

The technological constraints can be given in the following way: 

• A non-strict partial order relation over set ~ can be represented by digraph Gr=(N,D'). The arc (iJ) eNXN 
belongs to set Dr if and only.if the operation} cannot precede the operation i. 

• . 2) The constraints that take into account cumulative values of certain characteristics of the operations in blockN 
(e.g., total power, total feed force, etc), are given as 
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W(N) = L W;p ~ Wp, p= 1, ... ,Jl, 
ieN 

(7) 

where w;p is the p-th characteristic for the operation i, and W~ is an upper bound on a cumulative value of the 
corresponding characteristic for the block, Il. is the total number of the characteristics. 

• The constraints of the necessity and the possibility of grouping operations can be represented by hypergraphs 
Jf'=(KE"), 1-f=(N,E), !:f=(N,C') and !:f=(NE). The set E" (or £6) consists of subsets of the operations from 
N that must be performed in one block (or at the same workstation). Analogously, the set C' (or C) consists of 
subsets of the operations from N that cannot be grouped in one block (or at the same workstation). 

MATHEMATICAL MODEL 
Using the graph and hyper graph presentation of constraints (Dolgui et al. , I 999b. 2000a). the set N can be 
panitioned on operation subsets (called macro-operations). Each such macro-operation must be performed in the 
same block for any design decision P. This transformation allows reducing the problem size and excluding the 
constraints of necessity to combine the operations in one block. An algorithm which realises this transformation is 
given in (Dolgui et al., 2000a). Later on, it is assumed that this algorithm have been executed and N is the set of the 
macro-operati<;ms. The prefix «macro» is omitted for all macro-operations. 

The following variables and additional parameters are introduced to format a mathematical model of the problem: 
- the index q=q(k,[)=kn0 +I for the block I of the workstation k; · 

- lower a(i) and upper b(i) bounds of the value q for the blocks, where the operation i EN can be performed in the 
optimal decisions; 

- the set R(i)= U E Nl(i. i) E £"}; 

- binary variables X,q , where X;q= I if the operation i EN is assigned in block q and X;q= 0 otherwise; 

- auxiliary \"ariables Yq 2> 0, Z* 2> 0 and Fq 2> 0. 

Then the model of the considered problem can be formulated as follows : 

mn- 1 qo 

C1 L Z1.; + C1 I Yq ➔ min: 
k=O q=O 

subject to 

L X j q = 1 , j EN; 
qe[a( j ;.b( j J] 

I L X/ q' ~ AJqlR(i) !, JEN , qE [a(i ).b(j)] ; 
j'eR( j 1q'e{ ar j' J.min { b( j' J. q ,'} 

. I I XJq, =(lei-I) ' xj*(e)q , eEE\ 
J ee\{ 1•r e J/ q ' e[ A( J .k J.Bf J .k )} qe[ Af }*I e J.k J.8 ( j *( e J.k J} 

L "'Jp )~~q~WP. p= 1. .... Q. q=O ... .. qc,: 
j e{ 1e N1qe [ a( i J.bf i )/ ) 

L X Jq $ je!-1. eEf;, qE [max {aU)IJEe :, min :b(i)l}Ee} ]; 
J ee 
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(8) 

(9) 

(10) 

(11) 

(12) 
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I: I: X Jq 5:lel-1, eeC, ke[max{a'C,)Vee},min{b'U)VEe} ]; 
j~e qe[ A( j.k).B( j.k)} 

Fq d? lij (X;q+.Xjq-1), q=O, ... ,q0, iJE {keNjqE[a(k),b(k)]}, i<j; 

Yq~q, q=O, ... ,q0, jE {keNjqe[a(k),b(k)]}; 

Z1.~ Yqrt1,, k=O, ... mo-1, l=O, ... ,no-1; 

n~I · 
2.. F (k.l J~ To, k=O, ... m0-l. 

l=O q 

(14) 

{15) 

(16) 

(17) 

(18) 

In fonnulas (8)-(18), q0 =mono-I, r(e) is some fixed operation from the set e, a'U)=la(J)inoJ, b'U)=lb(i)ln0J, 
AU,k)=max { a(j),knq}, B(j,k)=min { bU),(k+ I )no- I } . 

In this model, the objective function ·(8) with the constrains ( 15) and ( 16) provide the line cost minimisation; the 
constraint (9) demands that every operation of the set N is only included in one block; ( 10) gives the precedence 
constraints over the set N; (11) defines the necessity of combining the operations in one workstation; (12)-(14) 
detennine the interdiction of combining the operations in one block and in one workstation; ( 15) and ( 18) provide 
the given cycle time. The constraints for the number of workstations and for the number of blocks of each 
workstation are provided by the model structure. 

The following properties of the bounds a(i) and b(i) are assumed: 

For any j.iEN, if (j.i)EF:, then a(i)~(j) and b(i)5:b(i). In addition, if U.i} eE" (or U.i} E&), then a(i)>a(i) and 

b(j)<b(i) ( or La(i)lnoJ > La(i)lnoJ and Lb<J)lnoJ < lbU)lnol 

For all i,jEeEE, La(i)lnoJ = La<J)ln0J and Lb(i)lnoJ = Lb<J)lnoJ. 

If the number of the operations in the set N is not too large or the constrains allow fast to determine a enough narrow 

segment [a(i).b(i)] for all operations iEN, then the problem (8)-(18) can be solved by the know methods for MIP 
problem. 

Later on. the calculation of the lower bounds a(i) for i EN are only considered. Similar techniques can be used to 
find .the upper bounds b(i). In this case, it is sufficient to do the following: 
- to generate a new digraph l:[ by inverting of the digraph H" arc directions: 
- to calculate parameters b'(i) for each qperation iEN by analogy with a(i) using the obtained digraph l:[; 

· · - .to calculate b(i)=,~10-b'(i) for all iE!'.. 

The lower bounds a(i) can be d~fined step by step in order of the accepted numbering of the operations from N. It is 
assumed that the numbering are performed in order of non-decreasing the operation rang in Hr. 

The first estimates of the bounds may be executed by the following way. Let d(j.i) be defined for (j,i)EF: as follows. 
If {f.i}ef' then d(j.i)=2. if U,i} .E_E then d(j.i)=l, and d(j.i)=O otherwise. Let qtfJd= (lqln 0J+1)n0 if d=2 and 
qffid=q+d if de {0.1} . Then the value a(i). can be determined from the following relation according to above 
properties of the bounds: 

a( i)~max { max { a(j)<3:Jd(j. i)V E R(i)}, max {la(J)/ n oJli.J Ee E £~} } . (19) 

CALCULA TIO~ EXPERIMENT 
The experiment includes a randomly generation of test examples and their solutions. The experiment results are 
summed up in the table I (Harrath Y., 2000). 
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Table 1. General experiment results 

EX NO NIV TNV NC NI 
1 10 62 82 220 584 
2 13 103 131 371 1553 
3 17 160 188 558 3272 
4 18 176 211 220 3838 
5 20 220 255 762 2317 
6 25 365 411 1229 12833 
7 29 421 463 1386 8524 
8 35 552 597 1798 10543 
9 38 628 677 2059 37834 
10 45 758 807 2463 95685 

All calculations were done with the help of the XPRESS-MP solver at HP Workstation 15000. 

In this table: 
EX is the series number, 
NO is the number of operations, 
NJV is the number of the integer variables ~q, 

TNY is the total number of variables, 
NC is the total number of constrains, 
NI is the mean total number of executed iterations, 

TS 
O" 
2 .. 
7 .. 
6 .. 
15 .. 
35 .. 

10· 20 .. 
21' 52" 

lh 57' 13 .. 
3h56'29'' 

TS is the mean total calculation time (h - hours. ' - minutes, " - seconds) to solve the problem (8)-( 18). 

CO~CLUSIO~S 
The problem of optimization of buffer-free paced transfer lines with workstations in series and with blocks of 
parallel operations on workstations at the preliminary stage of their design is investigated. The problem is to 

· determine the number of the workstations and the number of the blocks for each workstation. and to assign the given 
set of operations to the workstations and the blocks in given cycle time satisfying given technological constrains. 
The generation of optimal or .. good" samples of such lines is a \'ery complex design problem. In comparison with 
the well-known assembly line balancing problem. the considered problem has many additional constraints. 
Modification of methods for the line balancing problem as well as development of new approaches is needed to 
solve the investigated problem. 

In the paper, the problem is formulated in terms of mixed ir.teger linear programming (MIP). The methods to 
determine a search region of the optimal workstation numbers and the block numbers of the operations in the MIP 
model are proposed. The calculation experiment with XPRESS solver shows that directly use MIP methods allows 
to solve the problems with the not large number (about to 40-45) of the operations. 
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A METAHEURISTIC FOR VEHICLE ROUTING PROBLEM WITH TIME 
WINDOWSANDBACKHAULS 

Sheng-Yuan Shen 
Department of Information Management, Yuan Ze University 

Chung-Li, Taiwan, R.O.C. 

ABSTRACT 
This paper presents a route-neighborhood-based metaheuristic for solving vehicle routing problem with two side 
constraints: time windows and backhauling service. Past history during the solving process is used in guiding the 
operational mechanism of the proposed algorithm. A vast number of benchmark problems including VRPTWB. 
VRPTW, VRPB, and VRP from the literature were tested. Computational results indicate that our heuristic appears 
to be promising in terms of efficiency apd effectiveness in comparison with other reported methods. 

INTRODUCTION 
The Vehicle Routing Problem with Time Windows and Backhauls (VRPTWB) involves two different kinds of cus
tomers: linehauls and backhauls. Each linehaul customer requires a given quantity of goods to be delivered from a 
central depot~ and each backhaul customer requires a given quantity of goods to be brought back to the central depot. 
For practical consideration, this study assumes that backhaul customers can not be serviced before any linehaul cus
tomers. Thus, the VRPTWB under the linehaul-backhaul precedence restriction can be formally stated as follows. 
Let G = (V, A) be a graph with node set V = N 1 uN2 u {0} and arc set A= {(i,J) I ie V,je V, i ~}}.where N 1 = { 1, 
2, ... , m} and N2 = {m-:-1. 2, ... , n} represent respectively the linehaul and backhaul customers. and node O denotes 
the central depot. With each node ie Vis associated a customer demand q, (q0 = 0). a service times; (s0 = 0), and a 
time window [e,. I;] allowing the start of service. A non-negative distance diJ and a non-negative travel time t iJ are 
assumed for every arc (i,j) E A. Moreover, a fleet of identical vehicles each with capacity Q is housed at the central 
depot. The purpose of the VRPTWB is to find an optimal set of routes in G such that the follO\ving constraints are 
satisfied. ( 1) All routes start and end at the depot; (2) Each customer in/\\ uN2 is visited exactly once within its time 
window; (3) Backhaul customers do not allow to serve before any linehaul customers on a route; (4) Both the totals 
of linehaul and backhaul demands served on a route can not exceed the vehicle capacity Q. 

The service-time windows considered in this paper constitute "hard .. constraints. Our primary objective is to mini
mize the number of vehicles used. and the secondary objective is to minimize the total distance traveled. Literature 
on VRPTWB is not much. Gelinas et al. [6] proposed an exact algorithm based on a column generation technique, 
\\·hich was capable of optimally solving some 100-customer instances . Thangiah et al. [ 19] developed a route con
struction heuristic and several local search heuristics for the VRPTWB: they have solved instances up to 500 cus
tomers. Another heuristic by Duhamel et al. [5] was based on a tabu search method. Since the Vehicle Routing 
Problem with Backhauls (VRPB) and VRPTW can be regarded as special cases of VRPTWB. we also make compu
tational studies for them. Works for VRPB can be found in [ 1. 3. 6. 7, 9. 12.20.21 ]. and for VRPTW can refer to [4, 
11, 14. 15. 16. 17, 18.] . 

This paper extends and modifies the R.NETS metaheuristic of Liu and Shen [ 11 ]. originally proposed for solving the 
VRPTW. In their work. a so-called route-neighborhood structure was introduced. Moreover, they recommended 
constructing routes in a nested parallel manner and spending more computational effort only on a small subset of 
_customers left with no feasible routes. Our heuristic considers linehaul and backhaul customers simultaneously when 
constructing routes. Information revealed from the previous runs has been used to guide the operational mechanism 
in the subsequent runs. For precise. how to construct route neighborhoods can refer to Liu and Shen [ 11 ]. A modi
fied operational framework and an enhanced version of RNETS are presented first. Problems for the VRPTWB and 
VRPB (including VRP and VRPTW) were tested. However, because of space limitation only limited results are re
poned. Finally. we summarize this res.earch. Throughout the remaining context, we use "route" and "vehicle" inter
changeably, that is. a vehicle only uses once during the planning time horizon. 

THE METAHEURJSTIC 
The RNETS originally proposed for solving VRPT\V by Liu and Shen [ 11] consisting of two stages has the follow
ing three primary features: constructing neighborhoods from a "route-node" relationship perspective, constructing 
routes in a nested parallel way. and spending higher computational effort on a small subset of customers. Each stage 
of the RNETS includes a route construction phase and a route improvement phase. Initially, several runs are per-
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formed in Stage I, and the best solution in tenns of the least number of vehicles and the smallest total distance trav. 
eled is recorded. In stage II, the initial setting for estimating the number of vehicles to be required is one less than 
the best solution obtained in Stage I. Similarly, several runs are also given in Stage II. 

Heuristics described in this paper can be regarded as an enhanced version of the RNETS. In addition to the consid
eration of the existence of backhaul customers, the primary modification on the framework of the RNETS is shown 
as the shaded area of Fig. I. We have used information revealed from the previous runs in our operational mecha
nism design. In the RNETS, the end-effect-handling· module will be triggered if the following condition is satisfied: 
Unassigned customers can not find any feasible place of the existing set of routes for insertion. and their total de
mand is less than a specified threshold value. By contrast, the heuristics for VRPTWB proposed in this paper would 
invoke the end-effect .. handling module if either one of the following conditions are satisfied: 

Condition 1: Unassigned customers can not find any feasible place of the existing set of routes for insertion. and the 
number of routes constructed so far in the current run equals to the best feasible solution with the fewest number of 
vehicles among the previous runs. 
Condition 2: Unassigned customers can not find any feasible place of the existing set of routes for insertion, and the 
remaining unassigned linehaul and backhaul demands are respectively smaller than a specified linehaul and back
haul threshold value. The linehaul (resp. backhaul) threshold value currently used in our computational studies is 
Umar/ X Q (resp. Umarb X Q), where Umar/ (resp. Umarb) is the largest linehaul (resp. backhaul) loading rate with 
respect to the routes constructed so far in the current run. 
Another modification is the way in estimating the number of vehicles required in the parallel-route-reinitialization 
mod~le. Having obtained a lower bound to the extra number of vehicles required, we do not allow this number 
greater than the difference between the number of routes built in the current run and the least number of vehicles of 
the best solution obtained from previous runs. In other words, the lower bound will be reset to the corresponding , 
value-of difference if the number of vehicles now required in total is larger than that of the best solution. 

Local Search Modules 
For an existing partial solution, we apply the following techniques to improve the solution quality. Perturbation 
modules that allow a worse solution to be reached are devised; their purpose is to prevent a current solution trapping 
in a local optimum. Moreover, modules with no perturbation that always search for a bener solution are also imple• · 
mented, which can be regarded as special cases of those perturbation modules. Note that a feasible shift or a feasible 
exchange stated. below means that feasibility regarding the constraints of vehicle capacity, time window, and line
haul-backhual precedence relationship is satisfied. 
• modules with no perturbation: 
1-intrash(fr: For each customer on an existing route. we reinsen it into another feasible link first encountered on the 
route if the total distance traveled can be reduced by. 
).-interchange: \Ve try to shift customers on a panicular route to another route and exchange customers between two 

. different routes. For convenience, notation similar to the A-interchange mechanism of Osman [13] is used below. 1 

Three operators ( 1, -0), ( 1, l) and ( 1, . 2) were considered in our current implementation. The possible pairs of routes 
that we considered are all restricted to the routes within a route neighborhood. For customer ion router, other routes 
in R(i, ~) are searched right and left alternatively with respect to r in accordance of the cyclic route list LR defined 
by Liu and Shen [ 11 ]; we make the shift or exchange when a feasible improvement is first encountered. Accordingly, 
operator ( 1, 0) represents the shift of customer i from a route under consideration to another route in R(i, ~). Opera
tor ( 1; l) me.ans the exchange of customer i with a customer on another route in R( i, ~). For the operator ( 1, 2), we 
now only consider the exchange of customer i with the two consecutive customers on another route in R(i, ~). We 
remark that if a customer is reassigned to another route. its corresponding RRl is updated accordingly. 
J:-opt*: Considering a link (i 1,j1) ·on a route and a link (i2,j2) on another route in R(i1, ~), we replace them by two 
new links (i1,h) and (i2,j1) if this feasible reconnection can result in a shorter distance. However, if the correspond· 
ing two routes can be feasibly merged into a single route by linking the last customer on one route and the first cus
tomer on the other route. we combine them immediately before checking the possible savings due to the reconnec
tion of links. 
• modules with perturbation: 
1-intraslz(fr-perrurbation: Considering an arbitrary route like (0, ... , i,j. k, .. . , m, n, .. . , 0), we reinsert customer j into 
a feasible link (m, n) if the following condition is satisfied: (d;• +d"'J +dp,) $ (1 + pcont)x(diJ +di" +d_), where 

pcont is a nonnegative perturbation parameter. The parameter pcont will be gradually reduced by a quantity of pdelta 

549 



per iteration until it becomes a negative number. For each route, the number of shifts per iteration is restricted by a 
specified parameter maxshift. Moreover, we do not allow customer j to be reinsened back into link (i, k) at the 
current iteration. 
'(J, OJ-perturbation: Considering an arbitrary route like (0, ... , i,j, k, ... , 0), we shift customer} into a feasible link (p, 

q) of another route in R(i, ;) if (d;t + d Pi + d Jq) S (1 + pcont) x (d iJ + d Jk + d P'I). 

(1, ])-perturbation: Considering one route (0, ... , i,j, k, ... , 0) and another route (0, ... , p, s, q, .. . , 0) in R(i, ;). we 
make an exchange of customer} with customers if (du+ d 1k + d Pi+ d 1q) S (1 + pcont) x (diJ + d 1;. + d PJ + d 1q ). 
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The framwork of RNETS by Liu and Shen 

An O\'erview of the ER~ETS Heuristic 
The enhanced R.NETS (ERNETS) metaheuristic for YRPTWB is first summarized below before going to the details. 
Some notation denoting the set of parameters used in ERNETS will be defined later in-the appropriation sections: 
Stage I: 
Step l. Specify the parameters and rules:(~. w1• wdelta. end-effect threshold, local improvement rule, pcont,pdelta, 

maxsh{fr. exchiter. exchcont). 
Step 2. (INITIALIZATION): Construct route neighborhoods similar to Liu and Shen [ 11]. 
Step 3. (PARALLEL CONSTRUCTION): Apply parallel route construction method until no feasible routes can be found. 

During the route construction phase, if the specified local improvement rule is satisfied, perform the em
bedded local improvement procedure (LOCAL IMPROVEMENT). 

Step 4. If all customers have been routed, go to Step 7. Otherwise. if both condition 1 and condition 2 are not satis
fied. then go to Step 5. else go to Step 6_ 

Step 5. (PARALLEL REINITIALIZATION): Eliminate routes, estimate a lower bound and construct an associated set of 
partial routes. If the lower bound is larger than the difference between the best solution among previous 
runs and the existing number of vehicles used in the current run, it will be reset to the corresponding value 
of difference. Go to Step 3. 

Step 6. ·(ESD-EFFECT HANDLING): Apply the end-effect handling procedure on each unrouted customer. 
Step 7. (ROL'TE IMPR0VB1ENT PHASE): Apply the perturbation improvement procedureon the current complete 

solution. Update the best solution record using the following criteria: (i) number of routes, (ii) total distance, 
and (iii) total waiting time. If all settings have been executed, go to Step 8, otherwise, go to Step 2. 
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Stage II: 
Step 8. Set the number of vehicles required to one smaller than the minimal number of routes obtained fyom Stage 

I if the number of vehicles required > 1. 
Step 9. Similar to Step I to Step 7, slight variations will be emphasized below. 

Details of the ERNETS Heuristic 
This section focuses on the description of operations in Stage I due to the similarities of both .. §tages. The differences 
between Stages I and II will be emphasized along the following descriptions. In the first stage. we initially conduct 

· the steps for constructing route neighborhoods similar to Liu and Shen [ 11]. We then try to insert unrouted custom
ers into the current set of partial routes by using the following selection criterion. Linehaul and backhaul customers 
are considered simultaneously. For an unrouted linehaul or back.haul customer, say k, let (i. J) be a link on an arbi
trary route in R(k, ;). The cost for inserting customer k into a feasible link (i, j) is measured as follows: (1) Spatial 
cost d;kJ = d;k + dkJ - diJ; (2) Temporal cost t;kJ = 11· - r1, where t1 and r/ are the arrival time of j before and after k is 
inserted; (3) Insertion cost C;kJ = Wt x_ d;kl + w2 x l;kJ, where Wt + w::? = 1, wt ~ 0, w2~ 0. 
_Let ct(P) denote the minimal insertion cost for inserting k into the best link on route pin R(k, ;). If no feasible 

insertitin locations .on route p can be found for customer k, a. large penalty cost is set to c1c (p). In our method. the 

regret cost for customer k is defined -as 1{ct(P)-c1c(P1c)}, where Pt= argmin{c1c(P): for pin R(k,.;)}. A customer to be 
pER(k ,,: ) 

selected for insertion is the one with the largest regret cost. 
We repeat the above selection and insertion steps until no feasible insertion place with resp.ect to the current set of 
routes can be found or all customers have been routed. A local improvement procedure is invoked after a certain 
number of customers have been inserted. The criterion for deciding when to perform the local improvement proce
dure is called "local improvement rule (LIR)" by Liu and Shen [ 11]. This embedded local improvement procedure 
consisting of A-interchange, 1-intrashifi described earlier is applied once on the current partial solution if a prespeci-
fied PR is satisfied. Note that whenever this embedded procedure is invoked. operator ( 1, 0) is allowed to remove a 
route away in Stage I but not for Stage II. In Stage I. if there are unrouted customers who can not be serviced by 

. using current routes, condition 1 or condition 2 mentioned earlier is examined to decide that either action (I) or ac
tion (II) should be taken. However, we always take action (11) in Stage II. 
Action (/J: 
If neither condition 1 nor condition 2 is satisfied, we repeatedly perform the following procedure and the selection 
and insertion steps stated above until condition 1 or condition 2 is satisfied or all customers have been routed. In
stead of adding a route gradually, we try to estimate again a lower bound to the number of vehicles required for the 
unrouted customers because of a bener performance in using parallel route construction method. Let u1 v,t and Uaveb 

denote respectively the averaged linehaul and backhaul utilization rates for the routes constructed in the (k-1 )1
h repe

tition._ For the kth repetition (of the current run). we first eliminate routes constructed in the (k-It repetition with 
linehaul and backhau utilization rates both lower than um 1 and ua,cb · Then a lower bound to the number of vehicles 
required for those deleted customers and the originally unrouted customers is estimated again by using the lower 
bound estimation procedure stated below. 
Let Uma.r/ and U,,,a.rh represent respectively the maximum linehaul and backhaul utilization rates among all the routes 
constructed so far. To obtain a tight lower bound, estimation using the vehicle capacity information is now changing 
to select the larger number oL {total unrouted linehaul demands /(Umax/ x Q), total unrouted backhaul demands 
/(Uma.rh x Q)}. However, this estimation may result in overestimating a lower bound. Thus, two operations 
MVland MV2 described below are also used to enhance the values of U""u' and Unia.rb before computing the lower 
bound. 
One-move insertion (MVl ): For an unrouted customer i, we try to move a customer j on a route pin R(i, ;) to a 
route p in R(i. !;). If i and) can be · feasibly inserted into routes p and p', respectively, the operation is performed 
immediately without considering ~'he insertion cost. 
Two-move insertion (MV2): For an unrouted customer, say i, we try to move a customer j on a route pin R(i, ;) to a 
route pin R(i, ;) and move a customer k on the route p to a route if' in R(k, ~). If i.j, and k can be feasibly inserted 
into routes p, p'. and p'. respectively, we carry out the insertions regardless of the insertion cost. 
Note that we do not allow this value greater than the difference between the number of routes existed in the current 
run and the least number of vehicles of the best solution obtained from previous runs. That is, the lower bound will 
be reset to the corresponding value of difference if the number of vehicles now required is larger than th_at of the best 
solution. 
Action (II): 
If either condition ( l) or (2) is satisfied, a specially designed procedure, end-effect-handling, is applied on those un· 
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routed customers. The primary concern for applying a sophisticated procedure on few remaining unrouted customers 
is in an attempt to prevent the consnuction of a set of new routes and to service these customers by using the current 
set of routes as possible as we can. 
The end-effect-handling procedure repeatedly performs the following two steps. The first step is to use existing 
routes to service these remaining unrouted customers by ·exploring the feasible insertion place in a more sophisti
cated manner. If there still have unrouted customers left after performing the first step, we then construct a new route 
by connecting the central depot to a new seed node that is the farthest node to the depot among the unrouted cus
tomers. In contrast to the effort spent for the customers that have been routed, finding feasible positions to accom
modate these unrouted customers tends to result in higher computational effort. We first introduce a designed outer 
loop for the first step as follows. 
Swap of routed and unroured customers: For an arbitrary unrouted customer, say i, we examine whether a customer j 
on a route in R(i, ~) can be feasibly substituted by customer i. If feasibility is maintained, j becomes an unrouted 
customer and i is inserted into the orig4nal place ofj. To prevent the swap of i and} too often, the exchange of i and} 
will not be reconsidered except that either i or j has been made the exchange of exchcont times with other customers. 
We use exchiter to denote the number of iterations for this procedure to be performed. 
The complete end-effect-handling procedure and the operations for the improvement phase are omitted here. Nota
tion pcontiter represents the number of iterations for resetting the initial value of perturbation parameter pcont: we 
enlarge this .parameter to allow a much worse solution to be reachable in order that feasible positions might possibly 
be found. Once all customers have been routed, a route improvement phase is invoked. 

COMPUTATIONAL RESULTS 
To evaluate the performance of our heuristic. we have programmed the heuristics in Fortran-90 and run on a Pen
tium-II 233 personal computer. Benchmark problems for YRPTWB, YRPB and YRPTW taken from the literature 
were tested. According to the different method in generating the giant route for constructing route neighborhoods. 
three versions of our heuristic are implemented: sweep method (SW) [8]. nearest neighbor (NN) and spacefilling 
curve method (SPF) [2). Regardless of the initial setting of:; for a single run, all results reported below were com
puted by resetting; to a very large number when entering the "end-effect-handling" procedure. Moreover, the con
struction of route neighborhoods is now using the counter-clockwise assignment in determining RRls and operating 
route neighborhoods in a maximal search way. As suggested by Liu and Shen [ 11 ], the local improvement rules that 
we used were in a form of min [.1x \', ~x (n- v)], where I and ~ are given parameters. and vis the number of routes 
constructed so far in a single run. The following parameters were used throughout the computations: pcont ~ 0.5; 
pdelta ~ 0.1: maxshift ~ 5; exchcont ~ 5: exchirer ~ 10. 
Description of the Problem Sets for VRPTWB 
For VRPTWB. all test problems can be found in Thangiah et al [ I 9]. Data sets with 100-customers were derived 
from problems Rl0l to Rl05 in Solomon's test set [17] by randomly selecting 10. 30 and 50% ofbackhaul custom
ers in each problem. In addition, problems consisting of 250 and 500 customers were also created from Solomon's 
Rl and RCl data sets. There are four data sets. R1Do250. R1Up250, RC1Do250 and RC1Up250, consisting of250 
customers and four data sets, R l Do 500. R l Up500, RC l D0500 and RC 1 Up500. consisting of 500 customers. 
RI Up500 and R1Do500 was created by selecting the first 50 and the last 50 customers from the first 10 problems in 
the RI data set. respectively. Problems with the prefix RCI were taken from the RCl data set in a similar way. For 
YRPB, we solved 30 problems with a total number of customers ranging from 21 to I 00 . . These problems con
structed by Toth and Vigo [20] derived from classical vehicle routing problems. For YRPTW, Solomon's data sets 
[ 17] are used . 

. Results for the VRPTWB 
Due to space limitation, only Table 1 is reponed here. Table 1 summarizes the results for 500-customer problem 
Rl D0500 using the SP. SPF and NN Version of ER."t\JETS by setting the radius of route neighborhoods~ = oo and the 
number of iterations for resening the domain of perturbation constants Pcomirer ·= l. It can be found that substantial 
improvement had been achieved. 

CONCLUSION 
In the research, we have developed heuristics for solving the VRPTWB by modifying the heuristics for VRPTW 
proposed by Liu and Shen [ 11 ]. The major modifications are summarized below. ( l) Information obtained from pre
vious runs was used in guiding the operation mechanism whether to trigger the end-effect-handling procedure. (2) 
We restrict that the number of routes to be generated in a certain parallel construction run can not be larger than the 
difference between the current set of routes and the best known solution obtained so far. (3) For Stage II, we always 
invoke the end-effect-handling procedure after the first parallel construction run. ( 4) An iterative scheme for hybrid 
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improvement procedures including pure improvement and perturbation strategy were considered, and more compli. 
cated improvement modules were implemented. Extensive computations were given on several differe~t benchmark 
problem sets including VRPTWB, VRPB, VRPTW, and VRP. Generally speaking, the results highly demonstrate 
the efficiency and effectiveness of our heuristics. · 

Table 1. Results for 500-customer Problems with c = 00 and Pcontiter = 1 
Prob. %SH SW NN SPF Thansiah ct al. Comearison 

Vch. Dist. Ceu Vch. Dist. Ceu Vch. Dist. Ceu Vch. Dist. Ceu Vch. 

RlDoSOO 10 62 7114 305 61 7182 274 64 7074 282 67 7620 3355 +6 

30 · 63 7629 181 64 7776 158 64 7599 151 69 8020 5461 +6 

so 66 7743 193 65 7547 202 66 7531 282 76 8377 3515 ~ 11 

R1Up500 10 59 7197 203 59 6959 272 59 7027 194 64 7267 4201 +5 

30 63 7584 148 62 7497 158 62 7658 166 73 7927 747 ~ 11 

so 64 7521 174 62 7715 166 63 7581 173 68 8044 5490 +6 

RC1Do500 10 56 6863 173 55 6948 167 55 6910 175 61 7099 3821 +6 

30 58 7418 tj2 58 7622 148 58 7473 159 63 7707 4334 +5 

so 59 7368 133 60 7568 126 60 7257 146 65 7772 4322 +6 

RC1Up500 10 59 7041 161 58 7109 179 58 6859 188 63 7209 3228 +S 

30 61 7409 138 61 7331 145 62 7515 137 63 7967 5039 +2 

50 62 7277 144 62 7458 119 63 7318 136 67 8135 4980 Ts 
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ABSTRACT 
A simplified solution algorithm for the deterministic multi-period model has been explored. Through the Karush
Kuhn-Tucker conditions for the multi-period model. we use the propeny that for any equipment type j where _ 
capacity is added, the capital cost plus the marginal operating savings is equal to the -dual variable. The net present 
value must equal the capital cost for an investment. 

INTRODUCTION 
There are many factors that affect the demand for electricity. They include a growing population with expanded 
expectations of comfort and convenience, economic growth, and new industrial and commercial uses for electricity. 
Other factors are slowing population growth, business activity shifting from manufacturing to services with energy• 
intensive industries on the decline. Moreover, a big technical breakthrough - such as super-conductivity - could 
substantially decrease the loss of the transmission of electricity. The electric utility industry plays an important part 
in energy markets as both a producer and consumer of energy. Electricity has become so important largely because 
of its versatility, from heating and cooling our homes to running the machinery upon which our industrial society is 
ba:;ed. It can be transported over long distances almost instantly and can be controlled to varying temperatures. 
powering an array of machines and appliances. 

Moreover. it is a clean energy source at the point of use. It is usable energy that can be produced from a variety of 
sources - coal. oil, gas, hydro. uranium, geothermal. solar. etc. Today. about one-third of our energy is converted into 
electricity before it is used. By the end of this century, almost half of energy consumption in U.S. is expected to be in the 
form of electricity. Electric utilities are one of the most capital-intensive industries. Also, there are long consnuction 
lead times for adding new capacity. The purpose of electrical system generation planning is to design the generation 
system for meeting demand. The requirements are that the total costs ( investment and operation) must be kept as low as 
possible while the risk (i .e. the mathematical expectation of annual failure hours) does not exceed a given yearly value. 
For capacity planning. a panicular Loss of Load Probability (usually one day in 10 years) is set as the criterion for system 
~~liability. 

Over the past two decades a considerable literature on electric utility generation planning has developed. There have 
been two streams in the literature. The first has focused on generation planning for a single utility where one is interested 
in using the model for determining the kinds and numbers of plants to build. The other has focused on using simplified 
optimiz.ation models on generation planning to simulate _generation planning for aggregations of utilities in policy models 
used in national models of energy use. 

DETERMI:'JISTIC SINGLE-PERIOD MODEL 
In this section we describe the algorithm for solving the single period planning problem. This new algorithm is simpler 
and more efficient than other algorithms for this problem. notably the one formerly used in IFFS. The algorithm also has 
the potential for functioning as a subroutine in solving more complex planning models, as we have done in following 
sections. 

Optimizing over a single period. rather than using a multi-period model does not take into account that plant economics 
change over time with changing levels of demand and fuel prices. One can. however, make adjustments in special cases. 

THE ALGORITHM 
The Phase I Algorithm 
1) set the initial trial solution as Yn = f (0) ( 1 + r), Yi = 0, j = 1, 2 •... , n - 1. 
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2) set i = n - 1. 
3) for i, taking the current trial solution with plant types i + 1, ... , n, test loading [B, / hi] (Bi - the vertical break even 
points; hi - the capacity size of one plant of type i) or [B1 / hi] + 1 units of plant type i in place of plants ( of type i "T" 1 •.... 
n) currently in the solution. 
4) if i = I then stop. Otherwise, set i = i-1 and return to step 3. 

Phase II - Solution with All Existing Capacity Used 
l) set i = n - 1, set Yn = Bn = ft0)(l + r), set Bo= 0, ho= 1. 
2) set Yi= min (B., [(yi+1 - Ei+1) / hi] hi) 
[in the continuous case set Yi= min (Bi, Yi+1 - fat-1)] 
3) if Yi < B, then increase Yi until Yi = yt where yt minimizes the total cost presuming there is neither existing nor new 
capacity for plant types 1 through i - 1 . . 
4) if i = 0 then stop. Otherwise decrease i to i - 1 and return to step 2. 

Phase III - Retirement 
Begin with the continuous case. 
1) find the plant type with the highest index that adds new capacity. That is, set j = max { m I Xm > Em}. 
2) start at plant type n - 1, set k = n - 1. 
3) find the highest plant type index where some capacity is used, set i = max { m I Xm > O}. 
4) find the lowest plant type index above k where some new capacity has been added. set p = min { m I Xm > Em and m > 
k}. If the set is empty. set p = i. 
5) increase Xk and decrease Xp by the same amount until either: 
a. costs increase. in which case go to step 6. 
b . Xr = Ep (i.e., there is no more new capacity), and go to step 4. 
c. Xp = 0 (i.e .. all capacity of type pis retired), go to step 3. 

6) set k = k - I and ifk ~j go to step 3. 

In the discrete case step 1 changes as follows: 
I') setj = 1. 

Also. since Xk must increase in increments of hk, step 5 is altered to ensure that h~ of capacity is removed before doing the 
cost comparison. 

This algorithm has been implemented in the IFFS capacity expansion model at the Department of Energy. The algorithm 
also has the potential for functioning as a subroutine in solving more complex planning models. While the model has n 
variables it has a clear two dimensional geometric representation for understanding its propenies. developing an · 
algorithm and interpreting the optimal solution. One of the aspects of this ·model is that the nature of the primal and dual 
solutions can be characterized graphically. Let us consider three types of plants. For purposes of illustration assume that 
no existing capacity exists for plant types l and 3 and the existing amount of capacity 2 exceeds the amount that would be 
acquired if there were no existing capacity. The solution is given by x1, x:, and x3. Examining the final solution on the 
load duration curve, project up to the breakeven chart the capacity factors at the boundaries x1 and x,+x2• We can draw 
the straight line through these two points. Note that since the ·operating costs are the same for existing and new capacity, 

. the slope of the line is the same as the slope of the corresponding total cost line in the break-even chart for the same 
equipment type. The height of this new line. Kc. on the vertical axis represents the value of the existing capacity. Note 
that this height, Ke. decreases as the existing capacity increases. 

Note that the effect of introducing existing capacity is to spread the boundaries of the plant-type of interest. increasing the 
boundary points for plants above and lowering the boundary points for plants below. If there are several plant-types with 
excess.existing capacity. there is a cascading effect: increasing the lower boundary for plant type i raises the boundary 
between i and i TI. When starting at the top of the load duration curve and successively introducing existing capacity, 
the boundaries of the plant-types that have been previously added are monotonically non-decreasing in these intermediate 
solutions. (The lower boundary of the plant type where the existing capacity is added may decrease below the break-even 
point.) This propeny of"pushing up" the boundary for plant i +I, ... , n leads to a simple solution algorithm. 
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DETERMINISTIC MULTI-PERIOD MODEL 

Jolrnductioo 
The load duration curve may be interpreted as the minimum amount of capacity used for the given number of hours, that 
is at least q units of capacity were used for h hours. Alternatively, one can say that the qth unit of capacity was used for h 
hours. The resulting function is monotonically decreasing in h. We let fi(b) be the function that defines the load duration 
curve and f 1 t() be the inverse function of fi(b ). Equipment types are characterized solely in tenns of type. and 
deterministic costs. 

MatberoaticaJ f 0cro 11Jatioo 
We assume that there are n equipment types with the capital cost for one unit of capacity of type j in period t given _by KJ1 

and the life of the equipment is Lj. The amount of existing capacity of type j in period tis denoted by E1,. Capital costs of 
existing units are treated as sunk costs and are not included. The operating cost of meeting 1 kw of load for b hours in 
year. t is bg1,. We assume constant marginal costs to simplify the discussion. Define the decision variables Xj, to be the 
total amount of capacity of plant type j used and Yi• to be the amount of capacity of type j added in period t. 

The first term in the objective function is the capital cost and the second is the operating cost. The integral in the second 
term defines the horizontal slice of the load duration curve covered by each equipment type. The first constraint requires 
that enough capacity be operated to meet peak demand and a reserve margin. The second coristraint ensures that the level 
of operation does not exceed capacity. We assume that g1, increases monotonically in j. We do this solely to simplify 
notation. The alternative would be to replace the indexj by a permutation function P,(j) in the second term of the 
objective function. 

PROPERTIES OF THE MODEL 

Ibe Karnsb-Kubo-Iuckec C0odifioos 
Note that because of the monotonicity of the g's. the optimal solution is binding for x1, if x1.1.1 > 0. There is another 
property that follows in part from the monotonicity of the g's. 

Property I: We can change the inequalities in the constraints to equalities without affecting the solution. 

To see this. note that in the objective function the inverse load duration curve takes on the value O for z > f(O). Thus, 
operating costs are not affected by requiring the constraints to be an equality and the revised solution is feasible in the 

. capacity constraints. 

Taking into account property L the Karush-Kuhn-Tucker conditions for the multi-period model are the complementary 
slackness conditions and note that if y11 > 0. then the second constraint is binding and the third constraint is an equality. 
This is nothing more than a statement that the net present value must equal the capital cost for an investment. The 
complementary slackness condition is that aj, = 0 if the second constraint is not binding. 

n 

µr = ~ gkt [f\(X1r+ ... + Xk1) - f 11(X1,+ ... + Xk-1.1)] 
k=j+I 

+ g1r f
1
r(x,,-... - XJ1) + a1r 

when the firs_t constraint is binding for j and t. Note that the change in the range of summation results from 
f'r(x11+ ... +Xn1) = 0. For period T. the forth constraint has the following interpretation. For any equipment type j where 
capacity is added. the capital cost plus the marginal operating savings is equal to the dual variable. If j = n, then µr = Knr, 
For periods t < T the interpretation is the same except that the capital cost in period tis reduced by the value of that 

capital in subsequent periods. Note that if the first constraint is not binding and µr = 0, then the capital costs equal the 
operating savings. 
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The algorithm we present is a specializ.ation of the reduced gradient algorithm. The important features of the procedure 
are how we decide on the basic variables and how we choose a variable to enter into the solution. Because of the 
structure of the model, we can construct directly the dual variables that correSyOnd to the current nial solution. This 
means that we do not have to calculate explicitly the inverse of the basis when calculating reduced costs. 

THE SOLUTION ALGORITHM 
For the initial nial solution to the primal problem we now show how to construct an initial feasible basis from a staning 
trial solution and calculate the dual variables. 

Caostmctiog a Basis 
1. Let the xJ, be basic in the rows and remove these rows from the submatrix. 
2. For all rows that are not binding sel~t the slack variable as basic and remove these rows from the submatrix. 
3. Fort= T, ... l. select a Yjk > 0 with the added property that the coefficients of yjk = I in period t and are O for periods 
prior to t in the rows that remain. If there are no such y's, choose the slack as basic. 

The last step needs further explanation. It is possible to build capacity in period t that is not used until period t + I if the 
K's are increasing. Thus, the constraint for period t may not be binding and the capacity built in period t may be 
associated with the constraint in period t + 1. If ft(O) = ft+1(0) and capacity is added prior to the year it is used, ope can 
have a degen_eracy, in which case we choose the slack as basic. 

CaJrnJatino the D•saJ Variables 
We now show how to calculate the dual variables. eliminating any need to invert a matrix: 
I. For the j with YiT basic, set a jT = KjT• If the slack is basic. set a jT = 0. 
2. Calculate µTusing : 

n-1 
µT = r (gkT - g1;+1.T) f 1T (X1rr .. . +XkT) + a jT• 

k=j 

3. For all other j , using the second constraint as an equality. calculate a jT• 

Fort= T-1... .. 1: 

4. IfyJt is basic. for j set 

Calculate µ, and the remaining a J1• 

T 
UJt = K JI - I Ujl.., 

k=tTl 

5. If the slack is basic, set µ1 = 0 and calculate Uj1 using the second constraint. 

A JTniqneoess Pc0pecty 
The solution to the problem is unique. Knowing that the solution is unique allows us to test for convergence on the 
. primal solution along with the dual. 

Proposition I. Assume that the sixth constraint below does not hold for z = 8760 hrs. then the solution to the first 
constraint is unique. 

Proof: Since the proof is simple we only outline it here. First note that since this is a convex program, all solutions form 
a convex set for a subset of y's that are connected by the tracing step described above. Note that ft is continuous for z '< 
8760. where 8760 is the number of hours in the year, ruling out multiple optima in this region. In the case where z = 
8760 the assumption guarantees uniqueness since the sixth constraint cannot hold. 
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ABSTRACT 
Three methods are currently used to model residential energy consumption at the national level: the engineering 
method (EM), the conditional demand analysis (CDA) method. and the neural network (NN) method. While the use 
of the first two methods has been established over the past decade for residential energy modeling. the use of NN 
method is still in the development and verification phase. 

The EM involves developing a housing database representative of the national housing stock and estimating the 
energy consumption of the dwellings in the database using a building energy simulation program. CDA is a 
regression-based method in which the regression attributes consumption to end-uses on the basis of the total 
household energy consumption. The NN method models the residential energy consumption as a neural network, 
which is ari information-processing model inspired by the way the densely interconnected, parallel structure of the 
brain processes information. In this paper, the three methods are briefly described and a comparative assessment of 
the three methods is presented. 

INTRODUCTION 
Improving the end-use energy efficiency is one of the most effective ways to reduce energy consumption in the 
residential sector and associated pollutant emissions. To identify strategies that would improve the energy efficiency 
in the residential sector in an economically and environmentally feasible manner. a large numb_er of scenarios need 
to be considered. Such scenarios include improving envelope characteristics, replacing existing standard efficiency 
heating equipment, household appliances and lighting with higher efficiency units. and switching to less carbon
intensive fuels for space and domestic hot water heating. Energy efficiency improvements have complex interrelated 
effects on the end-use energy consumption of houses and the associated pollutant emissions. For example, 
improving the efficiency of lighting reduces the heat gain from lights, increasing the space heating energy 
consumption. Owing to such interrelations. detailed computer models are necessary to evaluate the effect of various 
energy efficiency improvement scenarios on residential end-use energy consumption and associated emissions. Such 
models would help policy makers and analysts to evaluate the impact of a wide range of energy efficiency measures 
and strategies on the energy consumption and emissions in the residential sector. 

Recently. two methods have been commonly used to model residential end-use energy consumption: the engineering 
method (EM) and the conditional demand analysis (CDA) method. The EM involves developing a housing database 
representative of the national housing stock and estimating the energy consumption of the houses in the database 
using a building simulation program [ l-3]. Thus. this approach requires a database representative of the housing 
stock with detailed house description data. Some of the difficulties associated with the use of the EM based models 
are the inclusion of consumer behavior and other socioeconomic variables that have a significant effect on the 
residential energy use. as well as the extensive data and expertise required to develop and use such models. The 
most important advantage of the EM based models is their capability to evaluate a wide range of energy efficiency 
upgrade scenarios. 

CDA. on the other hand. is a regression-based method in which the regression attributes consumption to end-uses on 
the basis of the total household energy consumption [ 4-7). Since CDA does not involve modeling of the energy 
consumption of each house, it does not require as detailed data on the characteristics of the houses as the EM does. 
However. its results are sometimes unreliable due to multicollinearity problems that make it difficult to isolate the 
energy use of the highly saturated appliances. such as the space heating equipment and the refrigerator. Also, the 
model requires data from several thousand households due to the large number of independent variables needed in 
the regression equations. Unlike the EM based models however, the CDA models do not have the flexibility of 
evaluating a wide range of energy efficiency upgrade scenarios. but they can handle socioeconomic factors if they 
are included in the model formulation. 
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A Neural Network (NN), also commonly referred to as Artificial Neural Network (ANN), is an infonnation. 
· processing model inspired by the way the densely interconnected, parallel structure of the brain processes 

information. In other words, NNs are simplified mathematical models of biological neural networks. The kev 
element of the NN is the novel structure of the information processing system. It is composed of a large number ~f 
highly interconnected processing elements that are analogous to neurons, and tied together with weighted 
connections that are analogous to synapses. NNs are capable of finding internal representations of interrelations 
within raw data. NN are considered to be intuitive because they learn by example rather than by following 
programmed rules. The ability to learn is one of the key aspects ofNNs [8]. This typical characteristic, together with 
the simplicity of building and training NNs, encouraged their application to the task of prediction. Because of their 
inherent non-linearity, NNs are able to identify the complex interactions between independent variables without the 
need for complex functional models to describe the relationships between dependent and independent variables; In 
the area of energy modeling, the application of NN has, until recently, been mainly limited to utility load 
forecasting, predicting the energy consumption of individual buildings, and the energy savings from building 
retrofits [9-11 ]. Currently, a NN based energy consumption model is being developed for the Canadian residential 
sedor. So far, . the appliances, lighting and space cooling (ALC) component of the model is completed. The 
methodology used in developing .the NN model and the accuracy of its predictions are discussed in this paper. Also, 
the EM and CDA models are briefly described and a comparative assessment of the three methods is presented. 

MODELING OF RESIDENTIAL ENERGY CONSUMPTION 

Engineering Method (EM) 
to model the energy consumption in the residential sector using the EM. a database of dwellings that is 
representative of the residential sector is needed. In a representative database, each dwelling represents a cenain 
number of dwellings in the residential sector, i.e. 

n 

NDRS= LMi (1) 
1=1 

where NDRS is the number of dwellings in the residential sector. M, is the multiplier for dwelling i in the database, 
and n is the number of dwellings in the database. 

Thus, if the annual energy consumption of each dwelling in the database can be estimated. the total annual energy 
consumption of the residential sector can be calculated from: 

n 

,AERS = LAED/di (2) 
/= 1 

where. AERS is the annual energy consumption by the residential sector. and AED, is the annual energy consumption 
of dwelling i. 

The EM involves the estim~tion of the annual energy consumption of each dwelling in the database using a building 
energy simulatipn program. and then extrapolating the energy consumption of the dwellings in the database to the 
entire residential sector using Eq. (2). Therefore. the available infonnation on each dwelling in the database must be . 
sufficiently detailed to develop an input data file to use it with a building energy simulation program. 

One of the most comprehensive EM based residential end-use energy consumption model is the Canadian 
Residential Energy End-use Model (CREEM) [1-3]: therefore. the use of the EM will be explained here with 
reference to CREEM. -

CREEM is~ ·versatile end-use energy model of the Canadian housing stock. It contains 8767 house files and it uses 
the HOT2000 building energy simulation program. developed specifically for hous~s, as its simulation engine ( 12]. 
It can evaluate the impact of all types of potential energy saving measures on the residential end-use energy 
consumption and the associ13.ted carbon dioxide emissions. To develop CREEM, data from the 1993 Survey of 
Household Energy Use (SHEU) (13] was used as the core of the model. SHEU contains detailed information on 
8767 houses that represent the Canadian housing stock. However. the infonnation in the SHEU .database was not 
sufficient to develop the input files for the HOT2000 program. Therefore. 16 house archetypes were developed 
using the data from other databases on the Canadian housing stock and minor contributions from other sources. The 
archetypes are. based on vintage (pre-1941, 1941- I 960, 1961-1977, 1978 and later) and regional location (Western 

561 



Canada, Prairies, Central Cana~ Atlantic Canada), and they provide typical house characteristics for each 
archetype house. The infonnation from the SHEU database was augmented with archetype descriptions. and a 
HOT2000 input file was developed for each one of the 8767 houses in the SHEU database. 

HOT2000 simulations were run using weather files for the location of each house. The weather files represent long 
term (~30 year) averages of weather data obtained by Environment Canada. Thus, the simulation results are 
estimates of the "typical" or "average" energy consumption that can be expected in an "average" year. 

Actual energy billing data obtained from fuel suppliers and utility companies for a complete year are available for 
2050 of the 8767 houses in the SHEU database. These billing data were used to verify the accuracy of the annual 
unit energy consumption (UEC) estimates obtained from the simulations of the 2050 house files. To do this. the 
UEC estimates were compared with the actual billing data, and some systemic errors in the input files were 
identified from these comparisons. After several cycles of simulation and input file improvement. an acceptable 
level of agreement was achieved between the actual billing data and the HOT2000 estimates. The refinements 
identified from the verification process were applied to the rest of the 8767 house files as necessary to improve the 
accuracy of the simulation results. Thus, the refined 8767 HOT2000 house files that are representative of the 
Canadian housing stock constitute CREEM. 

The impa~t of any energy saving measure can be estimated by modifying the 8767 input files to reflect the measure. 
and conducting a HOT2000 simulation on CREEM. The difference in the energy consumption of the houses in their 
original stat_e and with the modifications reflects the energy savings potential of the measure. · 

Conditional Demand Analvsis Method 
Four kinds of data are generally used to develop a CDA model: household energy consumption, generally in the 
form of billing records; information on the household appliance holdings and economic/demographic features, 
obtained from appliance saturation surveys; weather data; and information on market conditions (e.g. energy prices). 
The CDA method is based on the premise that the energy consumption of any household can be expressed as a 
summation of the energy consumed by each one of the appliances present in the household (here the term 
"appliance" is used in the most general way, including the space and domestic hot water (DHW) heating as well as 
space cooling equipment). Thus, the energy consumption of a household is directly related with the appliance stock 
present in the dwelling. the specific features of these appliances, dwelling characteristics, utilization patterns of the 
appliances (such as thermostat settings on water/space heaters), and behavioral patterns relating to the use of 
appliances. The basic CDA model can therefore be represented in algebraic form as [14): 

m 

HECi, = I VECu,S;; 
J=I 

(3) 

where. HEC;1 is the end-use energy consumption by household i in period t. VECu, is the end-use energy 
consumption by appliance j in period t. S1,- is a binary indicator of household i's ownership of appliance j, and m is 
the number of types of appliances in household i 

To develop a CDA model. the data on household energy consumption (HEC;,) can be obtained from utility billing 
records and appliance stock (S;j} information can be obtained through an appliance saturation survey. 

The end-use energy consumption depends upon a variety of factors and this relationship can be fonnalized as: 

(4) 

where. AFu represent the features of household i's appliance j. STRUC; represent the relevant structural features of 
household i. UP,11 represents utilization patterns relating to appliance j. e,,1 is the random error term for the end-use. 

The effect of weather conditions ( WC11 ). market conditions (MC11), and household's economic and demographic 
characteristics (£DC;) on the end-u~e energy utilization pattern can be shown as: 

(5) 

Substituting Eq. 5 and Eq. 4 into Eq. 3. and noting that the individual error terms are additive within their respective 
UEC functions , the household energy consumption equation can be written as : 
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HECit = tFj(X)s;1 +e;1 

j:I 

I 

where,X=AFiJ,STRUC;, WC;,,MC;,,EDC;and e;1 = LeijSij 
J=I 

(6) 

The CDA model can be estimated statistically by standard multivariate regression analysis using data on household 
energy consumption, appliance saturation, and other variables given in Eq. 6. Once the CDA model is estimated 
statistically, it can be used to estimate the UEC of individual, as well as a designated group of households. In these 
cases, the time dependent variables like weather and market conditions are replaced by their average values for the 
period of estimation. Besides estimating the end-use energy consumption of households, CDA can be -used to 
estimate income and price elasticities, and the hourly load of major household appliances through the day [4, 5. 7]. 

In . most CDA models multicollinearity problem arises, which is caused by high correlation across appliance 
ownership dummy variables, limiting the capability of the regression to distinguish the impacts of these variables. 
Thus, the influence of some individual appliances on the total end-use energy consumption becomes difficult to 
separate. Mostly, appliances with high saturation cause multicollinearity problems. Moreover, it is not uncommon 
for CDA models to yield unrealistic negative ·appliance consumption estimates. because of the high degree of 
multicollinearity. The problem of multicollinearity is a gap between the information requirements of the model and 
the information provided by the sample data. The way to reduce this gap is to expand the information content of the 

.· data, reduce the requirements of the model, or both. Therefore, prior information in the form of da~a obtained from 
engineering estimates or direct metering of specific appliances is used to reduce the data requirements [7, 15] . 

. )"he overall fit of the CDA model depends on the model specification and data quality. In general, the multiple 
correlation coefficient (R:) values of these models range from 0.55 to 0.75. These values might seem low, but 
explaining the cross sectional behavior of individual households is a difficult process since energy consumption is 
affected by many other factors that cannot be readily identified or quantified (tastes. habits. special circumstances), 
and consequently. cannot be incorporated into the model. Similarly, it is not possible to incorporate all of the house 
characteristics (e.g. wall, roof, window, etc. areas, insulation values. infiltration. solar heat gains, climatic factors, 
etc. ) into the regression model due to the limitations in data availability. Thus. although it is theoretically possible to 
develop CDA models that would include parameters defining detailed house characteristics, this is difficult to 
accomplish in practice because of the prohibitively large data requirements to carry out the regression. 
Consequently. it is not possible to assess the impacts of energy conservation measures (such as increasing building 
envelope insulation and appliance efficiencies) us ing a CDA model. 

l\eural l\etwork Method 
A NN , also commonly referred to as an Artificial Neural Network (ANN), is an information-processing model 
inspired by the way the densely interconnected, parallel structure of the brain processes information. In other words, 
NNs are simplified mathematical models of biological neural networks. The key element of the NN is the novel 
structure of the information processing system. It is composed of a large number of highly interconnected processing 
elements that are analogous to neurons. and tied together with weighted connections that are analogous to synapses. 
NNs are capable of finding internal representations of interrelations within raw data. They are considered to be 
intuitive because they learn by example rather than by following programmed rules. This characteristic, together 
with the relative simplicity. of building and training NNs, encouraged their application to the task of prediction. 
Because of their inherent non-linearity. 1\'Ns are able to identify the complex interactions between independent 
variables without the need for complex functional models to describe the relationships between dependent and 
independent variables. · · 

A widely used NN architecture is the multi-layer perceptron (MLP). which consists of one input layer, one or more 
hidden layers and one output layer. Each layer employs several neurons and each .neuron in a layer is connected to 
the neurons in the adjacent layer with different weights. Signals flow into the input layer, pass through the hidden 
layer(s), and arrive at the output layer. With the exception of the input layer. each neuron receives signals from the 
neurons of the previous layer. The incoming signals are multiplied by, the weights and summed up with the bias 
contribution, i.e. 
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n 

netj = Lx;vij +bj (7) 
1=1 

where netj is the total input of the hidden layer neuron j, xi is the input to the hidden layer neuron j from input layer 
neuron i, vij is the weight between the input layer neuron i and hidden layer neuron j, bj is the bias value of the 
hidden layer neuron j, and n is the number of neurons in the input layer 

The output of a neuron is determined by applying an activation function to this summation with the bias 
contribution. Thus, the NN calculates its outputs using the calculation architecture defined by the structure of the 
network. the activation function used, and the inputs provided to it. If the computed outputs do not match the known 
(i.e., target) values, NN model is in error. Then a ponion of this error is propagated backward through the network. 
This error is used to adjust the weight and bias of each neuron throughout the network so the next iteration error will 
be less for the same units. The procedure is applied repetitively for each set of inputs until the total error is less than 
a specified level. At this point, the net remembers the patterns for which it was trained, and is able to recognize 
similar patterns in new sets of data. Once training is completed, using one of the several leaning algorithms 
available, predictions from a new set of data may be done using the already trained network. During the training 
process, the neural network develops the capability of recognizing different patterns and capturing relevant 
relationships in the new data set. In developing a NN model, the available data set is divided into two sets, one to be 
used for training of the network (70-80% of the data), and the rest for testing the performance. 

The l\TN that is being developed to model the end-use energy consumption in the Canadian housing stock consists of 
three separate networks: (i) domestic hot water (DHW) heating energy consumption network, (ii) space heating (SH) 
energy consumption network, (iii) appliance. lighting, and space cooling (ALC) energy consumption network. The 
input units of the networks describe the construction details and usage characteristics of the houses, the 

. specifications and usage of space heating and cooling equipment, appliances and lighting. the socioeconomic 
characteristics of the occupants, and the weather characteristics. 

The number and choice of input units will be different for each network. and the units will be selected based on the 
their contribution on the prediction performance of the end-use network. The actual energy consumption data for 
each house will be used as the output (target) unit of the net\vorks. Various network architectures, activation 
functions and scaling intervals will be tested to identify those that produce the best predictions. Once the overall NN 
model is complete. it will be used to predict the end-use energy consumption of all houses in the I 993 SHEU 
database. So far, only the ALC network is completed. 

The ALC nem:ork used a total of 55 input units . These were ownership of 40 appliances, number of hours of central 
air conditioner usage and number of hours of window air conditioner usage. heating and cooling degree days, 
number of incandescent. fluorescent. and halogen lamps, heated area. household income, dwelling type and 
ownership. size of area ofresidence. employed adult ratio. and number of children and adult. 

To determine the best network architecture. various scaling interval.s. hidden and output layer activation functions, 
learning algorithms. number of hidden layers. and number of units in the hidden layers were tested. From these tests, 
it was found that a NN model with the following characteristics provided the best predictions: 55 input, 27 hidden, 
one output units; three hidden layers each with nine neurons: trained with quickprop learning algorithm; logistic and 
identity functions as the hidden and output layer activation functions, respectively; and all input and output units 
scaled to [-0.5 to 0.5] interval. 

COMPARISO~ OF THE THREE METHODS 
Although all three methods can be used to model residential energy consumption, each has different capabilities, 
advantages and disadvantages, and hence. they are useful for different purposes and uses. 

Among the three types of models. the EM based models provide the highest level of detail and flexibility. 
Consequently, EM based models require detailed data on the housing stock, and substantial engineering expertise is 
necessary to develop and use EM models. Because of the high level of detail and flexibility provided by EM models, 
they can be used to evaluate the impact of a wide range of scenarios for energy conservation on residential energy 
consumption and green house gas emissions: however. incorporating socioeconomic factors is difficult. 

Compared to the EM based models, the CDA based models are easier to develop and use, and do not require as 
detailed data. However, since these are regression-based models, the number of dwellings in the database needs to 
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be larger, and the models do not provide much detail and flexibility. As a result, they have limited capability to 
assess the impact of energy conservation scenarios. It is however possible to include socioeconomic parameters in 
the model if such data is available in the database. 

Based on the research and development work done on NN based models so far. it can be inferred that in terms of 
their data requirements, flexibility of assessing the impacts of a variety of energy conservation scenarios. and the 
ease of development and use, NN based models are somewhere in between the EN,i and CDA based models. 
However, to be able to make definitive conclusions on the feasibility of using NN method for residential energy 
modeling, further development and testing work is needed. 

To provide a limited view on the performance of the three models in predicting residential energy consumption. a 
comparison of the accuracy of their predictions are presented here based on the appliances, lighting and space 
cooling (ALC) energy consumption estimates. · 

The NN · method estimated an average ALC consumption of 9243 kWh/year for the houses in the testing data set, 
which actually had an average consumption of 9111 kWh/yr obtained from the billing data. The average ALC 
consumption ·estimated by the EM for the houses in the ·same data set was 9512 kWh/yr. Thus, it can be concluded 
that the EM over-estimated the· A.LC consumption compared to the NN method. The multiple correlation coefficient 
(R2

) obtained by the EM and NN models were 0.78, and 0.91, respectively. 

CONCLUSION 
Three methods for modeling of residential energy consumption were presented and compared. These are the 

· Engineering Method, Conditional Demand Analysis Method and the Neural Network Method. Each method was 
· found to be suitable for different applications, and has certain strengths and shortcomings. The estimates obtained by 
- the NN based model for the appliance, lights and space cooling energy consumption were more accurate than those 
, obtained by the EM based model. However, more development and testing work is required to make definitive 
conclusions regarding the comparative performance of the three methods. 
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Abstract 

In this paper, we formulate an optimal weight design (OWD) problem of the .double 

box culvert for a constrained allowable shearing stress of the sidewall, top wall and bot

tom wall by the slope-deflection method and solve it directly by keeping the constraints 

based on an improved genetic algorithm (GA). We discuss the efficency between the 

proposed method and the traditional method. 

Key words: box culvert, Genetic Algorithm 

1 Introduction 

To resist the earth load from the constraint above shifting load and water pressure. the box 

culvert utilizes the inner space. The applications for this box are numerous such a.s the alley way, 

the water channel and common ducts. 

Generally. the design requierment when constructing the box culvert is to use the civil engineering 

structure standard design [1: and relation guideline book [2]-[4]. 

First the design of the box culvert assumes the member subject thickness (top plating, side wall, 

baseplate). ~ext . we examine t he numerical value (requiered thickness + reinforcement protection) 

in which the member subject thickness is obtained from the calculation. 

The application of genetic algorithms (GA) (which uses the stochastic method) effectively solves 

the combinatorial problem making it a remarkable new tool for solving these kind of problems 

[5]-[6]. 
In this paper. we formulate an opt imal ~eight design (OWD) problem of the double box culvert 

for a constrained allowable shearing stress of sidewall, top wall and bottom wall by the slope

deflection method and solve it directly by keeping the constraints based on an improved genetic 

algorithm (GA). We discuss the efficency between the proposed method and the traditional method. 

2 Requirements for the double box culvert design. 

There are several loads which affect the box culvert . These are the perpendicular earth load Pv1 

by the soiL the live load on the culvert. the lateral earth pressure Phi , Ph2 from both sides in the 

culvert and the reaction force P,,2 from the g,Tound. as it is shown in fig. I. 

We apply the standard member subject method of the slope-deflection method to the rigid frame 

box calculation [3]. 
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Pvi: live load, hydraulic pre$ure. pavement 
earth load and dead weight of the bod)· 

hi P. Phi} , 
P. : lateral earth pressure from both sid~ 

Phi 
h2 

Phi Pu2 : reaction force from the ground 

h2 B h C /6(12) E and hydr~~ic · pressure 

Ho 
Ii, 12, /3, /4, Is, 16 , h : 

Ii ]4 second moment of inertia of sidewall, 

Bo Bo 
top plating, baseplate and partition 

A I D F 
Bo}· dimension of the central axis of mem Ho . 

Ph2 Ph2 

Pv2 
Fig. 1: The load for the design of the double box culvert 

2.1 The caiculation formula of the rigid frame box 

2. 1. 1 The calculation of the load term 

In Fig. 1, Load term on the member subject edge of the rigid frame box is shown in the follow· 

equation. 
H2 

C,4.s = CFE = _j)_(2Ph1 + 3Pn2) , 
60 

C - C - C - C - P,,i B2 
BC - CB - CE - EC - l2 o, 

2.1.2 Equivalent equation 

In Fig.l : relative stiffness(Kn) and stiffness ratio(kn) of member subject become the follo · 

equations. 
Ki = .!}_ . K 2 = l:!_ ' K 3 = ~' K" = .!!._' k1 = K 2 = h . Ho ' k2 = K 3 = h . Ho ' k3 = K 4 = ~ 

Ho · Bo Bo Ho K1 l1 • Bo K1 li·Bo K1 Ii 
In this frame structure, the unknown number in this rigid frame is 8 of BA , 8B , Be, 0v,,8E,8F1 

and R2 if the baseplate AD is made to be the datum level (0A-F : angle of.rotation joint, R1.1 

joint translation angle) . 

The moment in member subject edge of the rigid frame box of Fig. l is shown in the follow· 

. equation . 
Af,4,D = k2 (28,1. + (JD· - 3R1) ~ C,1.D , 

JWBc = k1(289.,.. 8c - 3R1) - C9c , 

McE = k1(28c-,- 8E - 3R2) + CcE , 

MAB= (28,4. + 89) - CAB , 

Mes= k1(28c + 8s - 3R1) + Ccs , 

MEc = k1(28E-,- 8c - 3R2) + CEc , 

MFD = k2(28F + 8D - 3R2) + CFD 

A·fa,1. = (28B + 8,1.) + Cs,4. 

McD = k3(28c + 8D) 

MEF = (28E + 8F) - CEF 

The moment equation of node moment M of each node by angle of rotation joint becomes 
following eq·uation . 
from MA.D + M,4.s = 0 : 

from .\faA. + M,°ac = 0 : 8,4. -,- 2(1 ~ k1)8s + + k18c - 3k1R = Csc - CBA 

from Mes+ McD + McE = 0 : k18s ~ 2(2k1 + k3)8c ~ k38D + k18E - 3k1R1 - 3k1R2 = CcE - Ccs 

from M EC + ME F = 0 : 

from MEF + MFD = 0 : k28D + 8£ + 2(1 + k2)8F - 3k2R2 = CFD - CFE 

from MoF -,- Moc.,.. M DA= 0 : k28,1. + k38c .,.. 2(k3 -r 2k2)8D + k28F - 3k2R1 - 3k2R2 = CoA - CoF 

2.1.3 The shear equation 

Here, the joint translation· angle Ron the perpendicular member subject is shown in the follovi 

equation (where, the asymmetrical trapezoid distributed loads on the sidewall division are Phi 
. Ph2 and Ph1 ' and Ph2 ') . 

567 



[ABCD] shear 

from - p + P"2Bo - P11,nBo + MAD+ MDA + Mac+ Mes = 0: 
2 2 Bo Bo 

1 { ai(P"2 - P"1) - 2PBo } 
k28,.,. + k18s + k18c + Jc.i9D -2(k1 + k2}R1 = - 3 2 

~ (CAD -CnA} - (Csc -Cea) = C1 (14 ) 

(CEFD] shear 

from P- P"2Bo + P11d1Bo - MFD + MnF - MEB + McE = 0 : 
2 2 Bo Bo 

LI k 1 { aicP111 - P"2) - 2PBo c )} c (l::;l k18c + kluD + 18E - k28F - 2(k1 + kl)R2 = - 3 2 
+ (CEc - CcE) - (CFD - DF = 2 v 

2.1.4 Simultaneous equations 
The following equation shows the arrangement mentioned above of the moment equation and 

shear equation, as sirpultaneous equations with five elements. 

2(1 + k2) 1 0 ~ 0 0 -3~ 0 8A CAB -CAD 
1 2(1 + k1) k1 0 0 0 -3k1 0 89 Csc -Cs,.,. 
0 k1 2(2k1 + lea) lea k1 0 -3k1 -3k1 8c CcE -Ccs 
0 0 k1 0 2(1 + k1) 1 0 -3k1 8n CEF -CEc (16) 
0 0 0 ~ 1 2(1 + kl} 0 -~ 8E CFD -CFE 

k2 0 k3 2(2k3 + ½) 0 ½ -3½ -3k2 8F Co,.,. -CnF 
lc2 lc1 k1 ½ 0 0 -2(k1 +lc2} 0 R1 C1 
0 0 k1 k2 k1 ½ 0 -2(k1 + k2) R2 C2 · 

2.1.5 The analysis of the rigid frame 
\Vhen the rigid frame box receive.s a symmertrical load, It become.s MAB = -MFE, MBA = 

-AJFE : Mcv = -Mvc = 0, 0A = -0F, Bs = -0E, R = R1 = R2 = 0, and we are left with the 
matrix as follows. 

[ 
2(1 ~ lc2) 2(1: k1) =~~ l [ :~ l = [ g:~ = g~~ l 

k2 k1 -2(k1-,- k2) R 0 
(17) 

The values of CAB··· CBA , a and {3 are obtained from eq.(1)-(4), and the matrix is solved, and 

0A and 0B are also obtained. By substituting this BA and 0B to eq.(5)-(8) : each edge moment 

lvl AB · · · MAD are calculated. 

2.2 The calculation formula of cross sectional load of member subject 

After we got the node moment (Mai, , Mba), we obtain the bending moment and the shear force 

from the uniformly distributed load(u'), the trapezoid distributed load(w1,u:2) and the node m~ 

ment, as shown in the following equations in 2.2.1/2.2.3. 

2.2.1 The case of the uniformly distributed load . 
The shear force of both nodes is w(t/m) 

S = ~ - Mab+ Mba S = - ~ · - Mab+ Mba Mab i~ I I l I I I 1 j M1,a 
ab 2 l ' ba 2 l ( - - - - - - - ) 

The bending moment and shear force of the given point is ~ x · b . 
tr·~ . _ l _ 

l\,fx = Sab · I - -
2
- + Nlab, Sx = Sa.b - W • X 

2.2.2 The case of the trapezoid distributed load 

The shear force of both nodes is 
s - 2w1 + tt.'2 z - A-fab + Mba 

ab - 6 . [ 

S __ W1 + 2Ul2 l _ Mab+ Mba 
ba - 6 l 

Fig. 2: uniformly distributed load 

a . b 
X 

The bending moment and shear force of the given point is 

W·X2 

A-fx = Sab · x - - 2- + Mab, Sx = Sa.b - w · x Fig. 3: trapezoid distributed load 
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2.2.3 The case of the node moment 

The shear force of both nodes is Mab 

Sab = S1,c = - Ma.,,; M1,c ( 

The bending moment and shear force of the given point is 

M: = Sa.6 ·x+Ma.b, S: = Sa.6 
Fig. 4:· the node momentum 

2.3 The calculation of the member subject. cross section 

2.3.1 The examination of the section thickness of the member subject 

The examination of the section thickness of the member subject is calculated in the follow' 

equation. 
n ·Uca 

m=----

{M. 
d = C1y-,;(cm}, 

. Ci= ✓"~ -m(~ -m/3) 

-r = ~(l:g/cm2} 
3·b·d 

\\'here, <lea is the allowable compressive unit stress of the concrete (kg / cm2 ), Uaa. is the ten 

stress of the permission of the reinforcement (kg/cm2 ), n is the ratio of concrete and Young modu 

of the reinforcement(generally it is made to be n=15), dis. the required and effective thickness of th 

member subject, M~ is the bending moment of the design considering axial force,S:shear force(kil 

bis width of the member subject(cm). 

2.3.2 The calculation of the required amount of steel reinforcement 

The calculation of the required amount of steel reinforcement is shown by the following equafo 

after the member subject thickness decision. 
C2 = ~ ·C1 . A.= C1 ·C2M• - ..!:!._ 

2u.0 · d O'•o 

Where,. N is the axial force of design cro~ section(kg) and dis the effective height of the thicknes 

of the assumption member subject. 

In the case ·a ca, u ~a are known, It is possible to know C1 , C2, k and j from· the standard des~ 

tablell]. 

3 An Optimal Weight Design Problem of the Double Box Ccl 

vert 

Let us cqnsider an O\VD problem of Double Box Culvert with a minimum weight as shown n 

Fig. I. We formulate the optimal design problem with a satisfied thickness of the member, allowabl 

stress, angle of rotation joint and joint translation angle with a minimized double box culvert weig~ 

W(A) . It is the following linear programming (LP) problem: 

min W(A) = -y,B { t,H;l; +A,} (II 

s. t. G1-4 a(ca ) 1 ~ bi, ( i = 1~ .. ' l 7) (~ 

Gs-s = a(.,a) i :::; bi, (i = 8,···, 14) (~' 

Gg-12 = -ri:::; bi, ( i = 15, · · · , 21) (~: 

G1J,14 Ki:::; bi, (i = 22, 23, 24) (Z 

Where W(A) is the weight .function, "tc is the specific weight of reinforced _-concrete, B is the Iii 
depth of the culvert , Hi are the thickness of side walls/ top plating/ baseplate. li are dimensi<l 

of the central axis of member, Ae is the area of the even corner(0.22 x 2), a(ca)i/<1(aa.)i are co~ 

·pressive/tensile stress of concrete Ti are the shear force of member subject. 0i are angle of rotati~ 

joints, Ki are stiffness ratio . 
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4 Representation and Evaluation Function 
Yokota et al. (7] reported an IGA to ·cope with such a problem. That is, for the constraint 

condition. the following measure is introduced: 

~ _ { 0; G, $ b" (i = 1 · · · n) (2fi) 
- (Gi - ~)/~, otherwise 

The m~ure ~ adopted here indicates how much the left-hand side of the expression correspond

ing to the constraint condition exceeds the right-hand sirle, and the evaluation function is defined 

as follows: 

eva!(V•l = W(A) ( 1 - ~ t, d,) (27) 

This IGA includes information about unfeasible chromosomes as near as possible to the feasible 

region in the evalu at-ion function. 

We can select the best chromosome with the following equation: 

v• = argmin{eval(Vk)} 
v .. 

mineval= min{ eval(Vi)} 

(28} 

(29) 

Where the "arg" of argmin is an abbreviation for argument and argmin mean~ that we adopt 

the chromosome whose evaluation returns the lowest value. 

5 Algorithm 
Th~ procedure for solving the OWD problem of double box culvert by genetic algorithms is 

proposed in this section . 

Step 1: Set population size 'f)Op_si::.E. cros.5over probability Pc, mutation probability Pm, maximum gener-
a~.ion mc.:rgen, initial generation gen=O, initial fitnes.5 value maxe-ual=O. 

Step 2: Generate initial population Vi (k = 1, ... , 'J>OP!ize) randomly 

Step 3: Caluculate each chromosome's fitness value eval(Vk) and set gene= gen+ 1. 

Step 4: If gen < maxgen, goto Step 5. If gen = maxgen, output maxeval and terminate. 

Step 5: Reproduce new chromosomes during arithmetic crossover and mutation process and perform Elitest 
Selection. 

step 6: Select. any one chromosome in the chromosome population, Calculate the fitness of the chromosome. 

Step 7: From equation (28) determine the best chromosome, calcul8:te the fitness, register them, and return 
to Step 3. 

6 Numerical Example 
In this paper, when we are given the design parameters , we discuss the optimal box culvert de

sign problem for minimizing the weight by finding the optimal thickness of the member by keeping 

within the allowable constraints of stress, angle of rotation joint, and joint translation angle as 
shown in Fig. l and Table 1. 

Table 1: The range of variable and coefficient values 

I Inner space cross section v.,idth x height: 6.0 x 3.35 (m) 
length of the central axis side wall:l 1,3 = 2.925(m) 
top plating:12,6 = 2.825(m) baseplate:14 = 2.825(m) 
specific weight of reinforced concrete:1c=2.5 (tf/m.i) unit depth of the culvert:B= l(m) 

I 
thickness of side waH:H1,5 =du+ 7 (cm) thickness of top plating:H2,6 = d2,6 +7 (cm) 
thickness of baseplate:Hu = d3.-+10 (cm) area of the even corner:.4.e= (2C>2 x 2) (cm2 ) 

allowable stress compressive stress of concrete:b1 _ 4=70(kgf/cm.~) 
tensile stress of reinforcement:b5 _ 8 = 1.600(kgf/ cm2) shear stress of concrete:b9 _ 12 =8.5(kgf/cm2 ) 

stiffness ratio:K1 $ b22=l stiffnes.5 ratio:K.2 $ b23=1.5 
stiffness ratio:~3 $ b2,i = 1 
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We solve the OWD problem by using our proposed algorithm. We set up the following init 

parameters for the numerical example: . 

pop.size= 20, Pc= 0.4, Pm= 0.1, maxgen = 100 

We apply the proposed method to this problem and repeat the process for 100 generations. 1 

the 99th generation of the chromosome by design variables x, the following results are obtained: 
Vi_1=(28 33 35 30 28 33 35) 

The above values obtained are the best compromised solutions. .The corresponding evaluatio 

function value, that is, the minimized weight of the double box culvert, was W(A)=l6.30 (tftm. 

7 Evaluation 
We obtained the design variablesH1-r=[28 33 35 30 28 33 35](W(A1-1 )=16,30 [tf/ m]) ol 

each member by keeping within the allowable constraints of stress, angle of rotation joint and joint 

translation angle as shown in Table 2. 

T bl 2 a e : comparison o f d . . bl es1gn varia e * :ax1 orce 1s sm all fi h or t e part1 10n CD 
H1-1[cni] shear stress ~8.5 [kgf/ cm:.? ] weight [tf/m] improve(%) 

[35 40 45 30 35 40 45) d1_-r=[3.1, 4.6, 4.3, - ! 3.1, 4.6, 4.3] 19.71 -
[28 33 35 30 28 33 35] d1-1=[4.7, 6.6, 6.2, -

' 
4.7, 6.6, 6.2] 16.30 17.3 

[21 19 22 19 21 19 22] d1-1=[4.6, 8.3, 7.3, -
' 

4.6, 8.3. 7.3] 10.65 45.9 

I 

After comparing initial the design variables of the double box culvert figures and our calculation 

results , the weight of the double box culvert (vF) improved by 3.41 [tf/ m] (17.3%) . The size of the 

member subject of initial state is H1-1=[35A0:45,30:35A0,45](W(A1_i)=19.71 [tf/ m]). 

In addition: we obtained the design variables of each member (by doing a constrained shear stres.1 

of concrete without normal stress). They improved by 9.06 [tf/ m] (45.9%) . 

The box culvert sometimes has a design problem caused by depth direction due to excess str~. 

Because of this factor~ it is nessesary to include in the design a beam on the semi infinite el~tic 

body. 

8 Conclusion 
\Ve apply our proposed method to this problem , After comparing the initial design variables of 

the double box culvert figures and our calculation results, we can observe that the weight of the 

double box culvert (W) improved by 9.06[tf/ m) (45.9%). 

By using our method , the thickness of the wall is given considerable allowance. However, the 

optimization of the weight will only become possible, if the dimension of member subject carries 

out strictly the quality control of the product. 
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RECENT DEVELOPMENTS IN SEARCH ENGINE EFFICIENCY: A FURTHER DEVELOPMENT OF 
THE SEARCH ENGINE EFFICIENCY MODEL 

Stephen Allen 
Truman State University 
Kirksville, MO 

ABSTRACT 

Donald Wray 
Lazard Freres & Co. LLC 
Chicago, IL 

The recent expansion of the Internet as a means of communication has been nothing shon of astounding. There has 
been a rapid increase in the amount of information that flows between different panies via the Internet. While a · 
large pan of this information availability explosion can be attributed to product information relating to the business 
sector. there has also been significant growth in the level of information related to academia. As a consequence. the 
Internet is having more and more information to offer for both the consumer and the researcher. These increases in 
the amount of business-related and traditional academic material published on-line funher add to the quandary of 
data overload, which has been caused by the generally uncontrolled and unorganized expansion of research-related 
material to the Internet in recent years. In attempting to deal with this problem. entrepreneurs and various other 
individuals and companies have made attempts to categorize and organize this information. While some have been 
successful in organizing specific segments, only one panicular segment has the necessary resources and structure to 
categorize all of it: the Internet search engine. 

In a .previous study performed in November 1999, seven search engines were analyzed and compared as to their 
advantages and limitations. They were then ranked using an efficiency model to determine which s~arch engines 
were ·more effective. This paper will take another look at the top three search engines that were previously chosen-
Alta-Vista, Northern Light and Go--and examine what each search engine has done in the last year in terms of 
changing the three pans that make it distinct: the spider. the index. and the search engine software. Any additional 
features or updates that the search engines have added since the last search will also be detailed and discussed. 
Finally. an index efficiency ratio will be calculated using the same efficiency model to determine the effectiveness 
of each search engine. The relative strengths and weaknesses of each respective search engine will be compared to 
the other search engines as· well as to its own previous results. This will help to determine exactly what steps these 
general search services are taking in bringing organization to the web. more specifically whether or not the changes 
made have allowed the search engine to better provide researchers with relevant material in the area of business 
finance. 

INTRODUCTION 
The rate of growth of the Internet over the past year has been amazing. The biggest problem related to this growth 
has actually been trying to efficiently measure. exactly how big the Internet is getting. Researchers estimated its size 
to be roughly 800 million pages in mid-1999, and slightly over 1 billion pages early in 2000. Six months later, the 
size was purported to have grown to over 2 billion pages (Cyveillance. 2000). However. there .are assumptions 
made in measuring that. if removed. would show even higher numbers. For instance. most research done regarding 
Internet size does not take into account privately-controlled pages. or pages that are not accessible to most users 
through password protection and other means. A study done by BrightPlanet in mid-2000 estimated the overall size 
of the web to be over 500 billion pages (BrightPlanet, 2000). 

Relevant Terms Defined 
Before delving into the search engine industry. an understanding of the workings of an Internet search engine is 
necessary. This section will detail the parts of the _search engine and explain the differences between search engines. 
A search engine is technically comprised of three maJor elements: the spider, the index. and the search engine 
software. A spider is a continuously running, user-independent program that automatically locates web pages. Each 
web site contains a myriad of links and information: it is the job of the spider to visit the page, read the information, 
and follow the links to other pages in the site. The spider gets its name .because it .. crawls" all over the web. A 
spider is designed to return to a visited site on a regular basis to check for new and different information (Sullivan, 
1999). Any pages found by the spider are delivered to the second component of the search engine, the index. A 
search engine index is nothing more than a huge catalog containing a copy of everything the spider has found. As . 
the spider identifies changes in web sites. the changes are transferred to the index, though the transfer is not 
immediate. It is not unusual for a web site to have been "spidered" but not "indexed." Until both happen, the 
information is not available for retrieval. Thus. the speed at which the sites are indexed along with the speed with 
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which the different Spiders "crawl" are two of the three major causes for the substantial differences that occur in the 
results when using different search engines (Sullivan, 1999). 

Search engine software is the third key element of the search engine. It is also the third major cause for the 
differences between search engine results. The role of the software program is to filter through the millions of pages 
that have been indexed, find those that contain the requested information, and rank them according to their 
relevancy. This relevancy ranking is based primarily upon the location and frequency of the search terms (Sullivan. 
1999), but each engine adds its own specific nuances in an attempt to provide the most peninent results first. These 
distinctions are why the same web page will be ranked differently using different searcrr·engines, even though the 
search terms are the same (Garman, 1998). 

The Search Engine lndustrv 
An interesting topic relating to the Internet has been the increase in imponance of search engines to frequent users of 
the Internet. According to a survey done in April 2000, over 75% of web users use search engines to traverse the 
web (RealNames, 2000). Many consumers also use search engines to help in making purchases. A recent study by 
NFO Worldwide shows that 42% of those buying from online retail stores arrived via search engines (NFO, 1999). 
Search engines are also the most popular method of finding new web pages. In fact, searching the web is the second 
most popular web activity, second only to checking e-mail (SRI, 2000). These astronomical changes in the Internet 
have led to an expiosion of acti~ity in the search engine industry. This activity included the entrance of several large 
firms, as well as a great degree of consolidation among the existing members. Since 1999. four new search engines 
have been introduced that can be considered "major" contenders in terms of popularity and use. These include 
FAST Search. AOL Search, iWon. and WebTop. FAST Search and WebTop are currently the second and third 
largest engines available in terms of number of pages indexed (Sullivan. 2000). iWon was staned in late 1999 by 

· CBS and has the distinction of giving away hundreds of dollars daily as a marketing technique. AOL Search was 
developed by AOL to be an additional service for users of America Online (Sullivan. 2001 ). · 

,There has also been a vast amount of consolidation within the Internet industry. However. this consolidation has not 
happened in the usual way. While there has been a large amount of merging and acquiring prevalent in the industry, 
the tendency is for engines to merge yet keep their separate names and, to a certain extent. their unique search 
engine software. The reason for this stems from the popularity of the various search engine names. Brand name 
recognition is essential in the industry, so even when various firms merge. separate sites are maintained to retain 
those searchers that are loyal to a particular engine (Sullivan, 2000). For example. Lycos now controls the popular 
Hotbot search engine and has a significant stake in the new FAST search engine. However. all of these search 
engines are maintained relatively independent of each other. One final additional feature is that there exist a number 
of search engine alliances between rival companies . This alliance centers on the panicular issue of search results. 
Most engines try to have back up soft\.\'are in case a query doesn't return satisfactory results. This backup is often 
another search engine. For example.FAST provides secondary results for Lycos, and Alta-Vista often uses results 
supplied by other engines (Sullivan, 2001 ). 

Changes in Specific Search Engines 
O\·er the past_year, many changes have been made to the top three search engines. as ranked by our previous model. 
These search engines. Alta-Vista, Northern Light, and Go. were examined in December 2000 and January 2001. 
The examination mainly focused on three aspects: how the search engine performed the search, what features were 
added. removed. or enhanced. and how the overall appearance of the search engine changed. The most notable point 
in examining the Alta-Vista home web page is its high level of customization and categorization. Much of the home 
_page is dedicated to quick links to different popular areas. such as shopping, sports. and travel. Overall, the web site 
is much more oriented toward the online consumer. There were only two advertisements found on the home page, 
but moving to a particular link ·brought up more advenisements directed toward that particular area. The web page 
also recommended answers to various questions, such as what to buy a loved one or where to find a particular item. 
The features of the actual search are also much more oriented toward the consumer. The most important change 
made by the web site in terms of search features is that it was ·much more objective focused . This is evident by 
some of its subheadings under the actual search area: there are links to "find a car," "find a job," and "people 
finder." In addition to searching for information on web pages, you can also search for images, video and audio 
files. and government documents. In terms of size, Alta-Vista has increased their coverage of the web to 350 
million pages, making it the fifth largest engine in terms of index size (Sullivan, 2000). The advanced search page is 
also less customized than before and is very u_ser-friendly. 
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Two points need to be made regarding the search process itself. Firs~ the help page has changed quite dramatically. 
with much more emphasis now placed upon achieving the desired results. Alta-Vista is more oriented toward 
finding a particular piece of information and spends less time discussing complex search syntaxes. There is a 
greater amount of help to be found in using all of the search tools. Specifically, Alta-Vista has an advanced search 
page .. cheat sheet" that has quick and easy tips for doing advanced searches. Second, because of the greater relative 
focus on results and the help page, there is less information regarding the actual specifics of the search. It is much 
tougher to find the specifics on how the search is performed. However, in spite of all the changes made to the 
appearance of the engine, the method for doing the search remains much the same. The only differences are that 
slight variations that have been made to the algorithm and that the addition of secondary results has now been 
provided by another search engine (Sullivan, 200 I). · 

The Northern Light web site has changed less dramatically than Alta-Vista in the past year. Northern Light has also 
tried to orient itself more towards the customer market, but has instead chosen the market niche of business and 
research. There is a large focus placed upon news and events, with detailed category listings available. Northern 
Light also provides additional benefits for its business customers, including information-gathering services on 
industries, issues and trends. There is a smaller degree of commercialization evident, although there were three 
advenisements located on the home page. Northern Light has several advanced search features that specifically 
appeal to researchers. It has a very advanced power search, which allows those familiar with web searching to gain 
a high degree of specificity on their searches. Northern Light also has many different kinds of searches. including 
business, Investext (by stock ticker symbol), and Geo (searching by and for addresses). Another nice feature is the 
ability to limit searches by subject, industry or topic. For example, users may limit their se~rches to only web sites 
that were somehow business related. In terms of the actual search methodology, Northern Light has made few 
changes to the actual search. As with Alta-Vista, there was far less infoimation on how the search works, with more 
time being spent on providing examples and answering common questions. Unlike the other two search engines, 
however, Northern Light uses its own software for its engine and does not use any other search engine to provide 
secondary results. 

The Go web site is the mos~ heavily commercialized of the three. While Northern Light tended to focus on the 
world of business and research, the Go emphasis is on the entenainment industry. This comes as little surprise as 
the engine is controlled and operated by Disney. Located on the home page are links to other Disney-owned sites, 
as well as various sites associated with entertainment. There are also various advenisements located throughout the 
site. most of which advertise movies, shows. and other entertainment products and services. In terms of features. the 
Go search engine does not provide as many different opportunities as the other two search engines. It does provide 
the Internet user with the ability to search for images and audio/video files. as well as a power search for more 
complex searching. Additionally, Go does provide numerous categories and "proven picks" to help the searcher in 
finding information. as well as a common quote.s index . One extra feature provided is a link directory index, which 
is a human compiled and organized listing of sites. The search methodology is actually explained fairly well in the 
help section of the engine. Go contains fewer examples and is less results oriented in its help page. There have 
been no major changes noted in the normal search. and the power search has remained fairly constant. One new 
element of the Go web site is that if the Go search engine is .not providing you with the results you want;the user 
now has the option of searching the web using a combination of .IO major search engines. This program is supposed 
to use all of these search engines to rank results, giving the searcher a better overall search. 

METHODOLOGY 
The ranking of the search engines was accomplished by the following method. Seven different areas were chosen 
that pertain to the area of finance--derivative securities. capital asset pricing model. capital structuring, capital 
budgeting. stock. bonds. and working capital. These choices were intended to encompass a majority of the aspects 
that someone interested in the study of finance would consider relevant. For each of these areas, three to four terms 
were chosen in an attempt to represent a majority of information found in that area. For example, the derivative 
securities area used forward contract. futures contract, put option and call ·option terms. Next, specific details of the 
search were developed. The query used was a combination of an "or" and "and" search. This simple search was 
used due to the incompatibility of the complex searches between search engines and the overall user-tendency for a 
simple search. It specified that the hits found should contain the relevant area and at least one of the terms, while 
ranking those with all of the terms first. · 
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In determining the efficiency index model, the first twenty links were examined and assigned a rating between zero 
and two points on a relevancy basis. Links that received two points were considered as relevant links. A relevant 
link was defined to be an immediate and pertinent hit that provided the user with useful information about the area 
and included in its .analysis the relevance of each term. This information had to be contained on the particular 
indexed page. Links given one point were rated as semi-relevant. These were links that discussed ·only one or two 
of the terms, or provided only basic information. Also included in this category were pages that had links to 
relevant pages, the first glossary that pertained to all of the terms, as well as pages containing questions or problems 
with answers about the area in question. Links that received zero points were considered not relevant. These were 
pages that mentioned the terms only in passing or in an outline form. Also included here were broken or duplicate 
links, all additional glossaries, syllabi, advenisements and descriptions for college classes and business seminars. 
Some of the more frequent types of non-relevant links have been included in a chan in the results of the paper. 
After each link was assigned its rating, an efficiency percentage was found for each search engine for that panicular 
area. This was simply the total number of points attained from the first twenty links divided by forty, the total 
number possible). This process was repeated for each of the seven finance areas for each search engine. An average 
was then calculated for each engine, along with its respective standard deviation. · .. 

Since this particular paper examined the changes made to the different search engines over the past year, the change 
1n the efficiency percentage was also examined. Assuming that there should be improvements in the search engines, 
an absolute percentage change-was found by subtracting the old efficiency percentage from the more recent one. 
This provided some understanding as to whether or not these search engines were able to effectively keep up with 
the increased complexity of the Internet. One additional feature incorporated into this research was the concept of 
the most relevant link. The most relevant link was defined to be the link that would provide the most value for a 
student of finance, including detail, clarity of description, number of examples and pertinent analysis. These were 

· · found for each engine in each area and then averaged. An overall average was also found. This cpncept provided 
both a determinate of how well the search engines ranked their pages and a guide for the researcher as to the location 
of relevant hits penaining specifically to the area of finance. 

RESULTS 
Based upon the current testing on the developed efficiency model. Northern Light displayed the best results, both 
overall and in percentage change from the 1999 study. Its overall relevancy rating rose from 86 points to 109 points, 
beating second place Alta-Vista by 8 points. This amounted to an increase in its efficiency ratio of 8 percentage 
points in absolute terms. Nonhem Light performed well in both the top and bottom ten links. scoring the highest in 
both of these categories. It also possessed the smallest number of all of the non-relevant links that are most often 
found when using a search engine. These are advenisements. duplicate links. glossaries. and broken links. Its only 
determent was its YOlatility, which was highest in terms of both range and standard deviation. Second-place finisher 
Alta-Vista also improved over the past year. but far less than the Northern Light engine. Alta-Vista jumped I 0 

_ points, from 91 to l O 1. This amounted to an increase in the absolute efficiency percentage of roughly 3 .5 percent. 
Its scores were just below Nonhem Light in both rele\·ant and semi-relevant links. Alta-Vista was plagued by the 
most advertisements of the three search engines. but scored fair on duplicate and broken links. While Alta-Vista's 
efficiency ratio was not as high.· it did provide its results with a much lower level of volatility. down to nine and a 
half percent from over 17 percent last year. Go received third in the efficiency model for the second straight year. 
However. it did not improve as much as either Alta-Vista or Northern Light. managing only a six point increase 
from 79 to 85. This led ,to a 2.2 percent increase in the absolute efficiency level, pushing it just over 30 percent. Go 
did fairly well in terms of the non-relevant link categories with the exception of glossaries. In addition, Go's results 
did have the least amount of volatility among the different finance areas. · 
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EFFICIENCY INDEX MODEL RESULTS 
Finance Area !Alta-Vista !Go (lnfoseek) !Northern Light 1Average 

:Derivative Securities 37.5% 32.5% 40.0% 36.67°10 

!Capital Asset Pricing Model 22.5% 35.0% 22.5% 26.67% 

!Capital Structuring 25.0% 20.0% 12.5% 19.17% 

!Capital Budgeting 35.0% 27.5% 50.0% 37.50% 

I Stocks 45.0% 37.5% 45.0% 42.50% 

!Bonds 47.5% 42.5% 55.0% 48.3,3% 

!Working Capital 40.0% 17.5% 47.5% 35.00% 

iOverall Efficiency Ratio 36.07% 30.36% 38.93% 35.12% 

I Standard Deviation 9.45% 9.18% 15.60% 
!Range 25 .00% 25.00% 42.50% 
iFirst Ten Links 39.29% 35.71% 43.57% 39.52% 

I Second Ten Links 32.86% 25.00% 34.29% 30.72% 

!Change Since 1999 + 3.57% +2.15% + 8.22% + 4.65% 

LINK CA TE GORY RES UL TS 
:Link Categories I Alta-Vista I Go (lnfoseek) Northern Light 
1 Advertisements 17 14 5 
:Broken Links 11 13 11 

:Duplicate Links 7 5 4 
Glossaries 16 21 15 
Syllabi 9 10 9 

:Remaining Opt links 15 
..,.., 26 

Semi-Relevant Links (1 pt) 29 25 31 

Relevant Links (2pts) 36 30 39 

Total Points (280 Possible) 101 85 109 

MOST RELE\7 A~T LI~K 
Finance Area Alta-Yista Go (lnfoseek) Northern Light I 

Derivative Securities 9 5 9 

•Capital Asset Pricing Model 11 3 i 16 
1Capital Structuring 14 5 i 2 

, Capital Budgeting 2 7 13 
1S tocks 4 10 2 

:Bonds 1 6 I 2 
'Working Capital 7 : 15 I 4 I Average 

!Average Most Relevant Link 6.86 7.29 : 6.86 7.00 

: Standard Deviation 4.81 4.03 i 5.84 

iRange 13 ,00 12.00 I 14.00 

CONCLUSIO~S 
The results of this study indicate that search engines are doing a better job at providing quality results in 2000 than 
they were in 1999, in spite of the rapid increase in the amount of information. Volatility was down on two of the 
three engines. with Northern Light being the only engine that experienced increased volatility. Additionally, many 
of the pages that came up in the top twenty links were new. More specifically, the most relevant link was only the 
same for one engine in one area. and even it was not the same number position as before. All three of the search 
engines examined improved their results. although some more than others. Northern Light had the greatest increase 
and performed the best overall. This is probably due to the fact that Northern Light has taken steps to focus more on 
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· research. As this paper is an attempt to focus on searching for researchers, it is natural to think that Northern Light 
would achieve the best results. 

Additionally, more of the links that were not deemed to be relevant were those links that frequently occur when 
searching with a search engine- namely advertisements, glossaries, course listings/syllabi. duplicate links, and 
broken links. This can also be seen as an improvement. The reason for this is that the first three types of non
relevant links can be eliminated or reduced by the inclusion of the .. -.. symbol in the search. For example. adding •·. 
glossaries" would remove all links containing the word glossary from the results. Another interesting comment can 
be made on the increase that was seen in the number of advertisements from the previo'i1s year. The number of 
advertisements appearing in the results accounted for most of the increase in the non-relevant frequently occurring 
links. This possibly says something about both the search engines and the Internet itself. Since the search engines 
are becoming more commercialized, this might very well lead to an increased number of pages indexed that pertain 
in some way to advertising. Additionally, the amount of online advertising in general has increased greatly on the 
Internet over the past year. 

The final observation regarding the changes in Internet search engines is that they do more than help in performing 
research. More people are doing more things on the Internet than ever before. As shown by user tendencies. a great 
number of these people are looking to Internet search engines to perform a multitude of tasks. No longer is research 
the only thing they are used for. Now, people use them to find products, directions, news, and more. They want 
search engines to be a one-stop source with the ability to categorize the Internet in a way that makes it easy to 
understand and to find what they want quickly and painlessly. While search engines have begun to do this, they are 
far from being done. The future success of the search engine industry depends upon the ability of the engines to 
transform the complexness of the Internet into something that can be easily understood. 
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ABSTRACT 
In this paper we present an XML based methodology to track an HTTP session. The stateless nature of an HTTP 
session makes it difficult to track the activities of a user in a multi-page session. In this paper we have developed a 
combination of hidden-form-field, session variable and XML document approach to handle the session tracking. 

INTRODUCTION 
The advent of XML and the emerging XML related technologies have opened a new horizon for IT industry ranging 
from programming to e-Commerce system design. and for web engineers, XML provides the glue that integrates the 
various components of an web application. The HTTP is a stateless protocol. Hence, it does not provide any direct 
way for a web server to recognize that a sequence of requests is all from the same client. In a typical web session. 
the client may browse through many pages while taking certain actions in some of the selected pages. While a web 
server serves the requested pages to the client. it typically does not remember who took which actions in what 
previous page. Although, this stateless feature of the HTTP protocol is very effective to maintain the client's 
privacy, it becomes a major obstacle in developing applications where the server needs to keep track of the actions 
taken by the client in previous pages. Some typical examples include shopping cart application: interactive data 
mining and financial brokerage services applications. In this paper we name this problem as the .. Session Tracking" 
problem. 

There are some traditional approaches to solve this problem. each of them. however. has some limitations and 
inefficiencies. In the core of each of these traditional solutions are heavy string processing and complex data 
structures. which not only place heavy burdens on web engineers but also are error prone. On the contrary. the XML 
is a structured data language. and the XML related technologies provide a quantum leap over traditional string 
processing. These technologies can be used to retrieve any part of the information from a structure and can add. and 
modify that structure with relative ease. In addition. XML can greatly reduce server resources thus making the 
application more scaleable. With an appropriate browser. such as IE 5.5. XML can also help to provide certain 
processing functionalities on the client side, which further release server burdens. 

The major objective of this paper is to demonstrate that XML technology can be applied to tackle the Session 
Tracking problem. At first. we briefly discuss he traditional approaches for tracking a session, and then we present 
our methodology. 

TRADITIO'.\AL APPROACHES 
The traditional approaches to tackle the Session Tracking problem are : 1. Enforce User Authorization (UA), 2. 
Employ Hidden Form Fields (HFF). 3. Employ URL Rewriting (URLR). and"4 . Employ Persistent Cookies (EPS). 

In the UA method. the user is forced to register for an account and then he/she is requested to log in to this particular 
account every time a session starts. For many e-Commerce applications (such as. shopping cart applications), this 
approach is not practical. as the Internet clients do not feel comfortable to identify themselves before they finalize an 
order. ln the HFF method. hidden fields are added to the HTML document that is not displayed in the client's 
browser. They are sent to the server when the "container-form" is subsequently submitted to the server. The HFF 
method is relatively better in supporting the anonymous session tracking. and the hidden field attributes themselves 
are supported in all popular browsers. However. the transmitted data are in text format, and it warrants extra 
programming efforts to parse the string. The CRLR is an alternative way to support anonymous session tracking. 
In this case. the URL is being rewritten with added parameters. Unfortunately, implementation of URLR is tedious, 
and often server specific . In the EPS. user supplied data are written in the client's disk in special files named 
··cookies". and the browser sends all of the site specific cookies to the server every time the client requests a page 
from a particular site. However the maximum number of cookies allowed in a client site is limited. In addition, 
many clients may configure their browsers not to accept any cookies, mostly due to privacy concerns. · 
Both Active Server Page (ASP) and Java Server Page (JSP ) technologies offer special purpose session tracking 
API's to make the application development relatively easier. Although the APl's assist us in tracking a session, we 
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· still have the problem of maintaining the persistency of the information supplied by the user at different stages of a 
session. A common practice is to write the data in a server side database at the end of each stage. In an otherwise 
heavily loaded site, unnecessary connections to databases are often discouraged. An alternative approach is to store 
the data as session variables in the server's primary memory. Depending on the characteristics of the application 
itself, this approach often warrants tedious programming efforts for manipulating the data structures in the primary 
memory. In the following section of the paper we present our XML based methodology to handle the session 
tracking. 

XML BASED FRAMEWORK 
The central focus of our framework is to transmit data from the client to .the server and from the server to client as 
XML documents. Accordingly, necessary client-side and server side scripts would be necessary to package and 
send data as XML document. and thereby, to retrieve the XML data to satisfy the applications requirements. The 
basic framework, as shown in Figure 1 accommodates five basic steps: 

A. The client requests and receives the data entry form from the server. Along with the necessary GUI 
data entry components, this data collection form will also have two hidden text fields, and a submit 
button. 

B. When the client fills in the form and clicks on the submit button. the client-side script will prepare the 
XML document from the first hidden text field's data, if any. and from the form's data. Then it will 
send the XML back the server via the other hidden text field. 

C. The server will receive the XML document, save the XML data in a single session variable, and will 
perform the necessary computations. 

D. The server sends the XML document back to the client via a form with a hidden text field. 

E. The client receives the XML document and processes it. if necessary. 

Figure 1: Session Tracking Via XML Framework 

A. The client requests and 
receives the data entry form 

B. On click of the submit 
button, the client side script 
prepares the XML document 
and sends it to the server 

C. The server receives and 
processes the· XML data via 
server sid~ scripts. 

Client 

Server 
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D. The server side script sends the 
XML data back to client using a 
hidden field in a new form. 

E. The client receives the XML 
document and. if necessary, 
processes it using client-side 
scripts. 
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IMPLEMENTATION 
We have implemented the XML based session tracking methodology in an ASP-IE5.5-JavaScript environment. Our 
objective was to develop a system for a shopping cart application. In this section, we present the excerpts of relevant 
code developed to implement the framework. 

Step A and B: Prepare the XML document at the client side and send it to the server: Sample Code 
Figure 2 shows the layout of the data collection form for our shopping can application. The data entry form has a 
combo box for each product to be ordered. The combo boxes are loaded with the relevant data from the database 
using server side script. In Figure 3. we show the relevant code to prepare and submit the XML from the client to the 
server. The JavaScript function PrepareXML prepares the XML document in a string variable named srr.XML. The 
function SubmitXML, at first, inserts the prepared XML into the hidden text field, and then submits the form. 

Figure 2. Data Collection Form 

-Please select your computer specifications 

· Processor: 

· Hard Drive: 

Processor Speed(MHz): 

· Monitor: 

CD/DVD: 

Add To Can 

15-inch--B00 
17 -inch --U00 
21.inch --iti50 

.:J 

Figure 3: Prepare and Submit the XML Data to the server 

<FORJ\1 NAME= frmOrder METHOD= POST ACTION= addCart.asp> 
<INPUT TYPE="BUTTON" class=cmd size=22 name="cmdSub" value="Add To Cart" 
onClick="SubmitXML()"></INPUT> 
<I>1PUT TYPE="HIDDEN" name="X\1LString" ></INPUT> 
<SCRIPT Language="JavaScript"> 

1 
] 

function PrepareXI\IL() ---===========: PrepareXML 
~ var strXML: 
strXML = "<?xml version=\" 1.0\"?>\n": 
strXML=strXML-"<shopRoot>.1J1": 
strXML = strXML-"\t<orderlnfo>\n": 
strXML = strXML + "\t\t<order quantity=\" I \">\n"; 
strXML = strXML + ''\t\t\t<Processor price=\"" +dcocument.frmOrder.cboProcessor.spl-it("--")[l] 
+"\" pID=\'"'Tdocument.fnnOrder.cboProcessor.value.split("--")[2]+"\">" 
- document.frmOrder.cboProcessor.value.split("--")[0] - "</Processor>\n"; 
strXML = strXML ~ .. . 
strXML = strXML - "\t\t<1order>'J1": 
strXML = strXML T "\t</orderlnfo> 1n"; . 
strXML = strXML + "</shopRoot>"; 
return strXML: } 
function SubmitXML() 

SubmitXML 

{ document.frmOrder.XMLString.\'alue = PrepareXML(): 
document.fnnOrder.submit(); } </SCRIPT> 
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Step C: Receive the XML document. and process it at the sen,er side 
Figure 4 shows the relevant server-side VBScript code to process the XML data. Here, at first we store the XML 
string in a session variable. Then The XML data is loaded into a DOM object in order to perfonn necessary 
computations. 

Figure 4: Process the XML Data at the Server-Side 

Dim objXML, strXML, orderNode, i, detailNode, k 
Dim descStr, unitPrice, itemTotal, total, quantity 

CaptureXML 

str XML=Request.F orm("XMLString") 
Session("sessionXML") = strXML 
Set objXML=Server.CreateObject("Microsoft.XMLDOM" 
objXML.async=false 
objXML.loadXML Session("sessionXML ") 
orderNode=objXML._documentElement.firstChild.childNodes.length 

LoadDom 

For i=0 to orderNode-1 
detailNode=objXML.documentElement.firstChild.childNodes.item(i).childNodes.length 
quantity=objXML.documentElement.firstChild.childNodes.item(i).getAttribute("quantity") 
For k=0 to detailNode-1 . 
descStr=descStr & 
objXML.documentElement.firstChild.childNodes.item(i).childNodes.item(k).firstChild.nodeValue 
&"" 
unitPrice=unitPrice+cDbl(objXML.documentElement.firstChild.childNodes.item(i). 

childNodes.item(k).getAttribute("price")) 
Next 
item T otal=unitPrice*cDbl( quantity) 
total=total-item Total 
descStr="" 
unitPrice=0 
Next 

Step D: Tire server sends the XML data back to the c/iem via a second form 
After the server side script processes the XML data contained in the session variable. it sends the results back to the 
client- via the shopping cart status form (shown in Figure 5). The form has a hidden field. which contains the XML 
data (shown in Figure 6) 

Figure 5: Current Shopping Cart Status 

Descript ion Qty .. 
amd Cedd 200-266 15-inch 2x-6x 32MB 32b1t 16b1t Win 95 

amd Cedd 600 15-mch 2x-6x 32MB 8-16bit 16bit Win 95 
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Unit Price 

$1060 

$1120 

Total Price 

Item Total 

59540 

$1120 

T .ax .and sh ipp ing will be p1ovided in chedloul 

If vou upd.ated the qu.antity. select Upd.att Pnct . 



Figure 6: Usage of a Hidden Field in the Shopping Cart Status Form 

Response.Write "<IT ABLE><INPUT TYPE='hidden' NAME='hid.XML' 
value="' & Session("sessionXML ") & "'></INPUT>" & _ 
"<INPUT TYPE='hidden' Name='XMLString'><IINPUT></FORM>" 

Step E: The client receives the XML and processes it: Sample Code 
On the shopping cart status form. the user may delete an existing order line or may update the quantity of an ordered 
item (Please see Figure 5). Subsequently, the client side script modifies the received XML, and sends it back to the 
server. We have shown this code in Figure 7. 

·Figure 7: Process the XML Data at the Client•Side 

<SCRIPT LANGUAGE="JA V ASCRIPT"> 
var x; var objXML; var orderLength; 
objXML=new ActiveXObject("MSXML.DOMDocument"); 
objXML.async=false; 
objXML.loadXML ( document.frmAddCart.hidXML. \;alue ): 
orderlength=objXML.documentElement.firstChild.childNodes.length; 

function dlt(x){ 

l 
I 

var delltem; 
var newObjXML ; 
delltem=objXt-.1L.documentElement.firstChild.childNodes.item(x): 
newObjXML=objXML.documentElement.firstChild.removeChild(delltem); 
document.frmAddCart.XMLString.value=objXML.xml: 
document.frmAddCan.submit(): 

<IStRTPT> 

CO~CLUSIO!\ 
In this paper we have developed an XML based framework to keep track of a HTTP session. We have also 
successfully implemented the framework in Ja\'aScript'VBScript!ASP.IIE5 .5 environment. Currently we are in the 
process of implementing the framework in Java environment. We belie\'e thanhe XML based framework is superior 
to other existing methodologies. 
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IMPROVING PROJECT COMMUNICATIONS WITH ELECTRONIC MEETING SYSTEMS 

James P. Clements, Towson University 
Jack Gido, Penn State University 

ABSTRACT 
Even though many researchers have documented that good communications are critical to the successful 
implementation of a project, little has been done to facilitate the process of improving"' project communications. This 
paper discusses how Electronic Meeting Systems and Teamware can be _applied to enhance the effectiveness of the 
project management process. 

PROJECTS THAT FAIL 
Numerous reports continue to stress the fact that an _alarmingly high number of projects. specifically in th~ field of 
information technology, fail. According to the Standish Group's "Chaos Report": 

Forty percent of IT application development projects are canceled before completion 

• Thirty-three percent of the remaining projects are "challenged" by cost/time overruns or changes in scope 

• Together, failed and challenged projects cost U.S. companies and government agencies an estimated $145 
billion per year 

· The reasons for this include [Field]: 

Project managers don't understand users' needs 
The goals and project mission are not clearly defined 

• Clients are not fully involved and consulted 
The scope is not properly defined 
There are no methods in place to monitor and control the project 

• Project changes are managed poorly 
Budgets and deadlines are unrealistic 
Best practices and lessons learned are ignored 
T earn conflicts arise 
Unresolved issues are ignored 

. Upon closer inspection it becomes evident that there is one common element among these factors: poor 
communications. Many of these issues could be eliminated with improved communications and more involvement 
by team members. 

THE PHASES OF PROJECT MANAGEMENT 
To better understand project failures. we must first understand project objectives and the phases by which projects 
develop. A project is an endeavor to accomplish a specific objective through a unique set of interrelated tasks 
through the effective utilization of resources. It should ha\'e a clearly defined objective stated in terms of scope, 
schedule. and cost. The responsibility of the project manager is to make sure that the project objective is 
accomplished and that the work scope is completed in a quality manner, within budget, and on time, to the 
customer's satisfaction. · 

The first phase of the project life cycle invol\'es the identification of a need, problem, or opportunity and can result 
in the requesting of proposals from indiYiduals. a project team, or organizations to address an identified need or 
solve a problem. The second phase of the project life cycle is the development of a proposed solution to the need or 
problem. This phase results in the submission of a proposal by one or more individuals, contractors or the project 
team. The third phase of the project life cycle is the implementation of the proposed solution. This phase, which is 
referred to as performing the project, should result in accomplishment of the project objective, leaving the customer 
satisfied that the work scope was completed in a quality manner. within budget, and on time. The final phase of the 
project life cycle is terminating the project, which includes evaluating the execution of the project in order to 
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enhance future projects [Gido]. Throughout all phases of the life cycle the number one key to success is effecti\'e 
communications. 

A PROCESS FOR MANAGING PROJECTS 
Many projects fail because a fundamental project management process is not in place. Successful project 
management involves a process of first establishing a plan and then implementing that plan to accomplish the 
project objective. This planning effort includes clearly defining objectives, dividing and subdividing the project 
scope into major "pieces" called work packages, defining the specific activities that need to be performed for each 
work package, graphically ponraying the activities in the form of a network diagram, estimating _how long ea h . 
activity will take to complete, defining the types of resources and how many of each resource are needed for each 
activity, estimating the cost of each activity, and calculating a project schedule and budget. 

Taking the time to develop a well-thought-out plan is critical to the successful accomplishment of any project. Once 
the project stans, project management involves monitoring the progress to ensure that everything is going according 
to plan. The key to effective pr~ject control is measuring actual progress and comparing it to planned progress on a 
timely and regular basis and taking corrective action immediately, if necessary. 

Project management used to involve a single project manager who followed a work breakdown structure and created 
the project plan. Projects. however, are becoming more complex. more distributed and more often managed by the 
team~ themselves [Drucker]. Although this is a positive trend in many aspects it can dramatically increase the 
complexity of communication. 

THE KEY - EFFECTIVE COl\lMUNICA TIO~S 
Managing a project often involves tracking down team members for feedback. coordinating meetings with remote 
team members: maintaining project status. and sending out updates. Typically, a project manager uses a single-user 
project management tool. such as Microsoft Project. for suppon. Updates are typically e-mailed manually to all 
team members, which is often a lengthy and tedious job [Mitchell]. 

As more and more companies become project-based. the results of recent polls of corporations within the United 
States should not come as a major surprise. The No. 1 skill that companies are looking for has nothing to do with 
XML or Ja\'a Programming. Companies want and desperately need people who can communicate effectively. In 
the role of a project manager. effective communications skills are vital to success. Communications can take many 
forms including oral and wrinen: however, electronic communications can also be extremely helpful. 

SOFTWARE SUPPORT 
Various softv;are systems exist that can be used ·to improve communications within a project. The first type, called 
an Electronic Meeting System. is designed to improve the quality and efficiency of meetings by connecting 
panicipants over a network. Electronic meeting systems often include idea generation. idea organization, idea 
evaluation. idea exploration. and information management tools. 

The idea generation tools are designed to encourage divergent thinking and to promote creativity. Common features 
include electronic brainstorming and idea outliners. Electronic brainstorming issues a question to each of the 
panicipants. who are allowed to respond with comments. These responses are then randomly forwarded to other 
panicipants who can make comments on those ideas. Idea Outliners provide a list of topics and subtopics in a 
graphical structure that allows participants to comment on topics and to view the comments entered by others. 

Idea organization tools are designed to support convergent thinking. One common idea organization feature is a 
Categorizer. Categorizers allow team members to organize the output from an idea generation session into 
meaningful categories or themes and the:, to assign each of the generated ideas to one or more categories. Idea 
organizers allow team members to design lists of consolidated. rearranged, and edited ideas. 

Idea E\'aluation tools are designed to measure the degree of consensus while discussing the results and 
reinvestigating the issues . Tools such as voting. ranking. and rating are common. 

Idea exploration allows a project team to look deeper into problems and relate cenain issues and factors. Common 
tools allow you to analyze the impact of a project plan or policy on various entities. 
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Finally, information management tools allow the project team to store, retrieve, and distribute ideas that were 
generated by the group. These tools provide valuable information for project logs and dictionaries. 

The second type of software support available to the project manager, called Teamware, is becoming increasingly 
popular. Unlike Electronic Meeting Systems, which have been shown to increase creativity and improve the 
effectiveness of meetings, Teamware includes many of the traditional project management tools and numerous 
collaboration features that are accessible via the Web. Team members can view the status of the project in real time 
and see their assigned tasks and potential trouble spots to help identify problems before· they happen. This team 
approach eliminates the need for a project manager to track members down and keep everyone updated, which 
ultimately saves time and money and keeps projects on track. Users can update their tasks and attach documents to 
the list [Mitchell). 

Project managers can organize tasks into milestones _and subprojects using a work breakdown structure. schedule 
sequential and parallel tasks on a PERT or Gann chart, assign workers, equipment, and other resources to tasks, and 
track associated costs. The software often provides wizards for creating projects, tasks, and automatic e-mail alens: 
time-sheet tracking and approval; and user roles, which allow a project manager to begin planning a project with 
generic resources and then map real resources to roles when the actual project personnel are in place. 

Project Managers can use templates to create a project. Templates can also be tailored to fit specific needs. This 
customizable environment gives team members access to project-related information such as status, notices, issues, 
and assignments. as well as to project-related documents via the web. With access to.current project information, 
teams can collaborate and improve their productivity through threaded discussions, track issues. and stay on plan. 

Project managers can use multiple cost or billing codes for tracking expenses or billable work on multiple projects 
and tasks. To control costs and the progress of projects and tasks. managers can view executive summaries and run 

_ budget. baseline. and project overview reports. 

In addition to solid reporting tools the software often gives managers another important tool for keeping projects on 
track: the ability to set e-mail notification rules for tasks. For example. if a task falls behind schedule or goes over 
budget. managers and team leaders can be alerted automatically by e-mail. 

Finally. resource-leveling algorithms guard against the overuse of staff and other resources. Predetermined 
thresholds automatically draw attention to overdue tasks. cost overruns. and related issues. In addition. risk 
management models help project managers identify risks and calculate their potential impact on schedules and costs . 

. The following provides a summary of key features ofTeamware: 

Wizards for creating projects, tasks, and reports 
Task assignment 
PERT and Gann Charts 
Resource utilization and leveling 
Budget analysis 

• Custom report writers 
• Risk Management and issue tracking 

Various levels of access 
Various views o(project information 
Real-time updates to the project web site 
Threaded discussions and shared notebooks 
Rules-bas·ed e-mail alert 
Online chat rooms 
Time-sheet tracking and approval 

The one issue lying at the root of most project failures is a lack of communication in one form or another [Biggs]. 
The need for project management solutions to integrate Web collaboration tools couldn't be timelier. Recent 
findings from the Gartner Group, predict that. although the number of project failures is alarmingly high, the number 
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of projects continues to rise dramatically .. Using electronic systems to improve communications might be an 
effective way to battle the problem of project failure. 
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ABSTRACT 
A real-world electric equipment manufacturer faces scheduling problems in its sheet metal fabrication department. 
The firm wishes to improve the on-time performance of jobs being processed on individual machines. It realizes that 
one of the ways to accomplish this task is to improve the accuracy of the decision making process involved in 
scheduling jobs to be run on the equipment. The fabrication department Gonsists of many different machines and. as a 
whole. may be considered to be a "job shop" environment. However, the decision as to which jobs are to be 
processed on which individual machine is made via production routings. Furthermore. the jobs often have different 
priorities. which. in this case, are based upon a penalties for lateness (the higher the penalty, the higher the priority). 
One way to improve the on-time performance of the department, as a whole is to reduce the penalties incu~ed by a 
single machine. Therefore, the problem is defined here as a single machine problem. This paper will investigate three 
scheduling heuristics to reduce the penalties incurred by a single machine and then will make recommendations based 
on this investigation. 

INTRODUCTION 
Background Information 
The Siemens Plant in West Chicago, Illinois produces Enclosed Motor Protection Equipment for industry. Much of 

the enclosures used in the products there are produced in-house in its Metal Fabrication Department. The department 
operates on two shifts of eight hours each. The enclosures are manufactured utilizing sheet metal. One of the 

· · machines employed to transform the sheet metal into enclosures is a Press Brake, which bends the ,flat sheet metal 
into the rectangular shape required by the enclosures. There are multiple Press Brakes available in the department and 
the MIS system. utilizing Production Routings. produces lists of jobs to be run on each machine. Therefore. the 

, decision as to which job needs to be run on which machine has been made. The basic problem at hand is how to 
sequence jobs, which are destined to be processed on a single machine. A solution to this problem would greatly 
assist the Fabrication Department supervision. The first goal is to minimize the number of late jobs (penalties) 
incurred by an individual machine. As a second goal. the manufacturer desires to encourage the running of higher 
volume jobs first. The focus. here, is to foster increased machine utilization and to reduce amortized set up costs. 
Therefore, each part number has been assigned a weight based on the quantity of parts to be run (see Figure 1.1). It 
turns out that we can formulate this problem as follows: l linw1U1 . This problem. according to Pinedo ( 1995), is a NP
hard problem [Ahuja. er. al. ( 1993)]. 

Weights (1-10) Lot Size (in number of 
parts) 
<10 

2 10-19 
J 20-29 

4 30-39 
5 40-49 
6 50-59 
7 60-69 
8 70-79 
9 80-89 
IO 90 & greater 

Figure 1.1 

.500 hours was added to the processing time of each job to account for the set up time of the pressbrake as a 
component of the actual processing time of each JOb. For example, Job l's processing time would be calculated as 
follows: [(9.20 hours per thousand parts/ 1000) * 20 piece lot size)~ .5 hour set up time. 

In addition, the pressbrake being studied has far more available capacity than is required by the jobs scheduled for it. 
Therefore. the scheduling data was modified such that the scheduling heuristics would focus on scheduling jobs for 
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th~ first shift. Any overflow jobs (jobs not completed on the first shift) would end up being run during the second 
shift. To help accomplish this, the due dates (in weeks) were converted into fractions of one shift (in hours). For 
instance, a job due in week one would be due, instead,- in the first two hours of the first shift. 

DATA GATHERING TECHNIQUE 
The machine to be studied was first chosen. Next, a list of jobs to be scheduled on the chosen machine was generated. 
This was done utilizing the Management Information System at Siemens-West Chicago. Thirdly. processing times 
were determined for each of the parts to be scheduled. This was again accomplished by accessing the MIS system to 
obtain production routings for the parts to be scheduled. Finally. the data was organized into a spreadsheet to 
facilitate analysis as shown below. 

Job pj(Hrs.) wj dj 

1 0.684 3 2.00 
2 0.822 4 6.00 
3 1.028 10 10.00 
4 0.575 2 6.00 
5 0.873 2 10.00 
6 0.724 2 2.00 
7 0.547 1 6.00 
8 0.744 2 8.00 
9 0.744 2 8.00 
10 0.792 8.00 
11 0.605 4.00 
12 0.518 6.00 
13 0.518 6.00 
14 0.523 10.00 
15 0.680 2 4.00 
16 0.750 3 8.00 
17 0.644 3 6.00 
18 0.910 7 6.00 
19 0.517 6.00 
20 0.535 6.00 

~OTATIO!\S 
Before beginning to discuss the scheduling problem. it is important to go through the some basic notations associated 
with scheduling algorithms that will be discussed in this paper. 
Job- This represents the desired specific quantity(lot size) or batch required for a discrete product such as a bracket. 
For example. a job could be a requirement for (50) brackets . 
CJ- This represents the completion time of job j. 
dJ- This represents the due date of job j . 

pj- This represents the processing time required for job j. 

Lj- (= Cj-dJ This represents the lateness of Job j ). 

Uj- This represents the unit penalty imposed on job j if the job is late. If the job is on-time, there is no penalty so the 
unit penalty= 0. If the job is late. it= I . 

V.·/ This represents the weight or penalty or priority associated with job j . 

nwjUJ- This represents the weighted number of tardy jobs. 
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1 llnwjUr This represents the problem that will be focused on in this paper: The minimization of weighted tardy jobs 

on a single machine. 
CMax- This represents the makespan of a particular schedule. In our case, this will represent how long it will take to 
process all the given jobs in the particular sequence we have specified (npj)-

DESCRIPTION OF MODELING TECHNIQUES 

Approach A 
Below is shown the algorithm: 

Step I: 
Set J (on time jobs)= 0, Jd (the set oflatejobs)=O and list out f (the set of jobs left to be scheduled). 

Step 2: 

Step 3: 

Let f denote the job that satisfies 
di.= ~in ( d/w;) 
Addj to J. 
Delete j. from f 
Go to Step 3-. 

If L Pi< di., go to Step 4; or else let k • denote the job that satisfies Pk•=max (p/wi)· When k • is found, remove it from 
J " and add it to Jd. 

Step 4: 
If Jc=0, Stop; or else, go back to Step 2. 

In order to meet the goals discussed previously (see Introduction, Section I): 

Jobs with higher weights should be processed first in order to reduce the weighted penalty and encourage on-time 
jobs.This is done by picking the job to process next by choosing the one with the minimum d/wj ratio( in Step 2). 

Balancing the desire to maximize machine utilization (by processing high volume/high weight jobs first) with the 
desire to maximize on-time jobs (by processing jobs with shorter processing times first) is accomplished by picking 
the job v,hich has the highest ratio p/ wi from the set of scheduled jobs and puning the job into the set of late jobs (in 
Step 3). · 

The output of this heuristic is a sequence and a set of on-time jobs. The set of remaining jobs that won't meet their 
due dates follows and is scheduled last. The order of these tardy jobs doesn't matter. since they are already late. 

Approach ."B'' 
The algorithm is shown below: 

Step 1: 
Set J (on time jobs)= 0, Jd (the set oflatejobs)=0 and list out Jc (the set of jobs left to be done). 

Step 2: 

Step 3: 

Let f denote the job· that satisfies 
di.= ~in. (dJ-w;) 
Addj to J. 
Delete f from J' 
Go to Step 3. 

If ~, Pi< dj., go to Step 4~ or else let k. denote the job that satisfies Pk•=max (prwi). When k• is found, remove it from 
J and add it to Jd. I 
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Step 4: 
If f=O, Stop; or else, go back to Step 2. 

Approach "B" attempts to meet the same desired goals mentioned for Approach .. A": 

Jobs with higher weights should be processed first _in order to reduce the weighted penalty and encourage on-time 
jobs.This is done by picking the job to process next by choosing the one with the minimum dj-w1 ratio (in Step 1) 

Balancing the desire to maximize machine utilization (by processing high volume jobs first) with the desire to 
maximize on-time jobs (by processing jobs with shoner processing times first) is accomplished by picking the job 
which has the highest ratio PrWi from the set of scheduled jobs and putting the job into the set of late jobs (in Step 3 ). 

Approach "C" (Weighted Shortest Processing Time) 
According to Pinedo (1995). WSPT (Weighted Shonest Processing Time) is the predominant heuristic in use today 
for solving our problem at hand. Basically, to meet our goals, the approach attempts to: 

Process Jobs with higher weights first (to reduce the weighted penalty). 
Process jobs with shoner processing times first (to encourage on-time performance of the jobs). 

To accomplish the above desires. the heuristic divides each job's processing time into its weight (wj/pj). It.then, 
sequences the jobs in decreasing order of the jobs' wj/pj ratios . Hopefully. what will result is a good•schedule. 
However, according to by Pinedo (1995) it has been shown in the past, that for our problem. the WSPT rule may not 
perform so well. 

Ties 
If. during the use of either Approach "A" or "B''. ties result from the d/ wj or dj-w1 being equal for two or more jobs. 
the job with the highest weight is to be chosen. If a tie still results. the job with the highest p1 is chosen. This is done 
to encourage higher machine utilization by reducing the number of setups per day. If a tie still occurs, then the 
sequence of the tied jobs is chosen arbitrarily . If. during the use of either Approach "A" or "B''. ties result from the 
p/ w1 or Pi-w1 being equal for two or more jobs. the job with the lowest weight is to be chosen. If a tie still results, the 
job with the highest p1 is chosen. If a tie still occurs. then the sequence of the tied jobs is chosen arbitrarily. 

Tardy Jobs 
As mentioned previously. the sequence of tardy jobs is assumed to be irrelevant. Also. any tardy jobs. which can not 
be completed on the first shift. will be run during the second shift. The reasoning behind this is because the second 
shift throughout the plant is a "skeleton .. sh ift. Therefore . a goal is to finish as many jobs on the first shift as possible. 

THE RESULTS 

Approach ··A'" 
Approach" A" produced the best results of all three algorithms that were run. It generated the following optimal 

sequence: { 1,18,3.2.15,16.4,8.9.5.14.6. 1 '7.l l,7. 20,12.13.19.10 }. The objective value produced was 11. Nine jobs 
{ 6, 17.11.7, 20, 12.13, 19.10 ~ were found to be late. This sequence produced yielded the best-weighted score. 

Approach •'B" 
Approach "B" created the next best results of the three algorithms run. It generated the following sequence: 
{ 18.1 ,3.2,17,4,16.12,8.9.I0.5.14.6.15.l 1.7.20.13.19 :·. Ni ne jobs (jobs 5,14,6,15,11,7.20,13,19) resulted in being late. 
Also, this sequence resulted in a higher objective value of 12. 

Approach •'C"'(WSPT) 
Approach "C" (The WSPT heuristic) produced its schedule in the shonest amount of time with the smallest amount · 

of effon. Unfortunately, it produced. by far. the poorest results. The optimal sequence generated by this algorithm 
was {IO, 11,7.20, 14, 12.13, 19,5~8,9,6, 15 .4. l 6, 1.1 7 .2, 18,3 }. This yielded nine late jobs and an objective value of 36. 
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CONCLUSIONS 
Approach "A" clearly yielded the most favorable results. It efficiently scheduled the jobs. taking into account each 

job's weight and due date. It resulted in the least amount of penalty. Although nine jobs were late, these jobs had the 
lowest lot sizes combined with the latest due dates and can be run on the second shift. The smaller processing times 
of these late jobs results in great flexibility. As previously mentioned, the Siemens-West Chicago fabrication 
department operates two shifts equaling ( 16) hours. Another observation made was that the amount of time left over 
on the second shift to process other available jobs ( 16- Cmax) was the highest when Approaches "A" or "B'' were run. 
Further research will be conducted on the Approach "A" heuristic focusing on more testing utilizing more cases in 
order to further verify the validity of the heuristic. 
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ABSTRACT 
The dynamic lot size problem is an important problem. Both optimal and heuristic approaches have been presented 
in the literature. In this article, a new solution procedure is studied and Decision Network Algorithm is developed 
for solving capacitated dynamic lot-size problem of single product. Computational effectiveness of the algorithm is 
determined by comparing it with an algorithm in the literature in view of average node numbers and CPU time by 
solving total 864 problems with 3 different capacities. 

INTRODUCTION 
In this study. a new algorithm is formulated for single product capacitated dynamic lot-size problems where 
demands and capacities are known in planning horizon of T period. Unit production, -setup, holding costs and 
production capacities are known for each period. The problem is to determine optimal scheduling of capacitated 
production without backlogging and its cost. 

The first algorithm, to solve uncapacitated, single product. dynamic lot-size problems without backlogging is 
formulated by Wagner and Whitin[ 1]. But. there are several studies concerning general cost function. multiple 
locations. backlogging. etc. in the literature['.!.11, 19.20.23]. 
There have been several studies to determine complexity of capacitated lot size problems and it was shown that it is 
NP- Hard problem (4.10,12,13]. 

Florian and Klein[ 15] applied shortest path algorithm to a model with concave costs and constant capacities. 
Jagannathan and Rao[ 16] investigated general cost functions of production. Gin and Kim [22] developed a simple 
heuristic for multi-product dynamic lot sizing problems. Baker and others[ 17] used branch and bound algorithm to 
soh·e capacitated lot-size problems. K1rca [ 18] developed a dynamic programming algorithm for capacitated lot-size 
problems. Chia- Shin and others [ l 9] proposed an effective algorithm as an alternative to K1rca's algorithm. 

In this paper. capacitated decision network algorithm is de\'eloped to solve lot-size problems with constant setup, 
holding. unit production costs whereas varying demand. 

Problem Statement 
This paper uses the following notation and assumption_s: 

: number of periods (t= 1.2 •... ,T). 

A1 : setup cost in period t. 

c1 : unit production cost in period t. 

d1 : demand in period t. 

C1 : production capacity in period t. 

ht : unit holding cost in period t. 

lti : inventory level of solution i in period t. 

Pt : production level in period t (d1 or C1). 

P1 : solution set problem (lot-size) for period t. 

Pr= {Pr1,Pr2,···,Prk} ,k = 1.2, ... ,i, .... 2' 

f(Pti) : total cost of solution I in period t. 
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!-(Pr) : optimal·total cost in period T, 

Q1i : total production level up to period t in solution i, 

Q,; = Q,-1,i + ,Pr 

D1 : total demand level up to period t, 
t 

D,= L dk 
k=l 

Assumptions 

I. Production level is zero at initial and end of period (lo= Ir= 0). 

2. d1 ~ Ct is assumed in every period. 
3. If there is a production in a period t < T, the production quantity in period twill be either be equal to the demand 

(d1) or to the capacity in that period (C1). Production quantity is as much as (Dr - Qr-1,i) in period T. -

If Qr-I,i~D1 ,then Pr=O ,for t=l.2, ....• T-1 

If Q,-I,i (D1 ,then Pr = d1 or Pr = C1 , for t = 1.2 •.... T-l 

If Qr-I,i ~Dr . . ,then Pf= 0 

If Qr-I,i(D1 ,then P[=Dr-QT-1,i 

, for 

, for 

t= T 

t=T 

, · The mathematical model of single product, capacitated, dynamic lot-size problem is as follows: 

where 

T 
Min Z = L [ A15(1}) + er Pr +h1lr] 

r=l 

,t = 1.2, ... ,T 

11 .Pr '?.O .t=l.2... .. T 

. Io=lr = o · ,t=I.2 .... ,T 

8(A l = l 0. (( Pr =0 

1, (( Pr ) 0 

Capacitated Decision !\etwork Algorithm {CDNA) 

Solution set Pt is determined subject to Q1i and D1 for the problem solution in every period t. 

Pr = {Pr1. Pr2 : ...• Prk} , k = 1.2, ... , i .... :l 
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Cost f(P1i) is calculated for every solution set: 

!
f(Pr-1,i)+Ar +cr(Pr )+hrlri 

f(Pri) = 

f (Pr-1,i) + hr lti 

1/ 
0 
c~ 

f(P 11 ) 

/ f(P2i) 

f(Pd 

d~ 

/ 
~ f(P24) 

,if Qr-1,i(Dr 

, if Qr-1,i ~Dr 

......................... f(PT1) 

......................... f(Pn) 

......................... f(Pn), k = 2T-I 

Figure I. Capacitated Decision Tree . 

. Minimum total cost in period Tis calculated by the following equation: 

* 
f (Pr)= min 1/(Pn)J(Pn) .... .f {P TK )} 

Algorithm 

Step 1. f(O)=O . t=l. Qo1 = 0. Po = 0 

S .., . - 1 ..,1 tep - · I - ..... -

If Q1.J.i ~ D1 • then 

for :Pr =dr. Qti =Qr-1.i +Pr, lri =Qr-1.i +dr -Dt, 

f(Pri) = f<Pt-1.i )·t-Ar +c[(Pr )+hrlri· 

for i=i+l: Pr =Ct, Qti =Qr-u+Pr, 1ri =Qt-1,i+Cr-Dt, 

fVii) = fVi-1.i )+At +ct(Pr )+htlti· 

If 81.t.i > D1 , then 

fortandi=i~I:l}=O, Q1i=Qt-u~Pr, lri=Qt-1.i+0-Dr, fU1i)=fUi-1,i)+lzrlri· 

Step 3. t = t-1 . If t = T. go to Step 4. otherwise go to Step 2. 
· T-1 

Step 4. I = 1 ..... :! 
If QT-1.i 5 Dr , then 
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for i: Pr =Dr-QT-1,i' /Ti =0 

f ( PTi) = f ( Pr -1 i) + Ar + CT (Pr) 
' 

If Q T-l,i ) Dr , then 

for i:Pr =O, 1Ti =O 

f (PTi) = f (Pr -1,i ). 

Step 5. Stop. 

Solution sets, P1 for every period t is formed in the algorithm. Maximum number of solution sets for period tis 2t 
According to assumption 3, production for every period tin solution i must be as much as demand or capacity. But 

it is not so far the case Qt-1.i ~ D1, because of 1\ = 0. Therefore number of solution sets for period t is l_ess than { 

If number of solution sets in period t is k, then maximum number of solution se_ts in period (t+ 1) is 2k. This property 
facilitates less calculation in the proposed algorithm than others. 

·computational Effectiveness of The Algorithm 
Test problems and related data used by Chia- Shin and others [ 19] are employed in order to present effectiveness of 
the algorithm developed in this study. 
a) Problem Data: Total 864 problems with 3 different capacities (400. 800. 1200). 4 different setup costs (400. 600, 
1800. 3600) and 2 different periods (12, 24) are studied. Unit holding cost is I and -unit production cost is O in all 
problems. 
b) Demands: Demands are handled as seasonal and non seasonal forms for T = 12 . .2-l and derived randomly by 
means of following formulation: 

d1 = µ + fZ1 + a sin [(2a I b)t +½ir] 
where. 

µ : mean demand. 
r : standard error, 
b : length in periods of the seasonal cycle. 
a : amplitude of seasonally component. 

Zt . : standard normal random variables (t= 1.2 ..... T). 

In all problems, µ=200. r =67. b= 24 for non seasonal demands. a=0 and for seasonal demands 
a =125. 
c) Testing: All possible combinations (36 problems in each combinations) are tested for T= 1.2. 24; 
C= 400. 800. 1200: A = 400.600, 1800. 3600 and the following tables are formed. Results are given in Table 1 and 
Table 2 for non-seasonal ta= 0) demands and in Table 3 for seasonal (a= 125) and 
non-seasonal (a= 0) demands. Comparison at 2 algorithms in view of CPU time are given Table I and 
Table 2. Node numbers _obtained by the developed algorithm are given in Table 3. 
d) Performance Measures: Performance is investigated in view of 

1- CPU time (in second), 
2- node number. 

1- CPU time (in second) of both CDNA and Chia- Shin and other's algorithms are given in Table 1 and Table 2 for 
different T.C. A and demands. 
2- Average node number of. 43.2 problems solved by CDNA are gi\'en in Table 3 for T= 12. 24; 
C= 400. 800. 1200: a= 0. ·125 and different demands. 
Lower and upper bounds of node number of problems solved by CDNA are given respectively 2T. 2T. 
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Table 1. Average CPU time of 432 problems with different capacity, setup costs, demands for T= 12 solved by 
CDNA and Chia- Shin 

A=400 A=600 A= 1800 A= 3600 

C 

CDNA Chia CDNA Chia CDNA Chia CDNA Chia 

400 0.021 0.031 0.020 0.031 0.023 0.081 0.020 0.111 

800 0.017 0.042 0.016 0.043 0.020 0.051 0.025 0 .052 

1200 0.014 0.043 0.020 0.032 0.024 0.045 0.013 0.041 

Table 2. Average CPU time of 432 problems with different capacity. setup costs. demands for T= 24 solved by 
CDNA and Chia- Shin 

A=400 A=600 A= 1800 A= 3600 
C 

CDNA Chia CDNA Chia CDNA Chia CDNA Chia 

400 0.056 0.140 0.045 0.210 0.045 1.600 0 .049 13.111 
800 0.053 0.151 0.042 0.182 0.042 0.285 0.054 0.421 
1200 0.049 0.182 0.045 0.193 0.046 0.212 0.042 0.312 

The programs for CDNA and Chia- Shin and other's algorithms are compared by using Microsoft Fortran 5.0 run 
under DOS 4: l with 16 MHZ 80386 microcomputer. In comparison. total 864 problems for 
T= 12.24 are derived for random non- seasonal (a= 0) demands . 
.It is clear from Table 1 and Table 2 that average CPU time obtained by CDNA and Chia- Shin and other's [ 19) 
algorithms are respectively 0.019 , 0.050 for T =12 and 0.047. 1.416 for T= 24. It is obvious that time of CDNA is 
shoner. 

Table 3. Average node number of 432 problems solved by CD~A for T= 12.24 

A \·era2e Node :\umber 
C = 1200 C = 800 C=400 

T = 12 119.52 312.80 1828.38 
a= 0 T = 24 I 6S9.50 2961 7.72 211129.47 

T = 12 140.30 367.88 1631.30 
a= 125 T=24 985.16 2439.47 9525.08 

CONCLUSION 

In this study, an algorithm is de\'eloped by means of decision network approach to solve capacitated dynamic lot
size problems of single product, linear production and holding costs. Assumptions of general dynamic lot-size 

problems hold in the algorithm. In addition. assumptions of capacitated lot- size problems (such as d1 ~ C1) are 
included. 
Average node number of different size testing problems is calculated with CDNA. The effectiveness of CDNA 
developed in the study and effectiveness of Chia- Shin and other"s [.19] algorithm which is the best so far are 
compared in \'iew of average CPU time. It is concluded that CDNA is superior to Chia- Shin and other's algorithm. 
We are train to generalize CDNA for multi product model. 
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ABSTRACT 
In this paper we deal with th~ problem of scheduling in Kanban~ontrolled flowshops with finite input and output 
buffer storage between workstations and material handling. The objectives are the minimization of the makespan. 
total flowtime of containers, and total flowtime of part-types. treated with equal importance. A heuristic algorithm. 
based on simulated annealing (SA) technique. is developed. We present a new perturbation scheme. and evaluate 
the effectiveness of simulated annealing algorithm for solving the Kanban-controlled flowshop scheduling problems. 
The_ results of the computational evaluation reveal that the proposed SA algorithm performs better than the existing 
heuristics . 

INTRODUCTION 
Just-In-Time (JIT) is the philosophy of producing the necessary units in the necessary quantities at the necessary 
time (Monden 1983 ). Kanban system is one of the means of achieving JIT production. Kanban system is an 
informative system that harmoniously controls the production of the necessary products in the necessary quantities 
at the necessary time in every process. A Kanban is usually a card. Two kinds of Kanbans are widely used., viz .• 
Withdrawal Kanban and Production Kan ban. A Withdrawal Kan ban is attached to waiting lots of work-in- progress 
and authorizes mo\'es between workstations; a Production Kanban is attached to lots processed at a workstation and 
serves as a work order (Price er al. 1994 ). Kanban control of manufacturing systems is different from the 
con\'entional methods of control due to the existence of limited in-process inventory {i.e., constraints on buffer 
capacity) between workstations. and the consequent station blocking (Berkley 1992). This can be viewed as limited 
floor space or limited number of containers that could be present at workstations. The process of reducing buffer 
capacities over time is an important element of JIT philosophy . Continuous process improvement is forced when 
smaller buffer capacities expose new problems. The problem of scheduling has been well researched in the last four 
decades . A flowshop is a con\'entional manufacturing system in which machines are arranged in the order in which 
operations are performed on jobs and the operation sequen.:e is same for all jobs. With the assumption of unlimited 
in-process inventory. many optimal and heuristic methods have been proposed over the years (e.g. see Ignall and 
Schrage 1965. Campbell er al. 1972. f\:awaz et al. 1983. Rajendran 1994. an~ Zegordi et al. 1995). In tbe context of 
restricted in-process inventory. Hall and Sriskandarajah ( 1996) pro,·ide an excellent survey on machine scheduling 
problems with blocking and no-wait process . It should be noted ·that the term blocking in the context of conventional 
flowshop is used to refer to the case of zero mterrnediate buffer storage between machines. Here, when a job finishes 
processing on a machine and if the next machine is engaged. then the job stays on the current machine until the next 
machine becomes free . This phenomenon is referred to as blocking in flo,vshops. The tenn blocking in the context of 
Kanban systems refers to a totally different phenomenon. and therefore. we obserYe that the problem of scheduling 
in Kanban systems has to be treated differently in the context of blocking mechanisms. Developing good sequences 
in the shops with finite buffers is much more complex than m shops with unlimited buffers (Leisten 1990, and 
Berkley 1992). Sharadhapriy~darshini and Rajendran ( I 997 ) have considered a static Kanban-based manufacturing 
system. The Kanban system considered has a single card. and duai blocking mechanisms. New heuristics have been 
proposed with the objectives of minimizing the total weighted waiting time of containers and the .weighted flowtime 
of part-types. They have tested their heuristics over a wide range of workstations and pan-types. It is evident from 
the survey of anicles on scheduling in Kan ban systems that there have been no attempts to develop heuristics with . 
the objectives of mini ming makespan. total flowtime of containers. and total flowtime of pan-types. 

In this paper. we study the problem of scheduling in a Kanban-controlled flowshop (or simply a Kanban flowshop) 
with finite input and output buffer storage berv,een workstations and periodic material handling. The system under 
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study is characterized by dual blocking mechanisms, namely, blocking by total queue size and blocking by party. 
type size. An algorithm, based on simulated annealing technique. is presented for solving the Kanban-flowshop 
scheduling problems with the objectives of minimizing the makespan. total flowtime of containers and total 
flowtime of part-types. It is also assumed that all these objectives are of equal imponance. 

DESCRIPTION OF THE KANBAN SYSTEM UNDER STUDY 
The characteristics of the Kanban system under study are as follows. 

We consider a static flowshop where all the parts to be scheduled are available at the beginning of the scheduling 
period .. We assume that all part-types undergo processing at all workstations (or machines). A production batch of a 
given part-type is divided into equally-sized lots or containers. While scheduling. we also assume the permutation 
ordering of containers on all workstations. We consider dual-card Kanban systems. The dual-card Kanban system is 
designed for shops where material handling occurs periodically. The dual-card systems have both Production 
Kanbans and Withdrawal Kanbans. Production ~anbans serve as work orders for processing and ~ithdrawal 
Kanbans serve as material requisitions for the periodic material handling operation. In this paper, we assume that 
any two consecutive workstations are separated by a substantial physical distance .. The material handling is therefore 
done periodically by a dedicated transportation crew. Since the material handling is done periodically, each 

· workstation should have both an input material queue and an output material queue. Apart from these, raw material 
requirements are satisfied from stock in the input material queue and completed containers are placed in the output 
material queue. 

In this paper, the dual blocking mechanisms are considered. In the case of a buffer constrained manufacturing 
system, blocking of workstations is inevitable. The type of blocking depends on the constraints under consideration. 
The production batch of a part-type is divided into small, equally sized Kanban lots (or containers) which are 
processed individually. Kanban systems use two types of blocking mechanisms. The first is called blocking by total 
queue size. This is usually implemented by limiting the floor space devoted to sorting the in-process inventory at 
each workstation. A station is said to be blocked by the total queue-size when the total number of containers in the 
output buffer is equal to capacity of the output queue. A station with full output queue must remain idle until the 
material handling operation removes at least one container. Similarly. the material handling operation between the 
two consecutive workstations i and i· 1 is said to be blocked by the total queue-size. when the total number of 
containers in the input queue of station (i+ I) is equal to the output queue capacity. If there are full containers in the 
input queue of station u~ 1 ), the material handling operation is not permitted to move containers from the output 
queue of station i to the input queue of station (h-1 ). The second blocking mechanism is called blocking of part
type. This refers to ·a part-type specific blocking mechanism. Let H1 and p1 denote the maximum number of 
containers of part-type j allowed in each workstation·s input and output queues. respectively. Under blocking by 
part-types~ a station can nbt begin processing a container of part-type j. if its output queue contains Pi containers of 
part-type j. When output queue of station i contains p, containers of part-type j. station i is said to be blocked with 
respect to pan-type j. The material handling operation between stations i and (i+ 1) can also be blocked by part-type. 
Under blocking by part-type. the material handling operation is not permitted to move containers of part type j from 
station i's output queue to station (i ~ 1 )' s input queue, if station (i + I)' s input queue contains wi containers of part
type j. The .dual-card system uses both Production and Withdrawal Kan bans to implement station blocking, as well 
as material handling blocking by part-type. 

SETTINGS OF K.\l'-BAN FLOWSHOP 
The settings of the Kan ban flowshop considered for experimental study in this paper are listed below. 
I. Every workstation performs an operation and is capable of processing different part-types. 
2. Every workstation has an input and output buffer. The input buffer of the first station and the output buffer of 

the last station have unlimited capacities. All the other intermediate buffers have a finite buffer. 
3. The output buffer of ~'he last station and all the intermediate buffers have zero inventory at the beginning of the 

scheduling period. 
4. Corresponding to every part-type. there is a Production Kanban and a Withdrawal Kanban available in every 

buffer. 
5. The material handling operation is periodic with a period of 10 time units. The material handling operation 

occurs simultaneously between all consecutive pairs of stations. 
6. Blocking by total queue-size is implemented by restricting the total number of containers in any buffer (i.e. 

input or output buffers), which is set equal to (number of part-types-I). · 
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7. Blocking by part-types is implemented by restricting the number of containers of a part-type to one in any 
buffer (i.e., input or output buffers). 

8. The process times of all containers of a given part-type are set equal to the value generated randomly from a 
rectangular distribution in the range [ 1.25]. 

9. A container is processed in full and there is no preemption of containers. No two containers are processed at the 
same time. 

10. The number of containers of a part-type is sampled from the rectangular distribution in the range [ 1.1 0]. 
11. All times expressed in this study are of the same units. 

· PROPOSED SIMULATED ANNEALING ALGORITHM 
The permutation sequencing problem has a large solution space (n factorial). It is well known that the SA approach 
yields near-optimal solutions to combinatorially intractable problems. The SA algorithm, however. is generic. and 
has to be modified in the context of the specific problem under study. 
A generic procedure of the SA technique for a minimization problem is given below. 
Step l: Get an initial solution, S. 
Step 2: Set an initial temperature, T > 0. 
Step 3: While not frozen do the following: 

Step 3.1: Do the following L times: 
Step 3 .1.1: Sample a neighbor S' from S. 
Step 3.1.2: Let 6 = cost(S') - cost(S). 
Step 3.1.3: If Ll ~ 0 

then (i.e. downhill move) set S = S' 
else (i.e. uphill move) set S = S' with a probability of exp(-AfT ). 

Step J.2: Set T= rxT. where r is the reduction factor . 

Step 4: Return S. 

The above algorithm is generic and is to be mod ified according to the problem under study. In this paper. we use the 
simulated annealing algorithm presented by Sridhar and Rajendran ( 1993) with the modifications pertaining to the 
perturbation scheme. evaluation of the container-sequence eYaluator. and objectives of scheduling. In other words, 
the basic mechanics of Sridhar and Rajendran is followed with appropriate modifications for the current study. 

Container-Sequence E,·aluator " 
The proposed container-sequence evaluator is to find a good sequence that attempts to minimize the makespan. total 
flowtime of containers and total flowtime of pan-types simultaneously (i.e . . these objectives are treated with equal 
importance). The sequence evaluator is developed for this set of objectives. The expression of the sequence 
e\'aluator is given below. 

Zl = , , ~ _ , , + _ , xl ( H ·1x(Af 1 - min (M )) H·., x( F1 - min (F )) i1 \ x(PF1 - min (PF, ))J 
00 l min,(M,) min ,(F,) · min i( PF,-) 

(I) 

Note that we have three objectives. Hence. we deduce an equi\'alent single function that seeks to evaluate the 
relative increase with respect to these three objectiYe functions. For example. for sequence i, compute its makespan 
(denoted by M,), te>tal flowtime of containers (denoted by F,), and total flowtime of part-types (PF;) . When we have 
s sequence. say sequence 1. to be relatively evaluated among a given set of sequences. we use the above function. 
Hence. we compute the reduced single-measure of relative effectiveness of sequences. The minimization of 
makespan. total flowtime of containers and total flowtime of pan-types are given equal weights in this case ( each 
weight w being equal to 0.333-) . 

Proposed Perturbation Scheme For Generating l\ew Sequence Of Containers 
The proposed perturbation scheme is explained with the help of a numerical illustration. Suppose that there are four 
part-types to be scheduled with number of containers as 2.2,4 and 2 for the part-types 1,2,3 and 4 respectively. It 
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means that containers 1 and 2 correspond to part-type 1, containers 3 and 4 correspond to part-type 2. containers 
5,6,7 and 8 correspond to part-type 3, and containers 9 and 10 correspond to part-type 4. Consider a seed sequence 
of containers Sas {3,5,9,6,7,4,1,2,8,10}. The proposed perturbation scheme works as follows. 

Two job positions are randomly chosen one from the first half of the sequence of containers. and another position 
from the second half of the sequence. The containers · in the chosen positions are interchanged with their adjacent 
containers. It is evident that for every chosen position, two adjacent interchanges are possible. Hence four sequences 
can be generated by the scheme. However, note that if the chosen position is the first or the last position. we can 
interchange such a container with only adjacent container. It means that if we sample the two extreme positions we 
can generate only two sequences. Considering the numerical example presented earlier. if we obtain the randomly 
sampled two positions as 2 and 8 (i.e., one position from the fist half of the sequence, and one from the second half 
of the sequence). Considering position 2. we find that the corresponding container is 5. We interchange containers 3 
and 5, and obtain the resultant sequence as {5.3,9,6.7,4.1.2,8.10}. By interchanging containers 5 and 9. we obtain 
the resultant sequence as {3,9.5.6,7;4.1.2.8,10}. By considering position 8 (i.e .. another randomly samp!ed position), 
we obtain the resultant sequence as {3.5,9,6,7,4.2.1,8,l0} and {3,5,9,6,7.4.1,8.2,10}. It means that corresponding to 
the two randomly sampled positions of 2 and 8, we obtain totally four sequences. However. if one of ( or both) the 
randomly chosen positions is the extreme position. say, position 1. we can generate only sequence corresponding to 
this position. In that case, we obtain the sequence as {5.3,9.6.7,4,1.2.8.10}. Hence every perrurbation of seed 
sequence yields a minimum-of two neighborhood sequences and a maximum of four neighborhood sequences. The 
best of these four sequences, with respect to the sequence evaluator, is taken as the new sequence and this sequence 
is denoted by S'. We call this perturbation scheme as PERTURB. 

With these senings, the simulated annealing algorithm, proposed by Sridhar and Rajendran (I 993 ), is used in the 
present study. 

COMPARISON WITH OTHER ALGORITHMS 
The algorithms considered for comparison are as follows. 
1. The proposed SA algorithm. 
2. The SA algorithm of Zegordi et al. ( 1995). The objective of this algorithm is the minimization of makespan. 

This algorithm, according to its authors, does not need fine-tuning of the parameters and gives superior 
solutions compared to other traditional heuristics. Also. it gives an optimum or near-optimum solution with less 
computational effort. 

3. The algorithm of Sharadapriyadarshini and Rajendran ( 1997) considers the single buffer dual blocking 
mechanism in a Kanban-controlled flowshop. The objective of this algorithm is the simultaneous minimization 
of the total tlowtime of containers and the total tlowtime of part-types. 

4. The. algorithm of Rajendran ( 1994) is developed for flowshop and flow line-based manufacturing systems. The 
objecti\'e in this case is the simultaneous minimization of makespan and total flowtime. A heuristic preference 
relation is developed as a basis for this heuristic so that only potential job interchanges are checked for possible 
improvement. 

RELATIVE PERFOIU1A~CE EVALUATION OF HEVRISTIC ALGORITHMS 
All the four algorithms are relatively evaluated with a number of randomly generated problems. The number of 
workstations is varied from 5 to 30, increasing in steps of 5. The number of part-types is varied from 5 to 10, 
incremented by 1. This gives 36 different problem sizes. The process times of the containers are generated from 
rectangular distribution [ 1.25], and number of containers for each part-type is generated from a rectangular 
distribution [ 1.1 0]. For ~ach of different problem sizes. thirty different problems have been generated. The solutions 
are compared by computing the relative percentage increase (RPD) in makespan, total flowtime of containers and 
total flowtime of part-types yielded by different algorithms. The RPDs for each of the performance measures of all 
the algorithms are computed. and the mean RPD (i.e., MRPD) values are found by dividing the sum of RPDs by 30. 
The grand average of the MRPDs are computed and given in Table 1. Those averages are only indicators of the 
overali average performance and by themsel\·es do not indicate specific performance. The proposed algorithm 
performs bener than the Zegordi's algorithm, the Sharadapriyadarshini and Rajendran 's algorithm and Rajendrans's 
algorithm. 
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Table 1. PERFORMANCE EVALUATION OF THE PROPOSED SA ALGORITHM 
(Mean relative percentage increase in respective measures of performance) 

PROPOSED SA ZEGORDI 

PR.SIZE TOTAL TOTAL TOTAL 

MAKESPAN FLOWTIME FLOWTIME 
MAKESPAN 

FLOWTJME 
OF ·OF PART- OF 

CONTAINERS TYPES CONTAINERS . 
6Xl0 i 0.359 I 0.367 1.876 6.986 8.653 
6X20 0.426 ! 0.015 2.597 6.327 6.336 
6X30 I 0.438 0.088 0.996 I 5.782 5.713 

8Xl0 0.467 0.177 1.927 6.955 8.854 
8X20 ' 0 510 0 156 -· .. . - I , . 7 6"0 
8X30 I 0.326 I - 0.061 I 1.275 6.811 I 5.843 

10X10 I 0.491 0.016 I 0.153 7.810 10.516 I 

10X20 I 0.369 I 0.218 I 1.093 7.800 I 7.839 I 

10X30 I 0.122 i 0.038 1.721 6.795 I 6.091 

I SHARADAPRIYADARSHINI I RAJENDRAN 

PR.SIZE I 
TOTAL TOTAL 

I 
TOTAL 

FLOW TIME FLOH-T!ME FLOHTIME 
I MAKESPAN I MAKESPAN 
I OF OF i OF 
I 

! I CONTA.l.\'ERS PART-TYPES CO.\'TA!NERS 
6Xl0 14.4 76 ' 5.138 : 7.215 I 0.796 2.387 
6X20 I 11 .556 3.031 i 6.113 0.752 1.494 
6X30 I 11.991 i 3.571 i 5.303 I 0.489 i 1.204 

8X10 I 14.401 I 6.858 I 9. 747 I 
I 0.592 ! 2.788 

8X20 I 12.396 i 3.480 I 4.414 i 0.531 I 1.818 
8X30 14.395 I 4.571 I -L040 0.421 : 1.324 

l0Xl0 I 15 .9(J6 i -: .12-: 9.712 0.837 I 2.640 

10X20 I 14.231 5.144 I 6.904 0.668 ! 2.044 

10X30 14.266 4.402 I 3. 7 78 0. 632 I 1.494 I 

:'iote: Number of problems generated in every problem is 30 . 
Problem is defined by the number of part-types and the number of workstations . 
~umber of containers per part-type is sampled in the range [ 1, 1 0]. 

SU\1l\1AR\' 

I 
I 
I 

I 
I 

I 
I 

I 
! 
i 

TOTAL 
FLOUT/ME 

OF 
PART-D'PES 

17.099 
10.231 
9.832 

19.21"7 
L. -.., 844:i 

10.548 

16.979 
13.764 
10.117 

TOTAL 
FLOUT/ME 

OF 
PART-D'PES 

9.060 
7.161 
4.765 

11.533 
9.005 
6.035 

10.642 
8.413 
7.268 

The problem of scheduling in Kanban-controlled flowshops with finite input and output buffer storage between 
workstations and material handling has been considered. The objectives have been the minimization of the 
makespan. total flowtime of containers. and total flowtime of part-types, treated with equal importance. A heuristic 
algori_thm. based on simulated annealing (SA) technique. has been proposed. A new perturbation scheme has been 
de\'eloped. and we have e\·aluaied the reiati\'e effectiveness of simulated annealing algorithm for solving the 
Kanban-controlled flowshop scheduling problems. The results of the computational evaluation show that the 
proposed SA algorithm performs better than the existing heuristics. 
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ABSTRACT 
Most research work on the problem of scheduling in flowshops has focussed on the study of generic flowshops , 
whereas hardly few attempts have been made to study the problem of scheduling in flowshops with capacity
constraint machines. The presence of capacity-constraint machines results in the restricted throughput in flowshops. 
The objective of the current work is to develop dispatching rules for scheduling by taking into account the presence 
of capacity-constraint machines. The primary measure of performance is the minimization of total flowtime of jobs, 
and the secondary measure of performance is the minimization of total tardiness of jobs. The existing and the 
proposed dispatching rules have been extensively investigated for their performance by generating a large number 
of problems of various sizes and capacity-constraint conditions. The results of the experimental investigation show 
that the proposed dispatching rules emerge to be superior to the conventional dispatching rule. 

INTRODUCTION 
Many attempts have been made over the decades to address the problem of scheduling in static flowshops. The most 
common objective of scheduling is the minimization of the makespan. The significant studies on flowshop 
scheduling with the makespan objective are due to Johnson ( 1954), lgnall and Schrage (1965), Campbell et al. 
(1970), Nawaz et al. ( 1983), lshibuchi er al. (1995), and Ben-Daya and Al-Fawzan (1998). It is to be noted that in 
view of a vast majority of flowshop scheduling problems being NP-complete in nature, many researchers focussed 
their effons on the development of heuristics that yield optimal or near-optimal solutions for large-sized problems. 
Another important objective of scheduling is the minimization of total flowtime ( or the sum of completion times) of 
jobs, and heuristics with this objective have been developed by Ho ( 1995). Yet another objective of significance is 
the minimization of total tardiness of jobs, and some attempts have been made to develop efficient heuristics (e.g. 
Gelders and Sambandam (1978), and Parthasarathy and Rajendran (1998)). Most of the studies on flowshop 
scheduling have assumed the presence of machines, which are near-bottleneck with respect to each other. In other 
words, no machine is assumed (or expected) to be the bottleneck in the manufacturing system. However, in reality, 
it is possible that one bottleneck machine ( or a couple of machines, which are almost equally bottleneck) can be 
present in the system. In such a case, it is quite natural that we should develop solution methodologies with specific 
consideration to bottleneck machines. The pioneering work in the related area has been the 'Theory of Constraints' 
(TOC), proposed by Goldratt ( 1990). According to Goldratt, there can be constraints within a production system· 
emerging out of certain conditions. One such condition arises when the demand on a resource exceeds its capacity. 
Such a resource is called a bottleneck (Umble and Srikanth ( 1990)). In the· TOC literature, a capacity-constraint 
resource (CCR) is defined to be any resource that restricts the throughput in the system. It is interesting to note that 
a CCR is not necessarily a bottleneck, nor vice versa (Umble and Srikanth ( 1990) ). A survey of literature on the 
TOC and the related idea of Drum-Buffer-Rope (DBR) production systems reveals that much of the research does 
not consider the aspects related to operating policies and issues such as establishing priorities between competing 
jobs (e.g. Russell and Fry (1997)). The need for developing priority rules for scheduling jobs using the TOC in 
manufacturing systems with CCRs is therefore felt. 

In all algorithms and heuristics discussed so far with respect to the problem of scheduling in static flowshops, one of 
the basic assumptions is that only permutation schedules are considered, and hence heuristics have been developed 
for that special case. One of the reasons for focussing on permutation schedules in static flowshop scheduling is the 
difficulty ('computational hardness') in finding out an optimal schedule which will comprise different sequences on 
different machines. As for the problem of scheduling in the real-life flowshops where there is no necessity that only 
permutation schedules be implemented, the use of dispatching rules is mostly resorted to. In fact, the use of · 
dispatching rules is the easiest, simplest and the most popular approach to scheduling of jobs in real-life situations. 
The primary reasons for the tise of dispatching rules in many studies on scheduling are the associated ease in 
generating feasible schedules, and implementing and controlling them at the shop-floor level in real-life situations, 
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as opposed to sophisticated optimization techniques (see Pinedo (1995)). For these reasons, in this work we 
consider the development of dispatching rules in flowshops that make use of the TOC. The measure of performance 
that is chosen in the current study is the minimization of total flowtime of jobs. As a secondary measure of 
performance, we have chosen the minimization of total tardiness of jobs. The choice of the minimi7.ation of total 
flowtime of jobs stems from the importance of this objective in terms of minimizing in-process inventory. Also, in 
this paper, we consider machines as the only constraint resource in flowshops, and other resources such as labor and 
material are assumed to non-constraint resources. 

DEVELOPMENT OF DISPATCHING RULES CONSIDERING THE PRESENCE OF CAPACITY-
CONSTRAINT MACHINES 

Dispatching decisions are made when a machine becomes free after processing a job. The problem is to identify the 
job to be taken up for processing on the machine from the waiting line of jobs. The dispatching decision is made by 
the use of dispatching rules. For the objective of minimizing mean flowtime of jobs, the most commonly used 
dispatching rule is the SPT (shortest processing time) rule (see Blackstone et al. ( 1982), and Haupt (1989)), and is 
found to be effective in flowshop scheduling as well (Rajendran and Holthaus (1999)). Our investigation pertains to 
the situation in which two CCMs are present in the flowshop. We propose two dispatching rules for scheduling in 
such cases. It is to be noted that the proposed rules can be used even in situations where more than two CCMs are 

· present in the shop. Basically, the first proposed rule (called PR-I rule) computes the priority indices for jobs by 
taking into the account the total process times either upto the imminent CCM or up to the end of the flow line. The 
second rule (called PR-2 rule) differs from the first one by considering the 'overall' or 'global' CCM, instead of 
considering the imminent or 'local' CCM, for computing the total process times of jobs. 

Proposed Dispatching Rule PR-1 
Suppose we have two capacity constraint machines present in the flowshop. Let their positions b~ q and q ·, and let q 
be < q '. Let the process time of job i on machine k be ti/, . . Let t be the current time at which the dispatching decision 
is to be made with respect to machine j. Suppose job i is taken up for processing on machine j. The proposed 

. _ dispatching rule works as follows. 

z,. = 'q t. if1· < q L-k=J ,k ' -,q' 
= L-k:/ik 'if q <j~q• 

= L~=/ik , otherwise. (1) 

It is evident that the rule attempts to schedule the jobs with minimum sum of process times upto the imminent CCM, 
thereby minimizing the ~aiting time of jobs at the imminent CCM. Basically, the focus of scheduling is on the 
imminent CCM. · 

Proposed Dispatching Rule PR-2 
This second proposed dispatching rule works, depending upon the relative influence of the two CCMs. Let us 
assume that these two CCMs are present in positions q and q' in the flowshop, and let q be< q '. For the case when 
the two given CCMs have equal influence or impact on the throughput of jobs, we define the rule as follows. 

Z; Lq• = t . k=J ,k 'if j ~ q, 

= Lm t . 
k=J ,k , otherwise. (2) 

It is evident that the rule attempts to schedule the jobs with minimum sum of process times up to the last CCM, 
thereby anempti~g to minfmize the waiting time of jobs at the last CCM. Basically, the focus of scheduling is on the 
last CCM in the flowline, and it does not consider any otber CCM in the flowline. However, when one CCM has • 
more influence or impact on the throughput relative to the other CCM, we modify this rule. Let us assume that the 
position of the greater CCM is Q in the flow line. The PR-2 rule operates as follows. 
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= "Q t . , if 1· $ Q 
~/cs J 1/c 

= '°' m t. , otherwise (3) ~lc=J 1/c 

It is evident that the rule attempts to schedule the jobs with minimum sum of process times up to the CCM with 
greater influence on the throughput, thereby attempting to minimize the waiting time of jobs at that CCM. Basically, 
the focus of scheduling is on the CCM with greater impact on the throughput than any other CCM in the flowline, 
and therefore, it does not consider any other CCM in the flowline in the process of scheduling. We call the CCM 
with greater influence on throughput as the 'global CCM', and the CCM with less impact on throughput as the 
'local CCM'. . 

PERFORMANCE EVALUATION OF THE DISPATCHING RULES 
The three dispatching rules included in the relative evaluation are the SPT, PR-1 and PR-2 rules. The number of 
jobs to be scheduled in the flowshop, denoted by n, is varied from 20 to 60 in steps of 20, and the number of 
machines, denoted by m, is varied from 5 to 25 in steps of 5. The following shop-configurations are considered. 

1. Positions of two CCM's are [mx0.333] and [mx0.667], and discrete process times of jobs on both CCMs are 
sampled from the uniform distribution in the range [5 I , 99]. 

2. Positions of two CCM's are [mx0.333) and [mx0.667], and discrete process times of jobs on the former CCM are 
sam·pled from the uniform distribution in the range [76, 124], and the discrete process times of jobs on the latter 
CCM are sampled from a uniform distribution in the range [51, 99) . 

3. Positions of two CCM's are [mx0.333) and [mx0.667], and discrete process times of jobs on the former CCM are 
sampled from, the uniform distribution in the range [ 51 . 99], and the discrete process times of jobs on the latter CCM 
are sampled from a uniform distribution in the range [76, 124]. 

Note that process times of jobs on other machines, i.e .. non-CCMs. have been sampled from a uniform _distribution 
1n the range [ 1, 99]. 

In all, we have 45 different problem sets. For every problem set, we have randomly generated thirty problems (or 
replications). All the 1350 flowshop problems are solved by using each of the four dispatching rules under 
consideration. The solutions with respect to total flowtime are noted, In addition, since we are interested in 
evaluating the performance of dispatching rules with respect to total tardiness as a secondary measure of 
performance, we have also noted the performance of dispatching rules with respect to total tardiness of jobs. 
Towards this purpose. we have assigned the due-date of job i , denoted by D,, as follows. 

D;= ""mt. +ux(n-1)x50, 
~ J = l IJ 

(4) 

where u is a uniform random number sampled in the range [O, I]. The rationale behind this setting of due-dates of 

jobs is that if job i is the first job in a permutation sequence, a weak lower bo~nd on makespan is given by '°'m t;-
. . ~1-1 U 

+ (n-1) x 50. By the due-date setting used in the present work, we can expect about 50% of jobs to be tardy because 
u varies uniformly in the range [0, I] . Gelders and Sambandam ( 1978) have also followed the similar approach for 
due-date setting in their work. In fact, observations from some pilot runs have confirmed our expectation with 
respect to the values of tardiness of jobs. · 

The relative percentage increase (RPI) in the total flowtime of jobs given by the dispatching rule k ( denoted by F(k)) 
is computed as follows. 

RPI(k) = ( F(k) - min { F (k ') , k' = 1, 2, 3}) x 100 / min { F (k '). k ' = 1, 2_, 3} 

Here, the dispatching rules are indicated by the respective k values as follows : 
k = 1 : the SPT rule, · 
k = 2 : the PR- I rule, and 
k = 3 : the PR-2 rule. 
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The mean RPI in total flowtime yielded by a given rule over 30 problems for a given problem set is computed. Also, 
the maximum RPI in total flowtime yielded by a given rule over 30 problems for the given problem set is noted. The 
problem set is defined in terms of n, m, and the position of CCM. Some results of relative evaluation of dispatching 
rules with respect to the primary measure of minimization of total flowtime of jobs are presented in Table 1, and the 
results with respect to the secondary measure of total tardiness of jobs are given in Table . 2. The following 
observations can be made from the experimental investigation. 

For the case where the given two CCMs have the same influence or impact on the throughput in the flowline, the 
proposed PR-1 rule performs better than the PR-2 rule, especially with respect to th~. minimization of total tardiness 
of jobs. The reason is that both CCMs in this case can be termed as 'global', and the focus of the PR-1 rule is on the 
imminent global CCM, whereas the PR-2 rule ignores the presence of the first global CCM. Note that the 
performance of the SPT rule is consistently bad. For the case where the given two CCMs have different relative 
impact on the throughput, with the global CCM being present ahead of the local CCM, there is not much of a 
difference between the performances of the PR-1 and PR-2 rules. The reason is that the relative impact of the local 
CCM is not felt much, when the global CCM is present ahead of the local CCM in the flowline. Again, the 
performance of the SPT rule ts bad. For the case where the given two CCM's have different relative impact on the 
thr01.i'ghput, with the global CCM being present after the local CCM, the performance of the PR-2 rule is better than 
that of the PR-1 rule, especially with respect to the minimization of total tardiness of jobs .. The reason is that the 
focus of scheduling in the PR-2 rule is on the globai CCM, whereas the focus of scheduling in the PR-1 rule is on 
the local CCM. In addition; the global CCM is present after the local CCM in the flowline. Hence, the relative 
performance of the PR- I rule is not good. Once again, the performance of the SPT rule is bad. Overall, we make the 
following recommendations. 

I. When the CCMs have an equal influence or impact on the throughput in a flowline, it is advantageous to schedule 
with a focus on the imminent CCM. This helps us to minimize the waiting time of jobs upto eac~ CCM. 
2. When one CCM has a greater impact on the throughput in a flowline than the other CCMs, it appears 
advantageous to schedule with a focus on the greater CCM. 

SUMMARY 
A survey of literature on flowshop scheduling and the 'Theory of Constraints' has revealed that no work seems to 
have been done on issues related to dispatching jobs in the presence of capacity-constraint machines (CCMs). Based 
on this finding, the present work has been undertaken to develop dispatching rules in flowshops with CCMs. The 
minimization of total flowtime of jobs has been chosen as the primary measure of performance and the 
minimization of total tardiness of jobs has been chosen as the secondary measure of performance. New dispatching 
rules, ·. with a focus · on CCMs, have been developed. A number of flowshop problems, with varying number of 
machines, jobs and positions of CCMs, have been generated for evaluating the proposed dispatching rules and some 
benchmark rules often used in the literature on scheduling. The results reveal that the propm,ed dispatching rules 
perform much better than the benchmark rule with respect to minimization of both total flowtime and total tardiness 
of jobs . . 
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Table 1. Performance evaluation of three dispatching rules in flowshops with the machines [mx0.333] and 
[mx0.667] as CCM 

RELATIVE PERCENT AGE INCREASE IN TOT AL FLOWTIME OF JOBS 
MEAN MAXIMUM 

n m SPT PR-1 PR-2 SPT PR-1 PR-2 
40 10 4.0121 2.1204 0.0642 7.0395 5.2441 1.0142 

15 6.0736 2.3460 0.0718 11.8921 6.9395 1.5335 
20 5.7254 1.6943 0.1064 11.8236 6.4792 1.0537 
52 5.7101 1.4191 0.2565 10.9328 5.6514 2.0861 
30 6.2134 1.4562 0.2819 13.1969 5.9278 2.0436 

60 10 3.3822 1.9534 0.0008 5.4421 3.6897 0.0229 
15 5.0988 2.3174 0.0429 8.9796 5.0074 1.0565 
20 4.7916 1.5290 0.1870 7.7886 4.1477 1.4854 
25 5.1776 1.5809 0.1129 9.0157 3.9694 2.1351 
30 5.2334 1.6358 0.2251 8.7820 4.4948 2.0575 

Table 2. Performance evaluation of three dispatching rules in flowshops with the machines [mx0.333] and 
[mx0.667] as CCM. 

RELA TJVE PERCENT AGE INCREASE IN TOT AL TARDINESS OF JOBS 
I MEAN MAXIMUM 

n I m I SPT PR-I PR-2 SPT PR-I PR-2 
40 I 10 9.1614 5.6025 0.7009 22.0621 13.4079 7.1079 

I 15 13.6878 4.8549 0.4850 37.9350 16.1225 4.6129 

I 20 13.0801 3.5067 0.2479 27.0541 16.0321 3.9867 

I 52 14.2820 3.6169 0.8258 29.2773 11.3499 6.5363 

I 30 I 17.9042 3.9701 0.9056 35.856 15.1292 6.9263 

60 I 10 ! 6.0188 I 3.6992 I 0.4455 ! 15 .0400 9.5980 8.2888 
I 15 I 9.9422 5.2436 I 0.3770 19.7021 12.8141 5.4760 
! 20 I 10.3235 I 3.0507 0.5693 I 19.9740 7.8116 5.4370 

I ! 25 10.8241 : 3.4491 I 1.0874 20.4093 10.7466 7.5073 

I I 30 I 11.7631 I 3.6122 I 0.8694 25.0715 13.1607 

Note: 1. Sample size in every problem set is 30 and the total number of generated problems is 450. 
2. Process times of jobs on non-CCMs are sampled from a discrete uniform distribution in the range [ 1,99). 
3. Process times of jobs on the CCMs [mx0.333] are sampled from a discrete uniform distribution in the range [5,99), 
and the process times of jobs on the CCM [mx0.667) are sampled from a discrete uniform distribution in the range 
[76,124]. 
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ABSTRACT 
An algorithm for solving the single-hoist, multiple-product scheduling problem is presented. The algorithm uses a 
non-standard constraint satisfaction problem (CSP) model that utilises compound labels: thus departing from the 
traditional techniques, which rely on temporal reasoning. The algorithm is then hybridised by embedding it within a 
search scheme based on simulated annealing. in order to optimise the makespan. Computational results, including 
comparison with existing algorithms in terms of speed and goodness of solution. are presented. 

INTRODUCTIO~ 
M?terial handling hoists are commonly used in smelting and plating processes to transport materials between 
workstations. Efficient scheduling of such hoists can improve production throughput dramatically .. 

Several hoist scheduling problems have been identified. These include the single-product. cyclic single-hoist 
problem. the multiple-hoists, single-product problem. the multiple-hoists. multiple-products problem and the single
hoist. multiple-products problem . 

. Most existing work considers the simpler single-product. simple cyclic problem. where the objective is to find the 
minimum cycle time. in order to increase the production output. In contrast. few works address the more complex 
single-hoist.. multiple-products (SHMP) problem. which is the subject of this work. Indeed. to the best of the 
authors· knowledge. only two works have been reported [L 2]. 

The SHMP involves a set of n jobs. each requiring a sequence of chemical baths in m tanks. Each job consists of a 
maximum of m operations such that operation y of job x. denoted by 0 \, requires the exclusive use of a single tank. 

f J!I, .' I.' : 111 • I / 'l(I,; .I' 
The soak time for each operation has minimum and maximum time limits· .r .. • ·•·. ·: respectively. The 
hoist moves the jobs from tank to tank. 

Several types of resource conflict can arise : 
• A tank co,~flict occurs when a process needs to move to a tank that is already occupied. 
• A hoist a\'Gilability co,~flicr arises when a job has to be moved while the hoist is busy transporting another job. 
• A hoist /ocario11 co,~flict happens when a job has to be mo,·ed. but the hoist is too far away to reach it before it 

is spoilt. 

Cl1RRE'.\T SOLUTIO~ TECH~IQUES 
Yih's Heuristic Algorithms 
Yih [2] developed two heuristic procedures . The first. referred to hereafter as 'Yih's basic algorithm', proceeds by 
scheduling jobs sequentially as early as possible. considering minimum processing times and the required hoist 
travel times. without causing any conflicts with the current partial schedule. 

The second algorithm. referred to hereafter as 'Yih's improved algorithm' . exploits soak time tolerances. Jobs are 
first scheduled as in Yih ·s basic algorithm. but ignoring any hoist conflicts. The resulting overall schedule is then 
examined for hoist conflicts from left to right. Each conflict is resolved by using the tolerance associated with a 
single pre\·ious operation of the job in\'OIYed . If thJt is not possible. the whole job is delayed: i.e., the start time of 
the first hoist operation invoh:ing the job is increased. 
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Experimental results show that Yih's improved algorithm usually produces a solution with a better makespan than 
that achieved by her basic algorithm. However, in few instances this is not the case. as is evident from the results in 
[2] 

Multi Precedence Constraint Posting 
Smith [I] proposes a Multi Precedence Constraint Posting (MULTI-PCP) procedure. PCP [3] can be formalised with 
reference to a General Temporal Constraint Network (GTCN) [4], in which variables, each having a continuous 
domain, are subjectto a set ofunary or binary constraints. The variables represent t~mporal objects. such as intervals 
or time points, and the constraints can be either metric ( e.g., the distances betweenJobs/operations are restricted 
using an interval) or qualitative (e.g., using Allen's 13 basic temporal relationships). In order to solve the GTCN. the 
disjuncts between variables are identified and a certain ordering/sequencing decision is made such that the feasibility 
of the GTCN is not violated. PCP extends this model by incorporating a simple analysis of the temporal flexibility 
associate·d with each sequencing decision. 

PCP produces a feasible solution, given a certain makespan. In order to optimise the makespan. the Multi-PCP 
algorithm resorts to reducing the makespan iteratively until it is not possible to produce a feasible solution. 

Computational results of Multi-PCP show that it outperforms Yih' s improved algorithm, but is very slow in 
comparison [I]. 

PROPOSED ALGORITHM 
Traditional methods of scheduling using constraint satisfaction rely on forming a non-standard CSP model. where 
precedence constraints are posted between activities. This tends to be computationally expensive. since repeated 
validation of partial solutions is necessary to make assignments in the search space. 

In contrast. the proposed algorithm employs a different. though still non-standard. CSP model. with the ,.,:ariables 
corresponding to the operations. we will. therefore. use the terms •variable' and •operation' interchangeably. 
Associated with each variable is a compound label consisting of two time points specifying the Hoist Start Time 
(SH), at which the hoist reaches the job to be moved and End of Tank Processing Time (EP). Each of these two time 
points has a continuous domain corresponding to the appropriate time interval. It is worth observing that the Hoist 
End Time (EH), at which the job is dropped in the tank; also corresponds to the start of tank processing time. EH is 
calculated as: · 

£Ht., = SHx._, ..;_load time·time to move job between tanks+unload time 

The global resource constraints are then taken into consideration during scheduling. 

Unlike most CSP-based scheduling algorithms. instead of posting precedence constrains between the different 
operations. the proposed algorithm resorts to imposing an order on the variables. For example. labelling Oa.b to be 
before Oc.d means enforcing -SHa.b < SHc.d· 

Value Assignment And Conflil't Resolution 
The scheduling process is carried out by assigning appropriate compound labels to the various variables. 
Relations among the attributes of the compound label are : 

EPu = EHu - processing time 

Thus the scheduling process reduces to determining the various SH and processing time values. The latter are 
initially specified to correspond to the specified minimum values. with the tolerances used for hoist conflict 
resolution. as i 1ill be explained below. while SHx.y is initially calculated as: 

_,,.:JI J" • • ,. { 
I."/ '1.: .• : 

J:i/1,1 .• : I ii 

i I' r )1,: w,' I 11 ·I, •I I '..:' l I I j1 .1 I ./' 

I I I !11 "I'',\" j,.._I • 

where tt is the hoist travel time from the current hoist position to the tank where job x is and O,as, is 
the last scheduled operation. 
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However, if SH.u turns out to be less than EP:ui 1, then Ou is delayed so that SH.1.1 = EPu-i l. On the other hand. if 
SH,.,. > EPx,"Yi l ,' with the latter calculated on the basis of the specified maximum processing time. then there is a 
hoist conflict, i.e., by the time the hoist gets to move x from its current tank. the operation Ox:y; 1 will be spoilt 
because its specified maximum soak time is exceeded. To solve this conflict, the panial solution is revised using the 
tolerances of Ou: z = [y i 1;:::: I] are utilized to make EPx;yjl = SH.r.,·· This is done in two stages. First. an 
attempt is made to solve the conflict using the tolerance of a single previous operation. If this cannot be done, the 
combined tolerances of several operations are used. 

Extending a tank processing time by c entails increasing by the same amount SH:EH and EP of all successor 
operations belonging to the same job that have been scheduled so far. 

Variable Ordering 
During the process of scheduling, whenever an operation is scheduled the question arises as to which operation to 
schedule next. The way in which this question is answered determines a variable ordering, which. in effect. is 
equivalent to posting precedence constraints between operations. 

In the current algorithm, variable ordering is imposed by maintaining an options list. Whenever an operation is 
successfully labelled. the list is augmented using the following rule: 

l. . if the options list does not contain a first operatjon of a job and there are waiting jobs; then add the first 
operation of the first waiting job to the head of the list. 

.., add the successor operation of the same job, if any. to the tail of the list 

This in effect means maintaining a list of operations ready to be scheduled. with the first part of the rule ensuring 
that priority is given to introducing jobs to the schedule as early as possible and the second giving priority to the 
earliest scheduled incomplete job otherwise. The combined effect is to schedule operations as soon as possible, 
while at the same time maintaining as much parallelism as possible. 

The variables in the list are taken in turn until one is successfully labelled. If none can be. then backtracking is 
invoked by revoking the label of the last labelled variable. moving it to the tail of the list and removing the variable 
corresponding to its successor operation from the list altogether. 

Forward Checking 
It sometimes happens that when an operation is labelled. another operation way down the options list becomes 
impossible to schedule. Yet, without a look ahead facility. this will not be discovered until that operation is reached. 
A series of backtracking moves wili then ensue until the culprit assignment is revoked. leading to a large wasted 
computational effort. To prevent this. a forward checking procedure is entered whenever a variable is successfully 
labelled. 

H 

<,>11 . 

II 

Figure I: Solution patching 

The forward checking procedure works as follows . All the operations in the list are checked until an impossible to 
. schedule operation is encountered or the list is exhausted. In the former case. the current variable is moved to the tail 
of the list and an anempt is made to label the variable that has now become at the head of the list. 
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H\'bridisation 
The proposed algorithm, as described so far. is effective in that it outperforms Yih's improved algorithm [2] in tenns 
of the makespan criterion, as will be shown in the section on experimental results. Further improvement of the 
proposed algorithm is, however, possible, by noting that the jobs are introduced into the schedu_le in the order in 
which they are given, whereas a different order would lead to a different schedule. Thus it should be possible to get 
schedules with a near-optimal makespan by searching· the space of possible job orderings (sequences). However. 
since enumerating all possible sequences is computationally infeasible, metaheuristic search by simulated annealing 
(SA) has been employed. 

SA is a well known. In the present context. we need only identify the. move strategy. The initial sequence is 
randomly generated and a single move in the neighbourhood is defined as that of swapping two jobs chosen at 
random. A Move is evaluated by generating the schedule corresponding to the sequence resulting from it. 
calculating the makespan and comparing it with that of the current schedule. However, since the number of moves 
evaluated in a simulated annealing-procedure is typically very large, efficiency would be greatly enhanced if move 
evaluation is made.computationally Jess expensive. Fortunately, this is possible through schedule patching. 

Schedule Patching Let Qr. be the current sequence and Qn+l be the sequence obtained by a move from Qn, effected 
by swapping two jobs A and B (see Figure I). Also let Sn be the schedule resulting from sequence Qn. 

Clearly. Sn and Sn+ I will be identical from time Oto SHA.I in the fonner, with SH,u becoming SH8 _1 in the laner. 
Hence. there is no need for repeating the calculation of the schedule for the time interval [O. SH_0 ] and the 
scheduling process for S,,+ 1 starts with Q8.1• 

Moreover. when the scheduling process finishes assigning the last operation of job A. a watch is kept thereafter to 
ascertain whether a segment of Sn+ I has become identical to the corresponding segment of Sn in terms of operations 
order and tolerance usage. If the matching sections become sufficiently long, then the scheduling process 'is stopped 
and the remaining last segment of Sn is simply copied and appended to the segment of Sn~ 1 assembled so far. Based 
on empirical observation, a match is considered sufficiently long if it covers a number of operations equal to twice 
the number of tanks. 

Schedule patching in this manner proved to be highly effective. cuning overall computation time in half on average. 

EXPERIME!\T AL RESULTS 
To arrive at a comparative evaiuation. Yih's improved algorithm has been coded as described in [2]. The problem 
instances used consist of 100 jobs each. with randomly generated routings and tank processing 

Figure 2: Results of CSP 
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.times, also as described in [2]. Evaluation has been carried out by programmes written in C+-T- on a 1 00MHZ 
Pentium PC. 

Improvement is defined as: 

T1,-T 
l111prun:1Jw111 - ---- ]j, 

where Tb is the makespan of the schedule produced by Yih' s basic algorithm [2] and Tis the makespan produced by 
the algorithm being evaluated. 

As shown in Figure 2. the proposed basic algorithm, without hybridisation with simulated annealing. significantly 
outperforms Yih's improved algorithm. with an execution time less than 0.5 seconds per problem. Although it has 
not proved possible to carry out comparative evaluation against Smith's algorithm [l] due to the lack of information 
on implementation, the published results seem to indicate that the improvements achieved by the proposed basic 
algorithm are greater. Moreover, this latter algorithm should be much faster. 

Figure 3 shows how hybridising the proposed basic algorithm with simulated annealing improves the results 
dramatically. 
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Figure 3: Simulated Annealing improvement 

CO:'-CLUSIO~S 
A new algorithm for solving·the single hoist multiple product problem has been presented. The algorithm uses a . 
non-standard constraint sat isfaction problem (CSP) model. where variables have compound labels and the order of 
labelling imposes schedule precedences. In order to improve the solution. several heuristics and rules are introduced, 
the most imponant of which is the use of multiple operation-time tolerances to resolve hoist availability conflicts. 
The proposed algorithm also incorporates forward checking to speed up the solution process. 
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Hybridising the constraint satisfaction algorithm with simulated annealing leads to substantial improvements of the 
results in terms of makespan, naturally at the expense of increasing computing time considerably. 
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AN EFFECTIVE DISPATCHING RULE FOR THE JOB SHOP MAKESPAN PROBLEM 

J. Calabrese. R. Henley. and V. Udayabhanu 
College of Business. San Francisco State University. San Francisco. CA 94132 

.INTRODUCTION 
The job shop scheduling problem is of great practical importance. Efficient methods of solYing it can haYe major 
effects on profitability. c_ustomer satisfaction. and product quality. It is also known to be one of the most difficult 
NP-hard ordering problems, much harder than the traveling salesperson problem. 

In the general deterministic version of the problem. N jobs are to be processed on M machines. Each job consists of 
a set of operations. and each operation must be done on a specified machine for different specified processing times. 
in a given job-dependent order. A schedule specifies the operation sequences on each machine such that each job ·s 
operation order is preserved~ a machine is not processing two different operations at the same time. and different 
operations of the same job are not simultaneously being processed. The problem is to find a schedule which 
minimizes makespan. the maximum completion time among the jobs. 

Proposed approaches to the makespan problem include optimization algorithms, iterative search heuristics. and 
simple dispatching rules (see Jain and Meeran 1999 for a survey of the various techniques). The first two approaches 
solve many problems to optimality or near-optimality but tend to be relatively complex and require a great deal of 
computing power. In contrast. a dispatching rule can be used to generate a schedule in a single pass through the 
operations. Such procedures are simple and fast. at the expense of accuracy. 

For the deterministic makespan problem which is the subject of this paper. computational studies have shown that 
the ~1ost \:Vork Remaining (MWR) dispatching rule or close variations are generally most successful (see Conway 
et. al. 1967 : 121. Lawrence 1984). This ruie giYes priority to the operation associated with the job having the most 
work remaining to be processed. The MWR ru le has been used up to the present time to quickly find good schedules 
as a basis for further local search and as an upper bound in partial enumeration schemes ( see. for example. Vaessens 
et. al.. 1996 and Sabuncuoglu and Bayiz. 1999). 

The primary contribution of this paper is to present a new priority dispatching rule 
(L-OPT) for the makespan problem. It yields good heuristic schedules in a single pass through the operations by 
using a very simple local optimization at each step . ExtensiYe computational results compare the L-OPT rule to the 
MWR and SPT (shortest processing time ) dis_patching rules and show that L-OPT proYides significantly better 
results with comparable computation times. 

SCHEDULE GE~ER.\ TION 
To generate a schedule. we follow a systematic procedure described in Baker ( 1974. Chap. 7). The method 
schedules the operations in a single pass. one by one. consistent with the time order and precedence relations of the 
problem. Two variants of this procedure are considered: ACTIVE and NO>-:DELA Y. ACTIVE generates only 
active schedules and. dependin_g on how an operation is chosen for scheduling at each step, can potentially generate 
all such schedules. Note that an active schedule is one in which no operation c·an start earlier without delaying 
another operation. and the set of active schedules contains at least one optimal schedule. NONDELA Y is a 
modification of ACTIVE that restricts the search space to nondelay schedules , wherein a machine must begin 
processing immediately if an operation is a\·ailable. The set of nondelay schedules does not necessarily contain an 
optimal schedule. 

We first introduce some definitions and notation . Represent each operation as a triplet (J.k.m). the J.1h operation to 
be done on job j. and which requires machine m . Once a start time is assigned to an operation it is said to be 
scheduled. An operation is said to be schedulable once all its predecessors have been scheduled. Let rJl,nr be the 
earliest possible start time of operation U.k.m): this is calculated at ·the point when all of the predecessors of (j,k,m) 
have been scheduled and is equivalent to tht! finish time of its immediate predecessor. Let p;knr denote the processing 
time of operation (J.k.m) and \i:,km the sum of the processing times of all operations of job j that succeed (j,k,m); w1km 

is the work remaining on job j. Steps in the active schedule generation algorithm are as follows. 
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Active Schedule Generation Algorithm {ACTIVE}: 
Step 1: (Initialization). Let the set G contain the first schedulable operation of each job (i.e. the operations with 

no predecessors). Let rjlm, = 0 for all operations (j.k.m) in G. 
Step 2: Compute t(G), the minimum completion time for the operations in G 

Step 3: 

Step 4: 
Step 5: 

t( G) = min {r1km + P1km} 
(j.k.m)eG 

and let m • denote the machine on which the minimum is achieved. 
Let C denote the conflict set of all operations (j.k.m *) e G on machine m * such that 
r;km• < t(G). These are the operations competing for machine m• in the developing schedule. 
Select one operation from C and schedule it at its earliest possible start time. 
Delete the scheduled operation from G; include its immediate successor in G: update ~,icm for operatiom 

in G; and return to Step 2. Repeat until all operations are scheduled. 

The nondelay schedule generation algorithm (NONDELA Y) follows the same steps as in ACTIVE. above. with the 
exception that the conflict set, C, in step 3 is limited to a smaller set of operations; only those operations in C with 
start times equal to min{rJkm•} are included. · 

A panicular schedule is generated by these algorithms by selecting an operation from the conflict set. C. in Step 4. 
For example. the MWR.dispatching rule selects the operation with the largest value of p;km + wJkm• Vancheeswaran 
and Townsend (1993) propose an 'urgency criterion', U*, which is defined as total work remaining divided by 
processing time needed to complete the present operation (including remaining time needed to complete work on 
previous machines) . The operation with the largest value of U* is selected to be ·scheduled. 

Below we present the L-OPT priority dispatching rule for choosing an operation in Step 4 of.the algorithm. For 
convenience. we use a single subscript} as an operation index rather than the triplet above. since each operation in C 
is competing for the same machine and uniquely identified by the job to which it belongs. , 

The L-OPT Priorin· Dispatching Rule: 
~: For each operauonj in C. compute a value l1 by the following steps. 

(a) Construct a sequence of operations by puning operation) first and sequencing the remaining 
operations in C according to wi. The remaining operation with the largest value of '"'.i is second in 
the sequence, the next largest is third. and so on. 

(b) Let n be an index denoting the operation in the nth position of the sequence created in step (a).. 
Calculate r 0,1, the earliest stan time of the nth operation in this sequence. Note that r(/J = r1 and rf11+11 

= r,,,1 T p,,,,, where p,,,1 is the processing time of the operation in the nth position of the sequence. 

(c) Compute v j =max{,~,, ; + P ( n ) + \,\'t,1)}, where W(,i ) is the sum of the processing times of all 
11 

operations ( within the same job) that must succeed the operation in the nth position of the sequence. 
Step 2.: Schedule the operation \vith the smallest value of l'.r 

The quantity l1 is a lower bound for the makespan of the jobs included in C. given that operation} is chosen, Thus 
the L-OPT rule simply finds an heuristic schedule by following a path of srnallest lower bounds in the (potential) 
search tree that can be created by the scheduling algorithms. Sabuncuoglu and Bayiz ( 1999) used both ACTIVE and 
NONDELA Y with MWR dispatching to generate schedules for beam search. Used in conjunction with a priority 
dispatching rule, NONDELA Y will usually generate a bener single schedule than ACTIVE. However, ACTIVE 
may yield superior results in beam search or similar algorithms, where a number of related schedules are generated 
by branching based on priorities created by a panicular dispatching rule, since active schedule generation does not 
restrict the search space to possibly non-optimal areas. 

COMPUTATIONAL RESULTS 
Table ·I gives results from various heuristics using ACTIVE and applied to two benchmark scheduling problems 
from Muth and Thompson (1963). a 6job. 6 machine problem (6x6) and a l0job, 10 machine problem (IOxl0). 
These problems are nontrivial: in particular. optimal solution of the I Ox 10 problem eluded researchers for well over 
twenty years. 
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Table 1 
H .. SI . eunsttc o uttons to M h d Th B h k P blems Usimz ACTIVE ut an ompson enc mar· ro 

Heuristic Solution (Makespan) 
6x6 Problem 1 Ox1 O Problem 

SPT 85 1291 

LTTF 70 1459 

MWKR 58 1191 

u· 66 1182 
-U* pl us Local Search 57 1159 

LLB 55 1123 
Optimal 55 930 

We calculated makespans for these problems using four different dispatching rules: the MWR and L-OPT rules 
described above: the Shonest Processing Time (SPT) rule, where priority is given to the operation with the smallest 
value of p,1cm: and the Longest Time To Finish (L TIF) rule, with priority calculated by adding earliest finish time to 
work remaining for the current operation. We also included results from Vancheeswaran and Townsend (1993) for 
their urgency criterion dispatching rule, U*. and their two-stage procedure, which combines the U* dispatching rule 
with iterative local search. As can be seen in table 1, both the MWR and U* dispatching rules did bener than either 
S.PT or L TTF. although neither the MWR or the U* rule was conclusively bener than the other. However, the L
OPT rule found smaller makespans than any of the other heuristics, including the two-stage iterat!ve search 
procedure. 

As a thorough test. we solved 162 benchmark test cases found in Beasley (1990) and Taillard (1993) . The test cases 
range in size from 36 operations (6 jobs x 6 machines) up to 2000 operations (100x20). We solved each of the 162 
cases in turn using the L-OPT. MWR. and SPT dispatching rules with both active and nondelay scheduling, 
resulting in 972 solved problems. Table 2 displays error statistics relatiYe to the optimal or best known solutions 
reponed in Beasley. 

Relati,·e Error Statistics for 162 Benchmark Problems 
Relati\'e Error (Percenr1 ACTIVE NONDEL4r 

L-OPT MKR SPT L-OPT MKR SPT 

Average 20.9 25 .3 61.4 16 .7 18.8 25.1 

Minimum 0.0 0.0 33.0 0.0 0 .0 2.9 

Maximum 70 .6 55.8 95.0 48.4 48 .8 60.0 
Standard Dei·iarion 11.0 10.4 12.3 9.1 9.4 9.8 

Results show that both MWR and L-OPT almost completely dominate SPT in both active and nondelay scheduling. 
With active scheduling. L-OPT yielded better schedules than MWR in 93 percent of cases and reduced MWR 
average relative error by 17.4 percent. For nondelay scheduling. L-OPT outperformed MWR in 81 percent of cases 
and reduced MWR average relative error by 11.2 percent. Problem size. in terms of the number of jobs and/or the 
number of machines. appeared to have no significant effect on the relative errors of either method compared to the 
optimal makespans. or to their performance relative to one another. 

Algorithms were implemented on an AMD K6-II '400MHz PC using c-~ on Windows 95 . Solution times on a 
range of test problems with the L-OPT rule using ACTIVE ranged from 0.0015 CPU seconds for a problem with 
100 operations ( l Ox l 0) to _0.31 seconds for problems with 2000 operations ( l 00x20). Corresponding solution times 
for MWR ranged from 0.0015 to 0.26 CPU seconds. on average about 13 percent less. 
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ABSTRACT 
We study the assembly systems with one type of finished product and several types of components . The lead times 
of components are random variables. and the finished product demand is constant. We propose a generalized 
newsboy model for the optimal supply planning of this type of assembly systems. Our aim is to minimize the 
average holding cost for the components while keeping a high service level for customer demands. 

INTRODUCTION 
Supply planning is very important for production systems due to holding cost reduction and ser\'ice level 
management. Optimal supply planning is a difficult problem. especially when it is necessary to take into account the 
random factor. Many works are devoted to the analysis of customer demand uncertainties (Grubbstrom and Tang, 
1999). However. Lee and Nahmias ( 1993) show that random lead time uncertainties are less studied. A particular 
sµpply planning problem under lead time uncertainties concerns assembly systems. In fact. for assembly systems. 
several types of component are needed to produce one finished product. So. the inventories of the different types of 
components become dependent. Then the supply planning becomes more difficult. 

In this pap~r. we study assembly systems in which several types of components are needed to produce only one 
finished product. We investigate the case of constant customer demand and random suppliers lead times. Our aim is 
to find optimal supply planning while keeping a high service level for customer demands. In (Dolgui and Ould
Louly. 2000a: Dolgui and Ould-Louly, 2001 ). we proposed a Markov model that enables the determination of 
system performance measures such as average holding cost and stockout probability. ln the present paper, we show 
how to exploit Marko\· model results to obtain optimal supply planning. 

PROBLEM DESCRIPTION 
The periodic demand D of the finished product is constant. the supply orders Q, of components also are constant 
Q,=D ( one unit of each component is used to assembly the finished product). and these quantities are ordered at the 
beginning of each period. The finished product demands are satisfied at the end of each period and unsatisfied 
demands are backordered and ha\'e to be satisfied during next periods. The supply problem is then to search the 
optimal initial in\'entory for every type of components . 

Wilhelm and Som ( 1998) studied a similar problem. In their case. components are produced in random lead times, 
and demands occur for one finished product at a time according to the . Poisson process. A demand is supplied 
immediately if stock is a\'ailable and unsatisfied demands are backordered. The inventory position of the finished 
product is checked at the instant of replenishment order arrives. and the necessary components for one lot of finished 
products are ordered if supply is necessary to assure expected safety stock. The finished product inventory position 
process is identified as a Marko\' renewal process, and this structure is exploited to determine system performance 
measures such as probability distribution of the finished product inventory position .. The disadvantage of this model 
is that the managing problem of several dependent inventories is replaced by the supply problem of the . finished 
product. so the dependence between the se\·eral types of components is not studied. 

Note that Zipkin ( 1986) ha.s already proposed a model near of the previous one . In the model proposed by Zipkin, 
production times at both stages are exponentially distributed. and demand of finished product follows Poisson 
process . Zipkin proposed a Markov process to obtain average inventory level and the average number of backorder · 
for the finished product. 

Compared to these above approaches. we give attention to the dependence between the inventories. Gumani et al. 
( 1996) have already studied an assembly system, and their model takes into account this dependence. However, their 
assembly system is composed of only two components. and the lead times of components can only take two 
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different values. The authors propose optimal supply policy but the extension of their model, in order to take into 
account more than two components, or to take into account more complicate lead times, seems to be very difficult. 

Chu et al. ( 1993) proposed a supply model for an assembly system in which several types of C(?mponents are needed 
to produce one finished product. They made the same assumptions as we do, but they studied the supply planning 
for only single-period problem. They also suppose that lead times are continuous random variables. 

A more exhaustive review about these problems can be found, for example. in (DoJgui and Ould-Louly. 2000b). 

THE PROPOSED APPROACH 
Markov Model 
By assuming that the demand of the finished product is constant. and that the lead times of components are random 
variables, we proposed a Markov chain (Dolgui and Ould-Louly, 2000a ; Dolgui and Ould-Louly. 200 l) which 
describes the expected deliveries- position for each type of components. Let L be the lead time for the type of 
component and let u be the upper value of L. Then, the following matrix. P gives the transition probabilities: 

11-l 
P(R. S)_= / 1 (l,s1) TTJ;(r;_1 ,s;), (1) 

i=::? 

where JJl,m)= lm(l-p; ... 1)+ l(l-m)p; ... 1 +(1-/)(1-m) and P; =Pr(L=ijL;?::i). 

Performance Measures 
The specificity of t_he studied problem is that the orders of components are regularly made at ,the beginning of each 
period. and the ordered quantities are always the same. Then. the policy structure reduces the problem to the search 
of the optimal \'alues of the initial inventories. Given the constant demand D. our aim is to find the values of 
( x1 •••.• x11 ) which give the optimal initial inventory xi D for each type of components while keeping the desired 

service level. 

We obtain. from the above Markov model (Dolgui and Ould-Louly, 2001). the stationary probability distribution of 
the number JV, of expected deliveries. We can then formulate the problem as: 

n n 
Min C(X) = E[D"I. h;( x; -W;) + D"f.h1.: max (W; -x; f], 

1=! k=I i= l.·· ·.n . 

Subject to Pr( max (W, - x,- ) > o) ~ £. 
1=1.--·.n · 

ui -1 

where H~- = "I. l L; > J • X; ~ 0, i = 1. .... n . 
J=I 

1 - c is· the desired service level. 
h; is the unit holding cost per period for the components of the type i, 
n is !he number 'of types of the used components. 

IL,> 1 is a random variable equal to l if the lead time L, greater than j, and 0 otherwise, 

£[ >1 is the expected yalue of the random variable Y. 
T is equal to _max(Z.0). 
X is the vector of th~ decision variables ( x1 • ...• x11 ) • 

(2) 

(3) 

Then \he optimization problem of supply planning can be reduced to the minimization of the above problem that we 
will call problem n This minimization is rather difficult because the function (2) is not linear and, in our case, the 
decision \'ariables are integer. An objective function with the same structure has been studied by (Chu et al., 1993) 
but, in their case, the lead times of components are continuous random variables, so they didn't have a discrete 
optimization problem. · 
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- In the rest of this paper, we first give an explicit form of the criteria (2) for the general case. We then propose 
generalized newsboy model to minimize the criteria under some hypotheses. A comparative study between the 
classical newsboy model and the generalized one is also given. 

Explicit Form for the Criteria 
Before optimization we will show the following theorem: 

Theorem 1. An explicit form for the problem ll is the following: 

Min C(X)=D-I,h,.{x;-E(W,J) +D·H· L (I-TTF,(x;+kJ), (4) 
i=I k?.0 i=l 

n 
Subject to O Fi(xi) ~ I - & , (5) 

i=l 

where H = Ih; and Fi(x) ~ Pr(Wi S x). 
1=1 

Proof. In fact, we can rewrite (2) as follows: 

C(X) =E( Dih;(x; -W, J) +D·H ·E( max (W1 -x, )+) = D · I,h;{x; -£OJ', J)+D·H ·E(ZJ, (6) 
i=I i=l. .. ·. n i=I 

where Z = max Z; and Z; = Of'; -x; r. 
i=l. ·· ·.n 

Z is a positive discrete random variable with a finite number of possible values. its expected value is : 

E( Z J = "[_ Pr( Z > k) = ~ ( 1 - Pr( Z 5: k J) = ~ ( 1 - Pr( max Z ; ::;; k J). (7) 
k?.0 k?.0 k?.0 1=!. .. ·.n 

But the random variables Z, are independent. hence we have: 

£ ( Z J = I ( 1 - rI Pr( Z; ::;; k J) = I ( 1- rI Pr(nr; -x1 t 5: k)) = ::: ( 1 - rI F,-r x ; + k)). (8) 
k?.0 i=I k ?.0 i =I k?.0 i=I 

Using this expression in ( 4 ), we obtain the following explicit form of the cost: 

C(X)=Dih,.{x1 -E( W;J)-r-DH ~ (1-rlF,-rx1 -k J). 
i=I I._ ?. 0 1=l 

On the other hand. given that the random \·~riables ir, are independent. it is easy to see that the constraint (3) can be 
rewrinen as (5). 2 

Corollary I. The component x 1 of the optimum.\" must satisfy the following constraint: 

(9) 

where /i is the smallest integer which satisfies F, (x)? 1 - c . 

Proof. First. note that the vector Y which doesn't satisfy y, c '1 . i =I. .... 11, will do not satisfy (5). In addition~ for 

every vector Y which doesn't satisfy y , < u, . i =I ... .. 11. it is possible to correspond another vector X which 

satisfies x1 < u, . i = 1.. . .. n. and give a smaller cost. To show this dominance property. one has to remark that: · 

't/k ~ 0, rti = l. .... n. if x,- ~ u,-. then F, r x1 .... k J =I . We can then replace the vector Y b the vector X where 

x,= u,- - I, if_\·, c u,- and x,=y, otherwise. Then we obtain : 
n 

C(Y)- C(X) = D1:h;(y1 -u; + l)l y,?.u, > 0. 0 
i=I 
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Optimization 
In general, the vector with the components (/1, ••• ,In) doesn't satisfy (5). Then, we replace the constraint (5) by the 

following constraints 
I 

F;(x;)~(l-E);, i=I.. .. ,n. {10) 

Note that the victor which satisfies (10), will automatically satisfy (5). However (5) and (10) aren't equivalent in the 
general case. More precisely, the stockout probability of the finished product is replaced by the stockout 
probabilities of the components. 

In this section, we assume that unit holding costs per period are the same for · all the types of components 
h 1 = h1 = · · · = h n = h , and that the lead times of components follow the same probability distribution for all the 

types Fi = F2 = ··· = Fn = F. We note by II the obtained problem and we give exact method which solves the 

supply problem in polynomial time. Let's first introduce the following notations: 

Ek _is the set of vectors X satisfying ( l 0), each vector's components are also ·integer variables satisfying: xi =xi, for 

i :5 k and J :5 k . 

Pj and P/ are applicatio_ns from £1,; to E1,,+ 1, defi~ed as follows: 

fy; =x1, if i:5k+l, 
pk'(X) = y ~ ~ 

lY; = X;, orhen•,!ise, {

Yi =xk+J• if i:5k+l, 
P/(X) = Yo 

Yi = xi , othenvise. 

Then two vector, Pi ( X) and P/ ( X), of the set E"- ' are associated to every element X of the set Ek. Note that 

P} ( X) and P/ ( X) satisfy (10). 

Theorem 2. If h1 = h2 = · · · = hn = h and F1 = F2 = · · · = Fn = F. then the following equation is true: 

V k E { 1.2 ... ·. n -1 } , Min C(X) = Min C(X) . 
Xe£4 XeEt. 1 

( 11) 

Proof. Note that Ek ... \ c Ek. Then it is sufficient to show that: 

V k E { 1.2 .... ,n -1}, .Min C(X) :5 Min C(X). 
Xe£4 -1 XE£, 

( 12) 

To prove this result we give for every Yector Xof E~ another vector of Ek+ / which gives a smaller cost. Precisely, we 

show that at least one of the _two vectors. P} ( X) and P/ ( X) . gives a cost less than X: 

VX E E1c, Min ( C(Pl (X)). C(P/ (X))) :5 C(X). (13) 

In order io prove the theorem, it is sufficient to show ( 13 ). Let's suppose that ( 13) is false, and then we obtain: 

C(X) < C(P} (X)), 

C(X) < C(P/ (X)). 

The formula (14) can easily be rewrinen as : 

k n n 
2,h(x1-E(WiJ)+ 2, h(xi-E(Wi))+nh2,(1-F~(x1 +j) nF(xi+j)) 
i=l i=k+I J'?.O i=k•I 
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k+I n n · 
< Z:h(x1-E(W;J)+ Z:h(x;-E(W;J)+nh'J:.(1-F*+t(x1 +j} ITF(xi+J)). 

i=l i=k'1'-2 J~O izlc+Z 

We again rewrite ( 16) and get: 

h(x1 - xk+I) > n h L ( (F(x 1 + j}-F(xl<+1 + })) F" (x 1 + k) TT F(xi + J)). 
}'20 i•lc+2 

In the same time, (15) gives: 

kh(x1 -x1c.1)<nh I((F"(x1 +j)-F"(xh1 +J)) IlF(xi +J)). 
j~O 1zk ... l 

Using the fact that ak - /3~ = ( a - /3) I.1
a 1 •pk-I-I, for a= F( x 1 + j) and /J = F( :xk+I + j), we obtain: 

l=O 

· • 1:: h / k-1 k . Usmgthe1actt at (µ-1])µ 1] ~(µ-1])µ for µ=F(x1+J) and TJ=F(xk+J+J),weobta~n: 

klz(x 1 -x1c+i )<nh ~((F(x 1 +J)-F(xk+l+J)) Fk(x 1 +k) IlF(xi -rJ}). 
j ~O i=k---1 

The inequalities ( 17) and (20) are in contradiction. Then. the inequality ( I 0) is true . 

()6) 

( 17) 

(18) 

( 19) 

(20) 

Corollary 2. The problem II has an optimal solution in which initial inventory has the same value for every type of 
components. 

Proof. The prove is immediate by transitivity from ( 11) : Min C(X) = Min C(,-\'). 
Xe£1 XeEn 

Then. there is an optimal solution X= ( x , ... . x . ... , x ) eEn. \\ie will show how this solution can be calculated. ~ 

Theorem 3. The optimum X= ( x . .. ,, x . .... x j which minimizes the problem II is such that xis the smallest integer 
I 

which satisfies: F(x) ~ (1- £)-;; . 

Proof. According to corollary 2. the cost C() .. ) can be reduced to a one-variable function Ce(x): 

C(x, .... x . .. . , x) = Ce(x) =nDh( x-E(W J) + nhD L (1- F" (x + k)), (21) 
k2:0 

where £(W
1 

) = E(W2 ) = · · · = E( W11 ) = E( W) . _ 

Let G(x) be the following function: 

G(xJ=Ce(x+1)-Ce(x)=Dhn-nhD ( I (1-F,,(x+k))- I(I-F'i (x+l+k))) 
. k~O k~O 

=Dhn-nhD(I-F,,(x)) =nhDF" (x ) . (22) 
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G(x) is always positive, then C~ (x) is an increasing function. Then, the minimum is given by the smallest value 

l 
which satisfies the constrain F(x) ~ (1- E)" . 

Note that for n= 1, i.e. for one type of components. we obtain the newsboy model (Ould-Louly and Dolgui, 2000). 

Corollary 3. The value x which minimize the problem n with several types of components is greater or equal to 

value x' which minimize separately the problem for each type of components. 

Proof. According to the theorem 3, x' is the smallest integer which satisfies F(x') ~ (1- c) and x is the smalles1 
I 

integer which satisfies F(x) ~ (1- c); . Given that 0 < 1- c < 1. we have F(x) ~ (1- c), then x ~ x'. 

This corollary 3 shows that the dependence between inventories of the assembly systems engender supplementary 
n~ed of components. Note that, when the number n is sufficiently great, the optimal initial inventory become uD, 
then the optimal policy becomes that which doesn't allow stockout. 

NUMERICAL EXAMPLE 
To illustrate this method, we give the following numerical example. The common probability distribution of the lead 
times is the following uniform law: Pr(L = i) = 0.1, i= I. ... I 0. The common probability distribution of Wis given in 

the table I. The finished product demand Dis equal to 1. The desired service lev<!l is 0.95. 

1 0 I i 2 i 3 4 5 6 ~ I 8 I 9 
Pr(\\,.=i) : 0.0003 7 I 0.00700 I 0.04821 0.15975 I o.28468 0.28468 I 0.15975 I o.04821 r 0.00700 0.00037 

Table l. The common probability distribution of the number 'N of expected deliveries. 

Table 2 quantifies the optimal value of the initial inventories as a function of the number of different types of 
components. As expected, as this number n increases. the common optimal value x increases: 

I The number n o(n· es from I to 6 tv es from 7 to 141 es more than 141 es 
0 rimal initial inventories 7 units for each e 8 units for each tv e 9 units for each e 

Table 2. The optimal inventories as function of n. 

CONCLUSIONS 
We studied a supply problem for assembly systems with infinite capacity. Several types of components are needed 
to produce the finished product. The lead times of the components are independent random variables, and the 
demand of the finished product is constant. Our criteria are the sum of the holding cost of components and the 
backlogging cost of the finished product. 

For this problem. we obta'ined an explicit form of the average cost as a function of the initial inventories. We 
proposed a generalized newsboy model which allows to solve the particular case in which the lead times of the 
different types of components follow the same distribution probability, and the unit holding costs of the different 
types of components are the same. Compared to the classical newsboy model. our model is not limited to one type of 
raw materials, and can be used for assembly systems with several types of components. 

This paper can be situated. on one hand. as further study of the (Chu er al., 1993) problem to take into accounl 
integer decision . variable_s. and on the other hand. as the continuity of our previous works on the periodic supply 
planning for assembly systems on infinite horizon. The last type of models take into account the dependence 
between inve~tory posfrions at different periods. and also take into account the dependence between the inventories 
of th~ _different types of components. 
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ABSTRACT 
The problem of scheduling jobs in dynamic shops using dispatching rules has been an area of intense investigation 
for many years. Most research work has been concentrated on the development of dispatching rules in dynamic 
shops that manufacture independent or string type jobs. In other words, it is assumed that there are no mating or 
matching . items that go into sub assemblies, subsequently resulting in the manufacture of assemblies as final jobs. 
Only few research works have investigated on the development of dispatching rules for scheduling multi-leYel 
assembly jobs. Even in such research works, it is assumed that all jobs are of equal imponance, and that they have 
the same unit cost. holding cost and tardiness cost. Such an assumption need not necessarily hold in all real life 
situations. This research work considers this aspect of multi- level jobs having unequal relative costs or relative 
weights. Accordingly, new dispatching rules have been developed for minimizing the weighted mean tardiness and 
weighted maximum tardiness of jobs. An extensive simulation study has been carried out by generating a number of 
problems of different job structures, and the results of evaluation of the proposed dispatching rules are presented 

INTRODUCTION 
Scheduling in a jobshop is an imponant aspect of a shop floor management system. which has a significant impact 
on the performance of the shop floor. The decision as to which job is to be loaded on a machine, when it becomes 
free. is normally made with the help of dispatching rules. Over the years. many dispatching rule~ have been 
proposed by many researchers [5. 8. 14]. It is observed that no single rule has been found to perform well for all 
imponant criteria such as mean flow time. mean tardiness and , ·ariance of flow time. The choice of dispatching rule 
depends on the performance measure or the objectiYe function of the shop. In general. it has been observed that 
process time based rules perform better under tight load conditions, while due-date based rules perform bener under 
light load conditions [5, 6. 8. 14]. 

Most of the past and current literature related to jobshops has concentrated on shops processing string type of jobs, 
i.e .. jobs that are independent not requiring items,operations for assembly/sub-assembly. There are certain unique 
problems associated with scheduling of multi-level assembly jobs that do not rise when dealing with simple string 
type of jobs. In a multi-level assembly. a higher level item cannot be processed unless all preceding lower level 
items have been completely processed and assembled together. It also implies that an item may have to wait for its 
matching components before the required assembly operations can take place. This structural complexity associated 
with assembly type of jobs introduces problem related to coordination and pacing that do not exist when dealing 
with string type of jobs considered in conventional jobshop scheduling. In this paper. we consider the problem of 
scheduling in multi-level as-sembly jobshop with relative weights assigned to the job for their tardiness and holding 
costs . . 

LITERATURE REVIEW 
The dispatching rules with respect to minimizing mean staging delay, mean flow time and mean job lead time were 
first evaluated by Conway er al. [7], Maxwell and Mehra [9] and Siegel [ 17]. They analyzed the performance of 
multi-level -assembly jobs by assuming job segments to consist only of a single operation. Maxwell studied jobshops 
where single level ass~mbly jobs were considered with each job having the same number of items. Among the rules 
they tested, the Nl.JSEG priority rule (the imminent operation that belongs to the job with fewest number of 
unfinished segments is pr.ocessed first) showed the best performance with respect to mean staging delay, Siegel [17] 
found that the TWKR priority rule ( the operation that belongs to the job with least amount of total work remaining is 
processed first) was predominantly the best rule with respect to mean lead time . 

Russell and Taylor [ 16] proposed many sequencing rules and evaluated them using a simulation analysis of a 
hypothetical assembly shop. Among the rules the LP - (ROPT)2 rule was found to perform well with respect to 
mean staging delay. 
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. Adam et al. [I] examined the design of a class of priority assignment procedures that had focussed on the staging 
delay component of the job lead-time. A staging . delay occurs if the segments that converge in to an assembly 
operation are not completed at the same time. It was observed that mean staging delay could be decreased by 
assigning priority values to the imminent operations of the segment of a job as to equalize the "wit~i~" job prog_ress 
of each segment. The priority rules developed were referred to as the Relative number of Rema1~mg Operauons 
(RRO) and Relative . Remaining Processing time (RRP) rules. These rules coordinate the processmg of segments 
within a job and when combined with the TWKR rule, have been found to perform very well. The same authors [~] 
have proposed number of due date assignment procedures which are dynamic in nature and evaluated their 

performance. 

Philipoom et al. [12] proposed a new set of sequencing rules. called important ratio (IR). The IR is designed to 
approximate the pacing effect of relative remaining index rules ( i.e .• RRO and RRP). This rule prioritizes an item 
based on the ratio of remaining number of operation on a particular branch (or path) to job completion. to the 
remaining number of operations on the longest path to the job completion. Items with the largest IR are processed _ 
first. The IR rule was found to perform well with respect to mean flowtime measure. However the staging delay 
performance measures were not evaluated. 

Rajendran and Holthaus [13] have evaluated a set of rules based on Processing time and work content of jobs in the 
queue of next operation of a job and found that no single rule is effective in minimising all measures of 
performance. Natarajan et al. [ 11] proposed new set of dispatching rules with the objective of minimising flow time 
and staging delay for scheduling in dynamic assembly jobshop. 

DEVELOPMENT OF PROPOSED RULES 
Proposed Rules 
WLFT: The earliest finish time (EFT) for each incoming job is computed on its arrival. which is equal to the sum of 
the arrival time of the job and the critical path processing time of the job. Latest Finish Time (LFT) for any 
operation on a segment is obtained by subtracting the remaining processing time on the path after that operation to 
the final assembly from EFT. The item having the smallest ratio of LFT to weight is gi\;en priority. 
WEFT I \VLFT: The item belonging to the job with the minimum ratio of earliest finish time to weight is given 
priority with ties broken by using WLFT rule. 

WEDD I WLFT: The item belonging to the job ha\"ing the smallest ratio of earliest due date to weight is given 
priority over other items. In case of a tie the WLFT rule breaks it . 
WTWK.R I WSPT: The item belonging to a job having the smallest ratio of remaining total work content to weight 
is given priority. In case of a tie the WSPT rule breaks it. 

WTWKRPL: The total remaining work content of a job along a segment is known as the path length. The value for 
the TWKR ,· (WT*PL) is obtained by di\·iding the remaining total work content of the job to which the segment 
belongs by the product of weight and remaining path length of the segment being considered. The item having the 
smallest value for this ratio is given priority. 

WTWKR / PL: The item belonging to a job having the smallest remaining total work content to weight is given 
priority. PL, i.e., remaining path length of the segment being considered. breaks tie. 
W(PT-rWINQ) : The sum of processing time of the part and the work content o(the parts in the queue of next 
op_eration of the part being considered is computed. The pan \\'ith the smallest ratio of this sum to weight is given 
pnonty. 

W(PT---SL): The priority index for this rule is gi\·en by 
Z1 = process time of the operation j of the job i I weight - min( slack. 0)*weight 
Slacl~ = due date-current date-remaining processing time of job i 
The item with the minimurn value of Z1 is given priority. 

EXPERI:\IE~TAL EYALCATJO~ OF THE RULES VSl~G s1,rnLA TION 
Research_ on dynamic shop scheduling has made considerable progress with the help of simulation models. The 
hypothetical shop models consi~ered in the literaru_re typically consist of a small number of machines, usually of the 
order of IO [ 5]. Models of cenam shops have considered more than 100 machines [ 15], but there is no evidence that 

628 



the number of machines has significant influence on the performance of the dispatching rules [4]. The number of 
machines a job visits is determined by sampling from a distribution such as normal or uniform. A set of assumptions 
is usually made to simplify the simulation model [3] and to generalise the experimental assumptions. The imponani 
assumptions incorporated in this study are listed below. 
1. Each incoming job is assigned a relative weight with respect to tardiness or earliness cost per unit time which 

varies uniformly from I to 9. It is also assumed that each sub assembly of a particular job carries the same 
weight as that of the job. 

2. The arrival pattern of jobs in to the system is exponentially distributed. ~~ number of operations of lowest 
level items varies uniformly from 2 to 7. 

3. The machine once visited is not revisited. 
4. The processing time for any item varies uniformly from 1 to 20 time units. 
5. The assembly time required to form a subassembly at any level varies uniformly from 1 to 20 time units. 
6. The sequence of machines required and the processing time is assigned to all the items before their entry in to 

the model. · 
7. The set up times are included in the processing times. 
8.- There is no restriction in the queue length. 
9. The parts cannot undergo any operations in alternate workstations other than the originally assigned 

workstations. 
10. There are no machine breakdowns (no interruptions in the shop floor). 
11. Jobs consist of strictly ordered operating sequence. 
12. A given operation can be performed by only one type of machine. 

Simulation Model 
The hypothetical jobshop is assumed to consist of 9 work centers. each having 2 similar machines. Job arrivals are 
generated by using exponential distribution. The due-date (d1) of an arriving job i at time ti. determined by its critical 
path length (CPL) and the allowance factor (c), is as follows: -

Two levels of machine utilization are tested in the experiments. viz. 85% and 95%. Three classes of job 
configuration (i.e. product structures) are considered and are shown in Table 1. For example, jobs of Type 1 are 
made of parts only at level two. The number of sub-assemblies at level 2 varies from 2 to I 0. Jobs of mixed 
configuration are made up of jobs of Type 1. 2 and 3 with equal probability. For each job type. the number of 
assembly level segments. the number of sub-assembly segments coming into an assembly type segment, and the · 
number of sub-sub-assembly segments per sub-assembly segment are determined from discrete unifonn 
distributions. The routing for each job is different and generated randomly . 

JOB TYPE 
I 

# SUB-SUBASSEMBLY 
I 

# SUBASSEMBLY 
I 

# ASSEMBLY 
LEVEL 2 LEVEL 1 LEVEL 0 

l ! f2-10l ! - i -
2 I f2-3l I f4-6l I -
3 I f3-5] I [2-31 I f2-3l 

[a-o] represents the uniformly distributed integer random number in the range a to b 

Table 1: Details of Jobs with Different Configurations 

Steadv state condition of the shop 
In order to ascertain ~·hen the system reaches a steady state, the shop parameters such as utilisation level of 
machines, weighted mean flow time of jobs, etc were observed. It has been found that the shop reaches the steady 
state .after the arrival of about 550 job orders. 
Run ·1ength and number of replications 
The number of replications is fixed at 6 (with antithetic random numbers between replications) and the run length 
for a replication is fixed so as to cover 2000 job completions. The data for jobs numbering from 500 to 2000 (a total 
of 1500 jobs) are collected for statistical computations, and the sh~p is continuously loaded until the completion of 
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th~se jobs._ This ~ethod helps in o_verc,oming ~e problem of' censored data' [6]. The model has been developed 
usmg the s1mulat1on package A wes1m Ver. 2.0 smrulator and run on a Pentium processor system. 

PERFORMANCE ANALYSIS OF THE RULES 
The following is a discussion of the results presented below. 

Weighted Tardiness: 

I Job Confuzuration 1 I Mixed Confornration 
I PDR I 85% l PDR I 95% I PDR i 85% 
I WTWKR/WSPT I 73 I WTWKR/WSPT I 1108. l I W(PhWINQ) I 89.7 

[ W(PT-WINO) I 88.9 I W(PT•WINQ) i 1237.1 I WTWKR/WSPT I 95.8 

i PDR 
I W(PT+WINQ) 
I WTWKR/WSPT 

! WSPT 
I r 98 ! \\·EDD!WLFT I 1342.1 I W(PT·SL) I 109.3 WLFT 

Weighted Lead Time: 

I Job Confornration 1 : Mixed Confi 1:rnration 

I PDR I 85% I PDR l 95% I PDR ! 85% I PDR 
I WTWKR/\VSPT I 127.4 I WTWKR/WSPT i 456.2 1 \VTWKRPL I 134.8 I WTWKRJ.PL 

I WTWKR'PL I 127.5 ! \VTWKRIPL i 473 I WTWKR 'WSPT I 135.4 I WTWKRIWSPT 

I \\'TWKRPL 131.6 I WEFT'\VLFT 516.1 \\°LFT I J42 .9 l WLFT 

Table 2: Details of the results 

CO'.'-CLUSIO~S 

! 95% 
I 295.9 
I 341.4 I 

I 403.3 

95% 
203.5 
206.6 

i 223 .9 

In this paper. a new set of dispatching rules haYe been proposed with the objective of minimizing weighted lead
time and weighted tardiness for scheduling in dynamic assembly jobshops. A simulation srudy of hypothetical 
jobshop has been carried out to evaluate the performance of the proposed rules and existing rules. The rules that 
perform well both in terms of weighted mean tardiness reduction and weighted lead-time reduction for different 
shop load conditions and job configurations ha\·e been identified. 
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ABSTRACT 
This paper proposes a production planning and control approach for virtual/distributed enterprise environment. It is 
assumed that existing companies need to be reorganized in order to be competitive in a Virtual/Distributed 
Enterprises world. This approach uses the concept of Autonomous Production Systems (APS) as the basis for the 
new organization within each company in order to reach efficiently the new market environments. A new approach 
to Production Planning and Control is presented in this paper to respond to this new organization of Viffi!~l 
Enterprises assuming that companies are organized as sets of APS and a market of APS is available. In the· approach 
presented in this paper, a broker is needed as the central point of the coordination/communication between APS 
partners. This study intends to be a step forwards on the organization of each individual company and on the 
information management between entities of the virtual enterprise. 

INTRODUCTION 
ln the past. manufacturing was essentially organized on a local level. With the fast de\'elopment of transportation 
and communications means. an expansion process took place (Soares et al 1997). Computer networks and 
telecommunication systems represent the enabling element of the development of the \'irtual enterprise concept 
(Afsarmanesh H and Camarinha M 1997). High tech communications have undoubtedly reduced tbe impact of 
geography and have drawn nations and indi,·iduals closer together. and common tastes are emerging. within 
countries as well as continents . Bremer ( 1997) says that a virtual enterprise could be seen as a new way of business 
acti,·ities , where different and independent partners exploit a business opportunity through cooperation. Davis and 
O'Sulli\'an ( 1999). defends this cooperation with the appearance of more complex products that are now sourced 
and sold . globally. Manufacturers have to develop and produce more complex products in less time. while still 
competing in global markets. Ziinrnerman ( 1997) also defines the concept of virtual enterprise as a reaction of 
enterprises organizational structures to an emergent business opportunity. Amberg and Zimmerman ( 1998), said that 
virtual enterprises could be understand as independent enterprise networks. that combine their skills and resources 
( or a part of) to obtain common proposes. Virtual enterprises appear as enterprises quick reaction to demand 
changes and to reach what indi\'idual and a lone enterprises couldn ' t. According to Brone et al ( 1995) and Childe 
( 1998). the emergency of the virtual enterprise concept is attributed to de development of global markets and mass 
customization . This concept is the result of the readiness of companies to look outside of their own boundaries for a 
new source of competiti\'e ad\'antage (Child. 1998). This organization persists as long as the time needed to obtain 
results. Each enterprise l or a part of) could belong at the same time to several virtual organizations. 

THE EXISTI~G APPROACHES FOR PPC IN V /D E~TERPRISES 
Production Planning and Controt (PPC) is an intrinsically complex problem. which becomes even more complex in 
a V.'D enterprise context. PPC traditionally includes order information. product structure data, production routes, 
supplier information. details of current stock, work in progress data. resource data and so on (Zhou and Be~ant 
1997) but on a multi-site production planning and control systems. it al so includes logistic data, as well as supplier's 
and subcontractor's data. 

Few approaches for PPC in a V /D Enterprise en\'ironment can be found in the literature and in this work we pretend 
to develop a new approach using the concept of Market of Resources (Cunha et al 2000) as well as the concept of 
Autonomous Production Systems (APS ). 

Arnold J. et al ( 1997), defends that to reduce uncertainties. to handle the high complexity and to improve the 
transparency in the supply chain. a decentralized production planning and control system that considers the whole 
enterprise is needed. This approach is organized in three main points : ( 1) a planning component that supervises both 
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the supply of the upstream and the demand of the downstream sites, and optimizes the production of the belongine 
facility; (2) a monitoring and controlling component that transfers the results to the shop floor and capture; 
production data; and (3) a broker that is responsible for communication and negotiation with other planning fractali 
within the enterprise receiving all the infonnation that is useful for both the planning component and the controlline 
component of the same fractal. Depending on the internal strUctures four methods were produced. In common Wiili 
our approach we can find the use of a broker which formats the available information. On the other hand our · 
approach uses the concept of APS that allows more flexibility on the integration and --preserves a better autonom~ 
and information privacy of involved entities. 

Other authors recognizes that the PPC system require a re-engineering process in order to properly operate in a 

~irrual enterprise environment (Camarinha-Matos et al 1999). In PRODNET II project, some extensions are addea 
to the traditional PPC in order to use the new communications technology. Differently from Arnold J. et al (1991) 
approach, it is recognized that the provision of different access rights to the information is important to an efficiem 
operability. This is also our thought and we use it in our approach. On the other hand we use the concept of broker 
as the method of formatting· the information, which is not used by PRODNET II. The contribution of the work 
presented in this paper to the field of Virtual Enterprises Production and Control Systems is the concept of APS 
(Autonomous Production Systems) 

In a Virtual enterprises environment, the PPC is more than the traditional act of planning and production 
controlling. Thus some accessory literature can be found, Dudenhausen et al ( 1997), Frederix ( 1996) and Menins 
and Krause ( 1998) are some examples. 

AUTONOMOUS PRODUCTION SYSTEMS CONCEPT 
This concept intends to show that enterprises must look themselves at different way. It is necessary that at the 
inside, each enterprise clearly identify their own autonomous production systems. This means that inside their own 
boundaries, the enterprise p-1ust know which are the sectors sufficiently provided with means to autonomously 
integrate an emerging virrual enterprise (VE). 

Enterpnse 1 Enterpnse 2 

APS1 I : I APS2 

APS3 I : I APS4 

\'E 

Figure 1 - Different APSs organized as a Virtual Enterprise (Moreira et al. 2000) 

A company instead of being organized as the traditional hierarchy of departments and functions should become a 

network of APS. in a .way that the relationships between its APS should be based in a client-supplier relationship. In 

this way each APS could cooperate equally with an APS of other company for a particular business opportunity as 
well as with an APS of the same company (Moreira et al 2000). An APS can be considered the smallest part of a 

company that if more divided looses its functionality . 
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The main difference here is the fact that each APS can be integrated with other APS of different companies in a VE. 
or all the identified APS of a company could be integrated simultaneously. This means that the panicipation of the 
company at the VE could be made by one. two, three or all the APS (see Figure 2). 

l · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · : · ~qcnpany B 
: : . : . ~~IJ1P.any ~- . · . : . : . : . : . :\'? : . : . : . : . ·~•-: ·-:-· __ 

t::: :f ~~S; ·rjA·P·S. ~- t. ·:::: :-·: r-:-=-:7APSI :. r-::::-:--i 
=·.· . .. . .•. - · • ·. ·.· ·.L .. ~.~-J~ 

1::::::~:::::::::::::;::::::::::::::; 
1:_;_:::;::::;:_;_:_:_:;_:_;:_(§5_::~~Jpany C 

············ '········ 

APSI I· .. .......... .. ... .. ... ... . 
-~ ·::::. : : ( .~P~l · ·r-1 -AP_S_: _, 
-~ .. ·.··. 

__ A_P_S_3--.r:. :.:. :. · . : : : : : : : .. : : ·::::. 
. . . . . . . .. . . . 

Com~~+~/ 
·--... · .. : . . . .. : 

Figure 2 - Two different APSs integration in a virrual enterprise 

PPC SYSTEM FOR VIRTUAL/DISTRIBUTED ENTERPRISES (YID E) E~VIRONMENT 
When a business opportunity rises out, it's necessary to react quickly and efficiently. In our model. a coordinator 
(starter) entity begins the process. This starter entity could be any one who finds a business opportunity and has 
enough market knowledge or process dynamics to defuse the initiative. The first step is to contact a broker. Using 
the BOM (bill of materials) as well as the product1project process plan. the broker will search for adequate APSs 
candidates m the global APS network or Market of Resources. through Internet (Figure 3 ). The broker' sends to the 
starter entity a set of feasible solutions in terms of production capabilities. price. quality as well as other 
requirements . 

~usyness Opponun,t) 

Staner 
Emit) 

t 
~!~ <JGJC> Bro ker · 

Reouirements for services r v7~ BP ill of \p1~tenals 
and. goods . roe s an 
(so ftware Tool for Search ) / _ 

~ v/ 

Ma,~et of_~e:oun:es l < 
Site ~ 

Figure 3 - Step one of the V.D E PPC. 
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After this step, the starter entity will begin PPC tasks to determinate which and when the necessary APS panners are 
needed based on the available information. Then the information is passed to a broker, which will begin the searcn 
for the adequate partners at the focused market (Figure 4 ). Once more. the information about the -possible panne~ 
arrives to the starter entity trough the broker. After this action the negotiations are needed between the staner entify 
and APS partners trough the broker. More negotiations stages can exist because it is assumed that new APS panneij 
can become members of the V ID enterprise as well as some APS partners can be removed. Due to the complex· 
process of communication between enterprises, a formalized information form is given by the broker to all the 
involved entities in order to guaranty that all the partners use the same language. In this approach only the Staner 
entity has the full access to all the information, and defines the level of information access of each one of the 
participants. This allows the maintenance of information independence in means of autonomy and information 
·privacy of involved entities. Using an Internet page the broker keeps the starter entity continuously updated abou1 

the actual status of the production. In this page the starter entity may see detailed information such as the evolution 
of resources available capacity of each involved APS. This allows the starter entity to take decisions in real time. 
Cunha et al (2000), defend that the V ID E integration will gain efficiency if the search of partners takes place in a 
restricted domain called Focused Market of Resources. We keep the same concept but we also consider that each 
entity available in the market of resources is an APS and each APS fulfils a set of requirements guaranteeing that is 
trustable. In that way. the broker, in his activity of searching for adequate APS partners can focus the search in the 
ones that better fit the requirements. In our approach the PPC program and the market of resources is implemented 
in a Red Hat Linux platform integrated with a MySQL database. 

AN OVERVIEW OF THE BROKER ACTIVITY AND COMJ\IUNICA TION APPROACHES 
One of the requirements that every APS in the market of resources must fulfill is a formalized Internet page. On thal 
page each APS must include its identification as a credited member of the market. list of available services, 
available technology, contact information. as well as dynamic information such as the availability of resources 
through some planning period. etc. This allows the broker in finding the necessary information to allow the 
generation of easy understandable data to the different entities (APSs) involved in the virtual enterprise. In our 
project this aspect is performed using XML language. 

. APS 

Search engine of 
rhe oroker 

Sear.:h a.:1/on 

Data actu.&it s.auon .. ·· ... ······· ......... .... .. . . 

~ Database . ., 

0--~ e---/··· ·· · ,i.~ .. or ~w,~,, 

EY 
Figure -5- Information concentred at 

specified site 
Figure 6- Information distributed in 

different databases 

The World Wide Web offers collections of information ·for almost everv domain of interest. It is a world of 
information that can be used interactively through HTML based graphic;! user interfaces. Systematic research, 
however. requires the combination of information from multiple. independent sources. Our XML Broker offers 
tools for building such integrated information services. This emerging standard proposed by the "World Wide Web 
Consortium" (W3C) enables structured. application independent information interchange. 

From an APS point of view the XML Broker behaves like a database with an interface HTML-based. However, it . 
does not provide any data by itself, but retrieves information from internet resources on demand. The retrieved 

635 



information is structured in XML-documents and managed in a database. Results are XML-documents themselves 
and can be processed further by XML applications or displayed using a browser. 
The standard XML schema language "document type definition" (OTO) is used to describe the structure of the 
XML representation for each source (Based on the recommendations of the cenificatory entity). During evaluation 
of grammar rules an instance of the DTD is combined with the data extracted, resulting in an object tree. The tree 
can be visualized as an XML document or be subject tQ further processing. 
The XML broker's declarative query language, itself noted as XML document. allows the definition of logical views 
on the data stored in the database. A query consists of the selection of element types from an integrated DTD. its 
content constraints, and the constraints on its structural context. The query processor searches the database for 
document pieces satisfying the constraints and collects them in an XML document. Two different approaches for 
information storage were tried: 
i) In the first approach all the APSs belonging to the market of resources make regular updates of their page 

placed at one general database. This allows easier search processes but requires enormous database space 
to store all the information (Figure 5). 

ii) In the second approach the information is stored at several databases placed at each one of the APSs 
servers (Figure 6). Data actualization is made locally, the necessary disk space is not critical but the search 
effort is increased. · 

Results 

hrrp:, ..-... .,..·. resourcc.•s,tcl 
hnp·,.., .......... . rcsourcc. sue: 
hrrp:, ....... .,..·. rcsource ·s1td 

Figure 7- Weight based search 

We do not have enough experience yet to conclude on which is the most suitable approach although we believe that 
the first one is desirable as long as the amount of disk space is not prohibitive. 
The process of search performed by the broker is based on weights assigned by the starter entity to each one of the 
requirements (Figure 7). The result of the search can lead the broker to many different alternatives for the Virtual 
Enterprise configuration. All the alternatives must then be presented to the starter entity that must select one using 
some criteria. The selected alternative of partners (set of APSs) is then sent to the broker who will make all the 
contacts and start the application that runs the process. 

CO:\CLUSIONS 
We strnngly believe that companies cannot niove efficiently into virtual organizations as they are internally 
organized today. Internal changes must be performed within companies both in organizational structure and in-the 
information technology Systems. Only in that way Production Planning and Control can be performed efficiently 
across companies. This paper presents an approach using the Autonomous Production Systems Concept as the bases 
for both organization and PPC purposes . At this point of development the physical distances between partners are 
not yet considered neither its influence in the PPC system. Although a considerable amount of work needs to be 
done. we believe that the main framework is available for an interesting approach for the PPC in a Virtual 
Enterprise environment. 

636 



REFERENCES 
Afsarmanesh H., Camarinha-Matos, L.M., Federated Information Management for Cooperative Virtual 
Organizations. Proceedings of the 8th International Conference on "Database and Expert Systems Applications", 
DEXA'97, Lecture Notes in Computer Science (LNCS)l308, pp 561-572, Springer Verlag, Toulouse, France, 

September 1997 
Amberg M, Zimmermann F-, Enabling Virtual Workplaces with Advanced Workflow Management Systems. In: 
Igbaria M., Tan M. (eds): The Virtual Workplace. Idea Group Publishing. Harrisburg. PA. USA 1998. 
Arnold Jorg, Dudenhausen Hans-Martin and Halmosi Hans, Production Planning and Control within Supply 
Chains, In: Browne J, Haendler Mas and Hlodverson 0, IT and Manufacturing Partnerships. Amsterdam: IOS 
Press,.13 9-149. 1996 

-Bremer C, Developing a website for the formation of virtual enterprises. Universidade de sao Paulo. escola de 
enQenharia de Sao -Carlos, 1997. 
Br~wne J, Sachen P, and Wortmann H, Industry requirements and associated research issues in the extended 
enterprise. Integrated manufacturing systems engineering, London, Chapman & Hall, 1995. 
Camarinha-Matos L M, Afsarmanesh Hand Lima C, Hierarchical Coordination in Virtual Enterprise 
Infrastructures, Journal oflntelligent and robotics System. Kluwer Academic Publishers, p 267-287. 1999. 
Childe SJ. The extended enterprise-a concept of co-operation, Production Planning and Control Journal, 1998. vol. 
9. no 4. 320-327. 
Cunha MM; Putnik GD, Avila P, Towards focused markets of resources for agile/virtual enterprise integration, in 
Camarinha-Matos L. M. et al (eds) Information Technology for Balanced Automation Systems in Manufacturing 
and Transportation. (proceedings of the 4th IEEE/IFIP International Conference, Berlim. September. 2000, Kluwer 
Academic Publishers. 
Davis Mark and O'Sullivan David, systems design framework for the extended enterprise. Production Planning and 
Control, Taylor & Francis. 1999, Vol 10. no 1, 3-18. 
Dudenhausen H-M. Halmosi H, Loffler B. Real time order planning in semiconductor virtual enterprises. IFAC/IFlP 
Conference on Manageme~t and control of production and logistics. Camj:)inas. Brazil. 1997. 
Frederix F. Planning and Scheduling multi-site semiconductor production chain. esprit integration in manufacturing 
conference. Galway. Ireland, 2-4 October 1996. 
Mertins K and Krause 0 , Perspectives for executive information, decision support and information management in 
the extended enterprise, Organizing the extended enterprise. IFIP TC5f\\7G5.7. International Working Conference 
on Organizing the extended enterprise. Ascona, 15-18 September 1997 
Moreira N A. Carvalho J DA, Pires LCM. Distributedf\! irrual Enterprises Based on Autonomous Production 
Systems. submined and a~cepted to 28th International Conference on Computers and Industrial Engineering Cocoa 
Beach. Florida March 5-7. 2001 
Soares A L, Sousa J P. Azevedo A Land Bastos J A. Using an informal ontology in the development of a planning 
and control system - the case of the virtual enterprise. Esprit project No. 20544. Public Papers 1997 at 
hnp:/''"ww.nimblesite.com/xcinic/default.htm 
Zhou Q and Besant C B. An information management architecture for multi-site production Planning and control. 
Esprit project No. 20544 . Public Papers 1997 at http ://wv.-w.nimblesite.comixcittic/default.htm 
Zimmermann F, Structural and Managerial Aspects of Virtual Enterprises. In: Proceedings of the European 
Conference on Virtual Enterprises and Networked Solutions - New Perspectives on Management, Communication 
and Information Technology, April 07th to 10th 1997, Paderborn. Germany. 

637 



DISTRIBUTEDNIRTUAL ENTERPRISES BASED ON AUTONOMOUS PRODUCTION SYSTEMS 

NA Moreira (ll, JD A Carvalho m, and LCM Pires <3l 

!IJ Dep. de Engenharia, Universidade de Tras-os-Montes e Alto Douro Quinta de Prados, 5000 Vila Real, Portugal. 
Email: nam@utad.pt, Tel. -,-351-259 350341, Fax ·d51-259 350 480. 

<
2

> Departamento de Produ~ao e Sistemas, Universidade do Minho, Azurem, 4800-058 Guimaraes. Portugal. Email: 
jdac@dps.uminho.pt, Tel. +351-253-510269, Fax +351-253-510268. 

'
31 Departamento de Ciencias Basicas - Informatica e Computa~ao, Instituto Politecnico de Braganc;a. Q. St. • 

Apolonia. 5300 Bragan~a, Email: luica@ipb.pt. Tel. -351-273-3303267, Fax .,..351-273-325405. 

ABSTRACT 
This paper presents an approach for preparing traditional companies for opportunities in the new growing market of 
Virrual Enterprises (VE). In order to take advantage in the new global market, companies should reorganize 
themselves in order to be competitively available to new business opporrunities. The companies that can become 
dynamically pan of VEs in a faster and more efficient way are the ones that will naturally take more advantages of 
business opportunities. The main concept behind the approach presented here is the concept of Autonomous 
Production Systems (APS). We purpose that companies should reorganize themselves in networks of APSs. Each 
company must identify their APSs as well as their relationships and give them autonomy to find their own share in 
the market. \Ve believe that in this way the company will improve their responsiveness. flexibility and gains 
competitive advantage. 

INTRODUCTION 
The way production systems are interacting with others. clients and suppliers, is changing continuously in order to 
become more efficient and more competitive. Production system are no longer limited to their own physical borders. 
instead they are becoming part of an environment were the production operations are geographically distributed 
although conceptually inter-connected ( Gaines et al, 1999). In particular. the flows related with the physic 
production operations represents only a part of an information and knowledge complex flows. which .supports the 
decision logic of the project. of the inventory availability as well as the contractual obligations related with clients. 
suppliers. workers and governmental entities. In this context. as a way to produce at the lowest cost and in the 
shortest lead-time. many enterprises are becoming global business entities (Azevedo et al 1999). covering multiple 
resources of the production activity. In the same way. Camarinha-Matos et al (1999b) argues that the systems 
flexibility and reactivity requirements. restricted by the sustained technologies. are taking the enterprises to new 
organizational formats based on strong cooperation ties. In this context. the production process is -not only 
undertaken by one enterprise. since the enterprise whishes to focus its processes in its core competences, ·and be 
networked with others in a way to fulfill the requirements generated by the new products and services. The 
Infonnation and knowledge technologies are having an essential role in the management and support of those flows, 
but the heterogeneity of the different sub-systems _evoh·ed can transform the total management of the system into a 
very complex problem. Although the modeling advances of these systems. still subsists the need of its generic 
definition. as well as the fonnal procedure definitions for its configuration. As a result. it does not actually exist an 
accurate perception of the production capacity of each production system. neither the knowledge of the capacity 
distribution between the several enterprises (Ratchev. 1999): This paper intends to contribute to the organization of 
virtual market both at the intra-company level and at the inter-company level. 

- VIRTUAL/DISTRIBUTED ENTERPRISES 
The research on the Virtual/Distributed Enterpri~e (VE) concept is an area of strong growth, and for that reason 
there are still same terminology problems. Teixeira et al ( 1999). suggests that VE is a group of unities and proces~es 
in the supply chain. wich works like a single enterprise through a strong cooperation and coordination. Zhou et al 
( 1999) argues that the VE are formed in the base of the cooperation between real enterprises, and with the purpose 
of better respond to the volatile markets, and trough the focus on the client. To Rolstadas, (1998) the introduction of 
modularity on the production chain is a purpose of the VE, In this context the VE is a supply chain formed by 
independent entities. wich are centered on the employment of there own core competencies. as a way of adding 
valu_e to the product. As the market requirements change. the supply chain can be rearranged efficiently, trough the 
removal and.1or addition of partners. 

As VE evolves the interaction between several independent enterprises, it will be necessary to manage the 
organizational configuration of each enterprise to allow these interactions to be effective and efficient. In this 
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context the development of organizational formats based essentially on the VE concepts is an investigation subjeci 
of primordially importance . (Camarinha-Matos et al 1999a). The solution will be in adapting the format of the 
enterprises that enter a new VE, and not in adapting the VE concept to the fonnat of the several enterprises . . 
The concept of VE can suggest a stronger cooperation level, namely in terms of the joint activity and resource 
coordination. This cooperation can lead to more efficient and flexible organizations, but we still have a question 
between the lost of autonomy and the global optimization (Camarinha-Matos, 1999b). Because of the same reason · 
activities such as production planning and control, in VE environments, up to now have been simply reasonabl~ 
covered by the available commercial systems (Azevedo et al 1999). 

Organizational format of the VE . 
As it is· suggested above, in this context of VE environment. an interesting aspect open for discussion and research is 
the way several different companies get together to form a VE. In other words. how should several independeni 
companies be linked, so they can better reach the proposed objectives of independency and agility? 

Several different approaches to VE can be found in the literature, nevertheless, in our point of view, they normally 
either emphasize in their approaches the management of resources or the information flow. The approach proposed 
by Ratchev ( 1999) falls in the first category where the author proposes a methodology wich aims the development of 
products trough the early assessment of the production capability. The methodology is based in the identification of 
generic capability standards of the enterprise, so it can be possible to compare what capacity is possible to offer 
compared with what is required. In such a methodology we can find a similarity between the requirement of the 
products, and the resources of each entity in the VE. 

The approach proposed by Jagdev et al ( 1998) is just another example of an approach focusing the management of 
resources. The author argues that in the VE conception the enterprise is transformed from a physic entity, with a 
stable localization and mission. into a group of temporary relations. networked by computers. In this environment, 
as the partners are accepting the extended cooperation principles. there are raised complex supply chains. For the 
purpose of the management ·of this supply chains. this researcher suggests a solution based in a new entrepreneur, 
named agent. wich is specialized in the coordination_ of activities of the several independent producers and suppliers. 
In this context. the suppliers can supply more than materials, they can well be design or consulting enterprises, 
supplying knowledge, experience or specialized ability. 

On other hand there are other researchers that focus their approaches in the way the information and data flow is , 
performed. Camarinha-Matos ( 1999a) claims that the cooperation among companies is only possible when some 
degree of information sharing exists. Nevertheless. every company needs to preserve some private infonnation 
inaccessible for their partners. The other problem that must be soh·ed is th~ information management between 

· enterprises in the net. It is necessary to develop a structure. which allows the data control and information flow 
trough the enterprise net. In order to support a high interaction level between the several distributed enterprises, 
named knots. this author su~~ests two different knots: 

D Network Coordinat~r - it is the net regulator. and between other tasks it will be responsible for register the 
new enterprises. to keep the net information and to generate reports about the net configuration. 

□ Member Enterprise - this knots store the information related to them and related to the connection with 
others. ,Some of its functions are: to manage both its own and related information and to establish contact 
and int~raction with other knots. 

Both the approaches to the problem of the VE organizational format ends in a configuration where, besides the 
· enterprise members. one niore actor appears. This actor is named broker or manager. and has the responsibility of 

doing all the interconrtection work. Whether the approaches are focusing the management of resources or the flow of 
informarion most authors agree on the need of an entity that coordinates all the VE generation and management.· 
Putnik (2000) points out some interesting aspects of virtual organizations. The author argues that to solve the 
emergent ,-problem of the efficient development and implementation of the VE concept, it is necessary to take the 
following actions : 

□ Development of formal and rigorous mathematical models and definitions of the enterprise and its 
applications: 

□ Continuous efforts of the international scientific community to bring a unique approach to de user. 
As a conclusion we can say that in the actual state of the art, the organizational format of the VE is very restricted by 
the format of the several enterprises, and that is a barrier to the standardization of the VE structure. In this context 
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the development of organizational formats, based essentially in the VE concept is a research theme with the highest 
importance. 

AUTONOMOUS PRODUCTION SYSTEMS (APS) 
APS concept 
Companies are traditionally organized in a hierarchical structure where the communication is established from top 
management to bottom levels through several levels of responsibility. The company's top management coordinates 
all the departments through those levels of responsibility and directly controls the communication channel to the 
outside word (see left side of figure 1 ). In this type of organizations each department can only therefore 

· communicate with the outside word through the top management channel going through the necessary levels until 
the top. Especially in medium/large size companies, top management does not recognize precisely the market 
potentialities of its individual departments. In these cases many business opportunities are lost because each 
department does not have the autonomy to present their own products directly into the market and negotiate directly 
to other partners. 

Anyone can identify a production system as long as its output is a tangible product such as computers or desks. A 
production line is clearly understood by anyone as a production system. but only a few identify. for in.stance, •the 
department of production planning and control also as a production system. This type of system has inputs, 
processing, flow of entities, resources, information and outputs like any other production system. The output of such 
systems are order releases, schedules, etc. and every thing we know about production systems can be applied in this 
ones. In this way we can see a company as a rietwork of production systems where each one of them is related to the 
others in a "client-supplier" fashion. The PPC system supplies schedules to other departments. the warehouse holds 
parts for the production line or shop floor and the department of computing maintains and upgrades all the computer 

• systems existing in all other departments. Once a company is organized in that way, each one of its production 
systems can find business opportunities outside the company's boundaries without invol\'ing the top management 
channel. An Autonomous Production System (APS ) is a part of a company. which can participate autonomously 
with other APS systems, part of the same or other companies. to create a Vinual Enterprise (see right -side of figure 
1). 

Communication Channel Communication Channel 

¢=>EJ 
ii 

00 

Communication Channel 

~<==? 
cbcb 

Communication Channel 

¢=)~ 
8

SChannel 
Figure 1 - Traditional hierarchical structure (on the left) and APS structure (on the right). 

In this way each APS must be kept competitive in order to survive in the global market. If a particular APS is not 
efficient enough to be competitive outside its company ' s boundaries is not good enough to be maintained in the 
company. In this case the mother company must decide between keeping it with its cost and require the services 
from a similar APS but from outside. If. from the network of APS of a company. all of those APS are kept 
competitive. that company is naturally a successful one. 

The dynamics and flexibility that is expected to be obtained from a global network of APS is enormous. As business 
opportunities arise, VEs can be easily created from the right combination of APSs in a way that no existing 
companies can compete. Vl e believe that no existing company can naturally collect the right combination of APSs to 
respond efficiently to market changes in demand. This idea has already been presented before by Putnik ( 1995) 
where the author presents the concept of OPIM (One-Product-Integrated-Manufacturing). 

APS Generation 
In order to become a nem·ork of APSs. a company needs to identify the boundaries of each one of its APSs and 
establish the interfaces for them to communicate with the other APSs, either inside or outside of the company. The 
way companies can identify their own set of APSs is not easy to define and we believe that no standard procedure is 
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necessary. Each company can identify its own set of APSs according to its own culture, knowledge, strategy. typeof 
products and positio.n in the market. Nevertheless. it is possible to establish some basic guidelines for its generation. 
The biggest size for an APS is the size of the mother company itself. A company can act as a single-APS and that ii 
exactly what is happening right now when companies get together for cooperation to take advantage of busines1 

opportunities. On the other hand, the minimum size for an APS is the minimum set of resources that can still process 
entities and manage itself both in tenns of processing and in terms of communication to outside. 

About the minimum size for an APS we still need to go into further details. Many authors assume that a resource is 
the smallest entity that can be used as part of a VE. They assume that if a resource is needed for a certain VE and 
that res_ource is found and exists in a company, then that resource can b.e part of that VE. We believe that this is not 
quite right. The VE coordinator can only use that resource as part of the VE if the company that owns it is prepared 
and organized to provide the use of it. In different words, the company that owns it must sell that service. It is not 
expected that every company is ready to sell the services of all its resources. If a company is willing to sell the 
services of a certain resource, it needs to calculate its cost, to know the prices established in the market, to know 
other conditions of the market.to establish connections to suppliers and clients, to project is PPC system, etc. That is 
the main reason why we introduce the concept of APS. 

Structuring a company in tenns of APS is not a straight forwards process. It depends on many aspects, going from 
the company'·s policies to the level of understanding of its capabilities. The way a company organizes itself in terms 
of APSs dictates its efficiency both in the traditional and in the VE ·environments. There are a number of 
considerations that must to be taken into account when organizing a company in terms of APSs: (I) each APS has to 
be autonomous in terms of management, economic viability, as well as external Yisibility, (2) each APS must do its 
own search for business opportunities in the global APS network, (3) The other APSs in· the same company are 
equally available for business opportunities as any others APSs from other companies. As an ·example. the 
production planning and control (PPC) department can become an APS specialized in that function offering its 
services in the global APS network. In this context it is possible to assume that a particular APS of the same 
company ( ex . painting department) can require the sen·ice of PPC from outside as long as it represents more 
attractive solution. 

There are several advantages in structuring traditional production systems into a group of APSs: (I) Helping the 
identification of the strong and weak points of the enterprise. as well as its core competencies; (2) Preparing the 
enterprise to quickly react to the market changes on demand: (3) The efficiency of each .pan of the company can be · 
easily qu.antified, helping the company in reaching the higher efficiency . 

. One possible first attempt in defining the set of APSs inside a company is to look at the existing organizational units 
such as departments and seek for ways to make them autonomous. If a department can supply a product (service or 
good) with reasonable performance and that depanment has the necessary set of resources to be self-managed, thal 
department could become. an APS. When a company decides to move from a hierarchical structure into a network of 
APSs, it allows each APS to specialize and clarify its core competencies. to define its boundaries, and to evaluate its 
performances in comparison to other competitors. It must be pointed out that nothing stops a single department to be 
divided into two APSs or two departments to be organized into a single APS. The global network of APSs of 
companies from all around the world is believed to result in a much more flexible. efficient, and agile glob~ 
production. 

Generation of a Virtual Enterprise 
It is expected that the· generation of VEs from the selection of the right set of APSs can be more competitive than 
existing. companies. Neve~heless, many infrastructures must be a\"ailable for that purpose. First of all, we assume 
that APS must exist in a very large number covering the all areas of business. Once. a global market of APS exists 
and all those APS are available for business, some other conditions must be considered: 

a) Databases must be available with all APSs in the global market (market of APSs). 
b) The core competences of each APS, i.e. their products. must be available in standard languages. 
c) Search engines must be developed specialized in finding APS partners for different classes of business. 
d) Politicians must design new legal protocols for APS's partnerships. 
e) New type of business entrepreneur~ has to emerge. 

Considering that all of above is available, the first necessary step for the creation of a VE, is the sight of a business 
opportunity. Wh9 sees a business opportunities in the market can be the staner entity, the entity that will coordinate 
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the VE. That entity can be naturally an APS. The relationship between the coordinator and the other APS partners as 
well as the communication channels. is represented in figure 2 in a simplified way. The relationships between APSs 
in the same VE are of the type .. Client-Supplier" whether they belong or not to the same mother' company. 
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Figure 2 -APS relationships in a Virtual Enterprise 

A possible final configuration for a VE can follow the representation of figure 3 where. for instance, the APS'l' of 
company 2 is its starter entity and coordinator. The VE represented in figure 3 can be largely more. efficient for a 
specific business opportunity than any one of the existing mother companies. 

Compan 

APS1 I~ I APS1 11 APS2 

APS3 I~ \'E ~I APS4 

Figure 3 - Different APSs organized as a Virtual Enterprise. 

Another possible interesting capability of such APS virtual organizations is the possibility of an APS to be removed 
and substituted by another APS during the VE lifetime. This flexibility can be extremely interesting in some 
situations. The fastest and the easiest way this changes can be performed: the bener global efficiency can be 
achieved. 

VE life cvcle 
The life cycle of the VE based in APS is. in many ways. similar to the life cycle of a standard project. and so, we can 
use some of what we know about project theory and project management. If the VE lasts for reasonable-periods of 
time. where the same type of products are produced in a regular basis. then traditional types of PPC must be 
implemented such as MRP, ERP, JIT. as well as traditional techniques for logistics. The management of an APS 
based VE can be performed by the staner entity or for an A.PS where the management of this kind of VE is its core 
competence. The life cycle of an APS based YE can be described by the following steps: 
a) One APS identifies the business opportunny: this APS is the Staner Entity. 
b) The Starter Entity defines the project plan including all the necessary activities, its relationships, and all the 

requirements for each activity. 
c) The Starter Entity looks into the APS global market searching for potential partners for every activity oJ the 

project defined before. using appropriate search engines . It is expected that many APS candidates can fit the · 
requirements for each activity. At this stage the project could be redesigned to better fit the market's 
capabilities. 

d) The Staner Entity evaluates and selects the best combination of APS for the business. 
e) The Starter Entity promotes and manages the fonnalization of the business relationships among all partners. 

This formalization is concerned with data flows . materials flows, legal responsibility, etc. 
f) Execution and control of the project . 
g) End of the project. 

The above steps are a simplified way of representing real VE life cycle. Many other details could be considered such 
as the flexibility that can be achieved by the removal and addition of partners. 
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CONCLUSIONS AND FUTURE DEVELOPMENTS 
The formalization of the multi-enterprise relations is a research theme of the highest level of importance. not onlv in 

this area of production systems, but also in all the enterprises functional areas. Many researchers are. doing work on 

how companies could get together to create Vinual Enterprises to rapidly respond to business opponunities, but ii 
not very clear what each company must do to become an interesting available parmer. Restructuring a company into 
a network of APS (Autonomous Production System) is the aim of the research we are doing. This will lead us to · 

define in detail methodologies for companies to become networks of APSs, for APSs' to become available in ~e 
global APS market. and tools for starter entities to find partners in the global APS network. \Ve expect this resul~ 
by the end of this year 2001. 

In this paper we presented the concept of Autonomous Production System. a concept that leads a company to clearlv 
define its capabilities in this new growing markets of virtual enterprises. We also established the main guidelines f~r 
a company to identify its set of APSs and create the ground to evaluate its performances. It is also described the wav 
Vinual Enterprises could be created from a global market of APSs. It is our strong believe that no existing compani· 
could perform better than a Virtual Enterprise that is a network of the right set of APSs. A VE as a network of APSs 
i ,ill have a stronger capacity to face the challenges of the market globalization. trough its natural flexibility and 
responsiveness. In this way, each APS can get specialize in its core competences. and develop the necessary levels 
of performance to respond to the new requirements. Another interesting point of the APS concept is that small 
companies can be as competitive as large companies without losing its independency and agility. We believe that the 
APS concept can be a tool to generate the basis for more efficient and agile Production Systems. 
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ABSTRACT 
fyianufacturing roof trusses requires different setup times depending on the manufacturing sequence and on the type 
·of manufacturing apparatus that is used. This paper applies a new scheduling algorithm for unrelated machines with 
sequence dependent setup times and machine eligibility restrictions to improve manufacturing performance for roof 
truss manufacturing. 

INTRODUCTION TO ROOF TRUSS MANUFACTURING 
Roof trusses are fundamental structural components of a residential house. A truss includes m joints and n 
components where the truss design accurately specifies the length and cut angles on all of the components and the 
location of joints where the components are fastened. The truss manufacturing process requires the prep·aratiorl 'of 
the components by cutting. and the assembly and fastening of the components into a particular truss us_ing connector 
plates. 

With gr.eater architectural freedom, roof designs vary dramatically and today. it is not uncommon to manufacture a 
large number of nonidentical trusses for a given house unlike earlier designs where a single truss type was typically 
used to construct a roof. The large number of different trusses that may be required for a given -house creates an 

· additional complication for manufacturing the trusses. Each truss requires a particular setup that is used for placing 
the components at appropriate joint locations in a layout jig. Low volume on a given truss style requires more 
frequent set ups and loss of production time. Under these circumstances. a high quality scheduling procedure that 
seeks to optimize the scheduling can be very valuable . 

Currently. manufacturers sequence and schedule individual trusses for manufacture using a heuristic that depends 
heavii y on the scheduling expertise and experience of a shop manager/foreman . The existing scheduling algorithm 
assumes that the setup time for a given truss is proportional to the number of joints in the truss, and that the 
process~ng time is proportional to the number of components in the truss . These average times are used for planning 
and identifying a fixed amount of work that is required. Howe\'er. this assumes that the setup times are imiependent 
of the sequence in which the trusses are manufactured. This assumption is not true in general and consequently 
overestimates the setup time. 

Setup times on the order of several minutes per joint are currently used. where the time per joint is dependent on the 
type of mach ine on which the truss will be laid out and the truss components joined. ln figures 1 and 2, trusses A 
and B each has eight components and each truss would have the same setup time using this simplified approach. 
Howe\'er. gi\·en the particular designs, if truss. A is set up first and if truss B is manufactured immediately after truss 
A. the setup time is actually shorter because only three joirtts are different and need to be changed in the layout jig. 
Identifying and taking advantage of sequence-dependent setup times provides an opportunity for significant 
productivity improvements in roof truss manufacturing. In order to take advantage of sequence-dependent setup 
times. it is necessary to determine what the sequence-dependent setup times are. and then how to develop an 
appropriate manufacturing schedule that sequences the truss manufacturing to minimize the total production time. 

Figure 1. Example truss A. 
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Figure 2. Example truss B. 

Currently. manufacturers may use several different types of .. machines" for laying out trusses. Some are rollerbeo 
·based · and others use magnetically held stands. Figure 3 illustrates a roller bed press and figure 4 illustratei 
magnetically held stands. 

Figure 3. Roller bed truss press (MiTek Industries). 

F_igure 4. Magnetically held stand truss press (MiTek Industries) . 

Some trusses may be limited to one machine type or the other depending on size, capacity, and other special 
considerations. However. many trusses can be processed on either type of machine. Note that not only do setup 
times differ on the different types of machines. but processing times a lso depend on the type of machine. Thus, in 
many cases there is a dedsion to be made as to the choice of machine for a given truss for scheduling the truss 
manufacturing. This choice is also affected by the differing setup times and the possibility of sequence-dependent · 
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setup times. Therefore, the decision also involves the sequencing of the trusses to be manufactured (i.e., specifying 
the best order of manufacture). 

In scheduling terminology, the roof truss manufacturing problem involves unrelated machines (different processing 
times for the same job), sequence dependent setup times. and machine eligibility restrictions ( every machine can not 
process every job). The scheduling notation for this problem is R,,/S;;1c,M/C,,,ax where the scheduling objective is to 
minimize the makespan for the units produced. 

,This paper demonstrates the use of a new scheduling heuristic for this very difficult scheduling problem. In 
- particular. the partitioning-estimation with machine eligibility heuristic (PEMEH) (Salem. 1999) is applied to solve 
the truss manufacturing scheduling problem. 

UNRELATED MACHINE SCHEDULING BACKGROUND 
The problem of minimizing the maximum completion time C,,,a.r for unrelated parallel machines problem without 
machine eligibility restrictions is known to be NP-hard (Garey & Johnson, 1974). · . Thus. one can conclude that 
scheduling jobs on unrelated parallel machines with machine eligibility restrictions is also NP-hard. That means that 
there is no well-known algorithm that solves a reasonably sized problem optimally in a reasonable time . . · , 

The initial work on unrelated parallel machine scheduling problems without setup times and without machine 
eligibility restrictions {R,,//C,,,a.r) has been do~e by Horowitz and Sahni ( 1976). They developed a heuristic that is 
similar . to Sahni ' s (1976) for identical machines. Ibarra and Kim (1977) presented the earliest completion time 
heuristic (ECT) and also developed another four heuristics that are based on the ECT. 

· For the scheduling problems where machine eligibility restrictions are involved. Pinedo ( 1995) developed the least 
flexible job first (LF J) rule and proved that the rule is optimal for P,,, I P, = I. Af; I C,,,(Lr when the A~; sets are nested. 
Centeno and Armacost ( 1997) considered machine eligibility restrictions when machines are identical and proposed 
an algorithm to minimize maximum lateness on identical parallel machines with release dates -and machine 
eligibility restrictions for the special case where due dates are equal to release date plus a constant. 

Recently. Salem ( 1999) developed an effective heuristic algorithm that considers the problem of minimizing 
makespan on unrelated parallel machines with sequence-dependent setup times and machine eligibility restrictions 
(R,,/511'-'•M/ C,,,CLr). The resulting partitioning-estimation with machine eligibility heuristic is described in the 
following section and then applied to the roof truss manufacturing problem. 

PARTITIO~I~G-ESTll\1A TIO:\ WITH MACHINE ELIGIBILITY HEURISTIC (PEMEH) 
The partitioning-estimation with machine eligibility heuristic aigorithm combines both a constructive heuristic and 
an improvement heuristic to "sol\'e" the probiem of minimizing makespan on unrelated parallel machines with setup 
times and with machine eligibility restrictions . The constructive heuristic to assign jobs to machines incorporates 
two concepts that are unique to this application. The first concept is modeled on a concept used by Salhi and Sari 
( 1997) to solve the multi-depot vehicle routing problem (MDV RP) by making an initial assignment of selected jobs 
and then assigning the pending jobs. The second concept is similar to the concept used by Lee, Bhaskaran. and 
Pinedo ( 1997) to estimate the value of the makespan for the problem of scheduling a single machine with sequence
dependent setup times. This estimated makespan is used in assigning the pending jobs and also in the improvement 
heuristic. 

The heuristic partitions the jobs. first assigning the "obvious choices" to particular machines. Next, using an 
"estimated makespan." the pending jobs arc assigned to machines . Then. improvement heuristics (interchanges and · 
nearest neighbor) are used to reduce the overall makespan while maintaining feasibility and satisfying the machine 
eligibility restrictions. 

Phase 1: Constructive heuristic 
Initial job assignment ro machines. The processing time plus the average setup times for each job on each machine 
is computed. If a job can be processed by only one machine. the job is assigned to that machine. Otherwise, for 
each job. the ratio of the minimum machine processing time plus average setup time to the second shonest machine 
processing time plus average setup time is computed. If the ratio is smaller than a specified selection parameter 
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value, the job is assigned to the machine with shortest processing time plus average setup time. If the ratio is lar~c 
than the selection parameter, the job is pending and is assigned to a machine in the next step. 

Assignment of pending jobs to machines. The jobs that are pending after the first step are arranged into groups o! 
jobs that can be processed on the same set of machines. The groups are ordered by increasing order of the numbo 
of machines that can process the jobs in each group. The pending jobs in each group are then ordered by decreasini 
values of the average ( over the machines in the group) of the processing time plus average setup time. Followini 
that order. the pending jobs are assigned to machines that result in lowest estimated value of partial makespan whid 
is computed similar to Lee, Bhaskaran. and Pinedo ( 1997). 

· Phase 2: Improvement heuristic 
The result of phase 1 is an assignment of all jobs to machines. The estimated makespan is available for ead 
machine. At this point, the actual makespan for the given sequence of jobs has not been computed. and the jo~ 
have not been resequenced to reduce the makespan. To modify the solution further, an improvement heuristic uses1 
job exchange method to improve the solution. The job exchange method selects -a job from the machine 1ha1 
· produces the largest estimated makespan and inserts it into a machine that is capable of processing that job and also 
produces the lowest estimated makespan. This approach continues to use the estimated makespan for the joo 

exchange. This procedure is repeated until no further reduction in the largest estimated makespan can be obtaineQ 
The result is a set of jobs assigned to each machine. To find the seq1:1ence of jobs and the actual value of ilie 
estimated makespan on each machine. the related traveling salesman problem (TSP) is solved for each machine. 

Salem ( 1999) has shown that the PEMEH heuristic algorithm performs very well on a reasonable set of te11 
problems. Its application to roof truss manufacturing is illustrated in the following section: 

SCHEDULING ROOF TRUSS MANUFACTURING 
To illustrate the application, ten different truss types and two machines to manufacture the trusses are considered. 
Two machines, MARK 5 (figure 3) and MARK 8 (figure 4), are considered. MiTek Industries Worldwide 
manufactures the truss machinery. The MARK 5 machine is able to produce 148 trusses a day with a single setll~ 
using two men or 327 trusses a day with double setup using three men. The MARK 5 machine consists of a 36"X 
14 •· upper press that applies 50 tons of hydraulic pressing force and a jig table that allows any truss configuration to 
be laid quickly. The MARK 8 magnetically held press is less efficient, both with respect to setup times and 
processing times. However, it is much more flexible in its ability to handle unusual truss designs of all sizes. The 
truss processing time per component is 0.84 minutes for the MARK 5 machine and 0.9 minutes for the MARK~ 
machine. In addition. it .. is assumed that all trusses of the same type are processed together. The total processin~ 
time for a trU~s type is equal to the processing time per truss multiplied by the number of trusses. 

For the scheduling application. ten different truss designs are considered that were taken from one of the May 2~, 
1995 MiTek Daily Plan Truss Assembly Sheets. The data include the number of trusses, the number of componen~ 
in each truss. number of joints in each truss. setup time per joint for each truss, and processing time per componenl 
for each truss. Table 1 presents the number of trusses. the number of components in each truss, and the number of 
joints in each truss. 

Estimating the sequence-dependent setup times uses the following procedure. The number of joints in each ofthe 
ten trusses. the number ~f common joints. and the number of uncommon joints are determined by observation ano 
comparison of the trusses designs. Table 2 shows the number of uncommon joints among all pairs of trusses that arc 
used to construct the sequence-dependent setup time matrix for each machine. The diagonal elements show the total 
number of joints in th~ trusses that are used to detennine the setup time if that truss type is the first one 
manufac_tured. MikTek data indicates that the setup time per joint is equal to 3 minutes and 3.6 minutes for the 
MARK 5 and the MA~ 8 machines. respectively. hi order to determine the sequence-dependent setup time 
required to process R 1 B immediately after R 1 on machine MARK 5, one needs to multiply the number of the 
uncommon joints between R 1 B and RI by the setup time per joint for machine MARK 5. 
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Table 1. Number of trusses, number of components, and number of joints 

Truss Number of trusses Number of comeonents eer truss Number of joints eer truss 
RI 9 10 10 

RIA 2 14 13 
RIB 2 13 12 
RIC 2 13 12 
RGI 2 14 11 
R2A 2 17 28 
GEi 2 24 28 
GE2 2 19 36 
RI* 3 15 12 

RIA* 1 16 34 

Table 2. Uncommon joints among trusses 

Rl RlA RIB RIC RGI R2A GEl GE2 Rl* RIA* 
Rl 10 9 8 10 8 27 25 35 11 33 

RIA 5 13 8 9 6 27 26 35 8 33 
RlB 8 9 12 8 7 27 25 35 11 33 
RIC 7 10 7 12 9 23 25 35 11 27 
RGI 7 8 8 10 11 26 26 35 10 30 
R2A 7 11 7 7 7 28 20 16 6 · 7 
GEl 6 8 6 11 8 22 28 33 8 25 
GE2 8 11 8 8 6 14 25 36 7 21 
Rl* 8 8 9 11 8 23 26 31 12 26 

RIA* 7 8 10 8 6 2 25 21 11 34 

Because this application includes machine eligibility restrictions. it was assumed that the following assignments 
could be made. Let Af; be the set of machines that can process job j (the machine eligibility restrictions). Assume 
that the~ sets (for each truss) are as follows: 

·MR , MRJA. MRJB= {MARK 5} 
MR/C, MRGI, MR:.'.= {MARK 8} 
Mc£/ , A-fcE:, MR1•, MRJA· = { MARK 5, MARK 8 j 

The example roof truss scheduling problem is solved by applying the. PEMEH heuristic that was outlined above. 
The job selection parameter is set at 0.9 and the makespan estimation parameter is set at 0.5 for this application. 
The program was coded in C. The partitioning-estimation with machine eligibility heuristic was able to solve the 
roof truss manufacturing problem very efficiently requiring less than IO seconds of computer time (200 mhz 
Pentium). The program output is illustrated in figure 5. 

The manufacturing sequence for each machine is as follows: 

MARK 5: RI*. RIB, RIA. Rl , GEl 
MARK 8: RGI. RIC. RlA*. R2A. GE2 

Makespan on the MARK 5 press is equal to 366.5 min. and makespan on the MARK 8 press is equal to 365.4 min. 
With the close balance in makespan between the two machines. it is reasonable to speculate that this assignment is 
close to the true minimum makespan. 

SUMMARY 
Th~ scheduling of roof truss manufacturing is a complex process that currently relies on the experience of the shop 
scheduler. The PE~EH heuristic algorithm could easily be incorporated in the roof truss design computer program 
to provide additional information to the scheduler that may improve the scheduling process. The heuristic works 
well. The key to a successful implementation. however, is the actual determination of the sequence-dependent setup 
times. The use of the uncommon joints with an appropriate setup time per joint used in this paper is a reasonable 
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approach. The challenge is to develop a method to easily determine the number of uncommon joints among pairs m 
trusses. 

Number of machines = 2 
Number of jobs = 10 
The value of Alpha = 0.9 
The value of Beta = 0.5 
The assign matrix before assigning the pending jobs is: 

1110001010 
0001110000 

The assign matrix after assigning the pending jobs is: 
1 1 1 0 0 0 1 0 ·IO Estimated Makespan on machine 1 is 278.58 
0 0 0 1 I I O IO I Estimated Makespan on machine 2 is 285.84 

The results of the one-to-zero job exchange phase is: 
1-1 I O O O I O IO Estimated Makespan on machine I is 278.58 
0 0 0 I I I O I O I Estimated Makespan on machine 2 is 285.84 

The results of the one-to-one job exchange phase is: 
l 1 I 0 0 0 I 0 I 0 Estimated Makespan on machine 1 is 278.58 
0 0 0 I I I O I O I Estimated Makespan on machine 2 is 285.84 

The results of the Nearest Neighborhood Heuristic (NN.H) are the following: 
Machine (I) 3-2-9-1-7 Makespan is equal to 3 72.48 
Machine (2) 5-4-10-6-8 Makespan is equal to 365.4 

The maximum makespan is 3 72.48 
The results of the Adjacent Pairwise Interchange (API) are the following: 

Machine ( 1) 9-3-2-1-7 Makespan is equal to 366.48 
Machine (2) 5-4-10-6-8 Makespan is equal to 365.4 

The maximum makespan is 366.48 

Figure 5. PEMEH output for roof truss scheduling example. 
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ABSTRACT 
·This paper deals with the development and evaluation of an effective heuristic for scheduling in a flowline-based 
cellular manufacturing system (or simply a cell). The cell is characterized by the presence of a bottleneck machine 
on which the expected process times of parts are more than those of parts on non-bottleneck machines. In addition. 
we also have sequence-dependent setup times on machines when we switch over from processing of one part-family 
to processing of another part-family. A survey of literature reveals that a heuristic exists to address the problem of 
scheduling in such a cell. In this paper, we propose a heuristic based on simulated annealing technique. The existing 
heuristic and the proposed heuristic are relatively evaluated with respect to the minimization of makespan and total 
flowtime by generating a large of number of problems of various sizes. · ' 

INTRODUCTION 
A cellular manufacturing system (CMS) aims at the enhancement of manufacturing and design productivity. and the 
design ~nd implementation of a CMS involves cell formation, cell layout and production planning control. While the 
first two issues are tactical, the last issue is an operational issue. The major activity in production planning and 
control is scheduling. Basically, the problem of scheduling in a CMS is more complex than · the problem of 
·scheduling in many manufacturing systems. It is also to be noted that a cell can be of a flowline type or a jobshop 
type. A flowl ine-based cell layout has the inherent advantages of simplified production scheduling. as opposed to 
the jobshop-based cel l layout. by virtue of simplified flow of parts and their control. Many heuristics have been 
developed to address the problem of scheduling in a flowline-based manufacturing cell (called simply a cell, 
henceforth in this paper) (see Vakharia and Chang (1990). Wemmerlo\· and Vakharia (1991 ), Logendran and 
Sriskandarajah ( 1993 ), Logendran, Mai and Talkington ( 1995). Sridhar and Rajendran ( 1996). and Schaller (2000)). 
Basically. the problem of scheduling in a cell involves the consideration of sequence-dependent setup times of part
families. when a part from one family is processed after a part from another family , in addition to process times of 
parts . In almost all such attempts. it is assumed that no machine is bottleneck (or equivalently, all machines are 
equally bottleneck with respect to each other in the sense that the expected process times of parts dn various 
machines are almost equal to each other). Considering the case presence of a bonleneck machine, Chen and Lee 
( 1998) ha\·e developed a two-phase exhaustive scheduling procedure incorporating the concept of bottleneck 
management . The procedure aims at minimizing the chances of bottleneck ·starvation · and also minimizing the idle 
time on the non-bott leneck machines that are present after the bott leneck machine. In addition. a rule has been 
devised to minimize the setup times on machines, when pans are switched over from one part-family to another 
part-family. 

In this paper. we propose a two-phase heuristic procedure. In the first phase, we develop a sequence of part-families, 
followed by the sequence of parts within each part-family; and in the second phase, we employ simulated annealing 
technique to improve the sequence obtained from Phase l. A larger number of problems of various sizes are 
generated. and the existing heuri•stic by Chen and Lee ( 1998) and the proposed heuristic are relatively evaluated. The 
minimization of makespan and the minimization .of total flowtime are chosen are measures of performance. 

THE PROPOSED HEURISTIC 
It is to be noted that in the case of cell-scheduling problem, we encounter the setup time of a family (followed by the 
processing of parts within the family) after the process-completion of pans of another family . Therefore, we first 
need to e·stablish the sequence in which pan-families are to be processed. and also the sequence in which parts 
(within each part-family) are to be processed. Therefore. the proposed heuristic operates in two phases: in the first 
phase. we establish the sequence of part-families, followed by the determination of the sequence of processing parts 
in their respective families; in the second phase, we attempt to improve the sequence of processing of parts in their 
respective families . It is to be noted that we consider the presence of bottleneck machine, while developing the 
sequence of parts in their respective families . 
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Development Of The Sequence Of Families And The Sequence Of Parts In Their Respective Families 
The first phase of the proposed heuristic operates as follows. 
Step 1: Considering the sequence-dependent setup times of families for every machine. add .the correspondini 
elements. For example, considering the changeover from family I to family 2. add the corresponding setup timeso; 
every machine to obtain the total setup time on all machines with respect to the changeover from family l to famil1 
2. Call the resultant matrix as overall setup time (OST) matrix with respect to the changeover from one family-10 

another. Note that we also reckon with the setup time required when we schedule a ,given family as the first familv 
in the sequence of processing families. If we have F families to be scheduled. then we have the OST matrix as ~ 
matrix of order (FxF), and we also have a separate row matrix R indicating the sum of setup times ( or total setu~ 
time) on all machines. when a family is taken up first for processing in the cell (following the null schedule). 
Step 2: Considering first the row matrix R, identify the family requiring the least sum of setup times. Call the familv 

- as f'. This is the first family to be scheduled. By considering the OST matrix, identify the family that requires tn~ 
least total setup time, when that family follows family f'. This family is now appended to f'. Let the appended familv 
be called f' ·. These two families form the partial sequence of families. Likewise, identify the family requiring tn~ 
least total setup time (by considering the OST matrix), when that family follows family f' '. This family is now 

. appended to the partial sequence of families consisting of families f' and f' '. Proceeding likewise, we can build up a 

complete sequence of families by considering the OST matrix. This procedure is quite commonly used in the 
travelling salesman problem wherein the city with the shortest distance from the last city visited is chosen as the 
next city to be visited. 
Step 3: In order to obtain the sequence of parts within a given part-family,- we do the following procedure: 

Step 3 .1 : Sum up the process times of every part on machines. starting from machine 1 up to the bottlened 
machine. Likewise, sum up the process times of every part on machines, starting from the bottleneck 
machine up to the last machine. Let these two summed up values be viewed as the process times on two 
fictitious machines for a given part. 
Step 3 .2: Considering only the parts in a given family and process times of these parts on the two fictitious 
machines. we use Johnson's (1954) algorithm to obtain a sequence of parts in a given family. _Proceeding 
likewise. we obtain the sequence of parts in every family . 

Step 4: According to the sequence of families (identified in Step 2) and according to the sequence of parts in every 
family, we obtain the overall sequence of parts to be scheduled in the cell. Evaluate the sequence of parts with 
re~pect to makespan. It is to be noted that we process all parts of a given family. and then process the parts of 
another family. and so on. This approach is followed in the entire proposed algorithm, and it is done so in order to 
minimize the changeover from one family to another family in the cell. 
Step 5: In order to improve the sequence of part-families. the following scheme is employed. 

Step 5.1: Swap the families found in the first and second positions in the sequence of families. Hence the 
overall sequence of parts will undergo a change in the sense that the parts in the family found originally in 
the se~ond position will now be scheduled ahead of all parts found originally in the first position. Except 
for this change. all other parts will be processed in the same sequence as in the original sequence. Evaluate 
th·e resultant sequence of parts with respect to makespan. Out of the original sequence and the resultant (or 
generated) sequence of parts. choose the sequence that has minimum makespan. Accordingly, update the 
sequence of families. 
Step 5.2: Swap the families found in the second and third positions in the sequence of families, and proceed 
in a way' similar to the procedure giv_en in Step 5.1. Stop when the families found in the last position is 
swapped with the preceding family. and the resultant sequence of parts is evaluated with respect to 
makespan. Thus. we arrive at a good sequence of families and parts (by adjacent pairwise interchange of 
families for possible improvement in makespan) . 

It is · to be noted tha; the part-sequence within a given family does not undergo a change in the process of 
improvement given in Step 5. 

Use Of Simulated Annealina Technique For lmprovina .The Sequence Of Parts Within The Correspon~ 
(Or Respecti\'e) Part-Families 
In order to improve the seuence of parts within a given part-family. we employ the simulated annealing technique. 
The simulated annealing technique used in this paper is based on the simulated annealing technique presented by 
Parthasarathy and Rajendran (1998) . We have chosen to use the CRJP.S (curtailed random insertion scheme) for 
perturbation of parts within. a given part-family. The CRJPS has been proposed by Parthasarathy and Rajendran 
(1998). It is to be noted that we employ the CRJPS only on the parts of the same family. and not on parts of different 
families. In other words, we do not alter the sequence of part-families that is yielded by Step 5 of Phase 1 of our 
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heuristic, and we attempt to improve only the sequence of pans within their respective families in Phase 2 of our 
heuristic. It is also to be noted that Parthasarathy and Rajendran ( 1998) have developed their simulated annealing 
algorithm for solving a flowshop-scheduling problem with mean-tardiness objective. In the present work. we 
consider the objective of minimizing the makespan of pans in a cell, and we have to reckon with sequence
dependent setup times when we change over from one family to another family. With these considerations. we make 
use of the simulated annealing technique of Panhasarathy and Rajendran in our problem for obtaining the best 
sequence of parts. 

EXPERIMENT AL EVALUATION OF THE PROPOSED HEURISTIC 
in order to evaluate the performance of the proposed heuristic. we have generated a large number of problems of 
varying number of machines (from 5 to 25. in steps of 5), pan-families (from 5 to 10. in steps of 1) and pans within 
a family (ranging from 3 to 5). A problem size is defined by the number of families and the number of machines in 
the cell. The number of pans within a given family is randomly generated between 3 and 5. For all problems. integer 
process times of pans on non-bottleneck machines are generated from a discrete uniform distribution ranging from 1 
to · 99, and the integer process times of parts on the bottleneck machine are sampled from a discrete uniform 
distribution ranging from 51 to 149. The bottleneck machine is assumed to be present in the middle of the line. The 
sequence-dependent setup times ( or change-over times) of families are sampled from a discrete uniform distribution 
ranging from 51 to 149. For a given problem size, we generate thirty different process time and change-over time 
matrices. In all. we have generated 900 problems of varying sizes. All these problems are solved by using the 
existing heuristic by Chen and Lee (1998) (called CL), and by the proposed heuristic (called GR). Let the makespan 
given by CL be denoted as MCL. and the makespan given by GR be denoted as MGR . The performance evaluation of 
CL with respect to makespan. measured in terms of the relative percentage increase in makespan. is done as follows . 
P_Af(CL) = ((McL - min {McL; MGR}) 1 min{MCL; MGR} ) x 100 ( 1) 
Likewise, the performance evaluation of GR with respect to makespan. in terms of relative percentage increase in 
makespan. is computed as follows . 
P _M(GR) = (( M Gr min {Mn; McR }) / min {Mn; M GR}) x 100 (2) 
In addition, we have also noted the total flowtime of parts. corresponding to the sequence of parts yielded by the 
heuristic of Chen and Lee. Let us call it as F CL · Likewise, we have also noted the total flowtime of parts, 
corresponding to the sequence yielded by the proposed heuristic. Let us call it as F GR· Proceeding in a manner 
similar to the computations in Eq. (1 J and Eq. (2). and using F CL and F GR· we compute the performance evaluation of 
CL and GR with respect to total flowtime of parts. denoted respectively as P _F(CL) and P _F(GR). 
So·me results of performance evaluation of the heuristic by Chen and Lee. and the proposed heuristic are presented 
in Table 1. It is evident from the table that the proposed heuristic performs bener than the existing heuristic, in terms 
of min imizing both makespan and total flowtime of parts . As for computational time. the -proposed heuristic 
requires. on an average. about I second of CPU time. whereas the existing heuristic by Chen and Lee requires about 
0.1 second. on an average. 

SUl\1'.\tARY 
In this paper. we have considered the problem of scheduling in a flowline-based manufacturing cell with a 
bottleneck machine. A two-phase heuristic has been de\·eloped to identify a good sequence of part-families and also 
the sequence of parts within their respective families. The ·proposed heuristic has made use of simulated annealing 
heuristic in the second phase . A large number of problems of various sizes have been generated to relatively 
evaluate the effectiveness of the existing and the proposed heuristics . The results indicate that the proposed heuristic 
performs better than the existing" heuristic . 
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Table 1: Relative Perfonnance Evaluation of Heuristics 

No.Of No.of PROPOSED METHOD 
Families Machines Makespan Flowrime 

5 5 0 0 
10 0 0 
15 0 0 
20 0 0 
25 0 0.32 

6 5 0 0 
I 10 0 0 

15 0 0 
I 20 0 0 

25 0 0 
7 -s 0 0 

10 0 0 
I 15 0 0 

20 0 0 
25 0 I 0 

8 5 0 0 
10 I 0 0 
15 ! 0 0 

I I 20 0 0 

I i 25 ! 0 0 
9 ! 5 I 0 0 

i I 10 I 0 I 0 I I 

15 I 0 0 
I 20 0 I 0 

I I 25 I 0 0 
10 5 ! 0 0 

I 10 I 0 0 

I 
I 15 I 0 ! 0 
I 

I I 20 i 0 I 0 
I i 25 ! 0 I 0 

Note: I. Number of problems generated for a given problem size is 30. 
2. Number of pans per family is sampled in the range [3.5] 

REFERE:\.CES 

EXISTING METHOD 
Makespan Flowtime 

3.68 2.05 
4.77 1.62 
4.06 k" 1.73 

I 5.28 ! 1.97 
3.48 0.00 
3.42 1.71 
5.15 1.2 
5.01 0.7 
4.1 0.41 

4.62 1.68 
2.66 0.67 
3.48 1.7 
4.4 0.58 

4.71 1.55 
4.41 0.54 

I 2.85 I 2.82 
3.18 I 1.41 
5.04 1 1.53 
3.59 I 0.78 

i 3.78 I 1.69 

I 1.59 I 0.85 I 

I 2.48 I 1.44 

I 4.94 1.61 
i 3.75 I 1.41 

I 3.98 I 0.83 
I 1.33 I 0.8 
i 2.11 1.65 

3.26 I 1.4 I 

! 3.4 ! 1.06 
I 3.86 1.93 I 
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SUMMARY 
The implementation of Enterprise Requirements Planning Systems (ERP) has proven to be a long and arduous task 
for most companies. . This paper examines an alternative approaches and philosophies to building an enterprise 
system. One recently aniculated approach, Jones' document methodology may provide a superior link to strategy 
for long term enterprise systems. 

INTRODUCTION 
An Enterprise Requirements Planning Systems (ERP) is defined as an accounting oriented information system for 
identifying and planning the enterprise-wide resources needed to take, make, ship and account for customer orders. 
[ 1] An ERP system differs from the typical manufacturing resource planning (MRP II) system in technical 
requirements such as graphical user interface, relational database, use of founh generation language and computer 
assisted software engineering tools in development, client/server architecture and open syste?l ponability. 

As sho\l;n in Figure 1 below, ERP employs a value chain approach to integrate transactions across company system 
and organization boundaries to accomplish an integrated system intended to account for and manage the activities in 

· the complete supply chain. 

\\That is Enterprise Sofn,.rare? 

► 

INFORMA TJON FL OW 

Supply Chain 

Integrated software that supports the information flows 
among the processes in the supply chain. 

► SAP R/3 is Enterprise Software. 

Figure 1: Representation of ERP system 

An ERP system attempts to integrate all depanments and functions across a company onto a single computer system 
that can serve all those different depanments' panicular needs as shown in Figure 1. 

Building a monolithic software program that serves the needs of people in finance as well as it does the people in 
human resources and in the warehouse is a large endeavor. Each of those depanments typically has its own 
computer system. each optimized for the panicular ways that the depanment does its work. But ERP combines 
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them all together into a single, integrated software program that runs off a single database so that the various 
departments can more easily share information and communicate with each other. That integrated approach can 
have a tremendous payback if companies install the software correctly. 

Kulonda [ 13] highlights some major challenges with the current ERP systems. One major challenge that Kulonda 
points out is the long implementation period. He points out that the implementation period can range anywhere 
between 12 to 72 months depending upon the complexity of the organization. The complexity of an organization is 
a function of both the degree of venical integration and the level of international operations. the size of the business 
as defined by revenues and scope of the functionality and finally the degree of sophistication and unique 
requirements of the company's business processes. Meta Group recently did a study looking at the Total Cost of 
Ownership (TCO) of ERP, including hardware, software. professional services. and internal staff costs. The TCO 
numbers include getting the software installed and the two years afterward. which is when the real costs of 
maintaining, upgrading and optimizing the system for your business are felt. Among the 63 companies surveyed
including small. medium and large companies in a range of industries-the average TCO was S 15 million (the 
highest was $300 million and lowest was $400,000). While it's hard to draw a solid number from that kind of a 
range of companies and ERP effons, Meta came up with one statistic that shows that ERP is expensive no matter . , 
what kind of company is using it. 

Norris et. al. [ 15] documents implementation risk factors like inadequate sponsorship, poor/slow decision making, 
poor/no scope definition. inadequate scope definition. lack of cooperation between business areas/departments, poor 
use of consultants, inappropriate resources. unrealistic expectations. inadequate knowledge transfer to your people, 
poor project management. Kulonda [ I 3] adds that strategic risk is associated with ERP implementation. Details 
between the business environment and the selection of ERP options in the system implementation process can easily 
drift apart. With relatively long project implementation times. and the increasing likelihood of environmental 
change in this era. the oppommity for ERP implementation to lose sight of a moving target is enormous. Even if the 
environment remains stable long enough for the project to be completed. subsequently strategic changes wreak 
havoc on the system because of the degree of interdependence among the system elements . ' 

The current ERP systems constitute four key elements (Thomas Curran, and Gerhard Keller[ 18]): Events, (when 
should something be done?): tasks or functions (what should be done?): organization (who should do what?); and 
communication (what information is required to do the right task?). But events are the driving force behind a 
business·process, prompting one or more activities to take place. The information is available as data. The system is 
modeled according to the current business strategy and processes . Now. the challenge actually comes when the 
business strategy changes. The communication links in the information system are to be redefined. This process is 
cumbersome and expensive. Once the links are redefined there are no guarantees as to how long they will be valid 
due to frequently changing market strategy. In an event driven ERP database system there is no way to capture the 
business strategy of the future or a new business s-trategy. The reaction time to implement a change or implement an 
ERP system can range from anywhere between 12 to T2. months Kulonda [ 13]. Unfortunately in today's technology 
driven market place this reaction time is unacceptable. Anempts to tailor the ERP system to the changing external 
environment and trying to hit the moving target makes ERP implementation a never-ending process. The authors of 
this paper contends that if the ERP implementation is really ·a never ending process then, why not to consider this 
fact at the time of implementation and make the system which is not only meeting all the current objectives but also 
is flexible enough to react to cha~ges in business strategy. 

In order to overcome the shoncomings of the ERP system. different organizational integration philosophies were 
researched. A brief description of the different philosophies and findings are mentioned in the next section. 

LITERA TUR£ REVIEW 
As is well_ documented. the anainment of ERP solutions has been fraught with many organizational difficulties: huge 
project teams. multi-milli.on dollar costs. and long implementation times to achieve the benefit of standardization. 
Kulonda [ 13] has pointed out a panicularly insidious shoncoming of such monolithic systems, i.e., the cost and time 
of re-implementing to meet the needs of change in the business environment. Earq 5] has shown that technology 
driven and methodology driven approaches to information systems planning confer relatively little competitive 
advantage. These weak approaches are formalized in the sense that they impose a structure and a degree of rigor. In 
fact, Maribito et. al. [ 14] questions the wisdom in letting IT professionals design a business system. 
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The business process modeling of an organization has to be modular and a system perspective is of limited use.· As 
Handy [ 1 O] points out that "a systems perspective is like economics: It asserts that everything is related to 
everything, explains everything based on this assumption, but predicts nothing." Though literature available in the 
area of Business process modeling agrees on modularization but no one has been able to demonstrate the level of 
modularization optimal for business process modeling. As Maribito et. al. [ 14] points out the organizational 
modeling has been done till now using only the IT paradigms. They also point out that this is not an appropriate 
approach since the business objects with which the IT professionals are typically concerned are those that fit neatly 
into an information system platform. 

Business systems are designed today taking into consideration the pas.t performance rather than future anticipated 
chan.ges. As Thurow [ 19) points out the managers look through the rear window or the past performance rather than 
the front windshield when making business decisions. Business processes -and the IT system supponing them are 
also designed using the same technique. 

Several business models have been proposed with the future changes in mind like the Star Model which associates 
· strategy, people, structure, rewards and processes. Galbraith [7] uses the star model as a framework to design 

organizations. Benjamin and Levinson [2] proposed a layered model of the organization to suppon change-by 
layering domains. such as vision, process and data repositories. Maribito et. al. [14] points out that these modelsare 
little more than pictures in vague framework. Current practice uses repres_entation techniques that limit the 
advancement of organization design. Existing techniques are not robust enough to capture all of the constructs they 
represent. 

Davenport [3] maintains that the current information systems supponing the business processes does not support 
business process reengirteering, or more generally process change, because of its focus on the stove-pipe, func.tional 
model characteristic of industrial era organizations. Davenpon [ 4] claims that the cause of failure of the enterprise 
information models have been the exclusive focus on technology, and the failure to address how people actually use 
information: .. since people· are imponant sources and integrators of information, any maps or models of information 
should include people." 

Maribito et. al. [ 14] also propose a modular approach to business process design. In this approach they define 
different modules as molecules e.g. Process molecule. Information molecule etc. These molecules have different 
building blocks . .The building block for the information molecule is the document. The authors of this anicle are of 
the viev.· that document can be used as the building block for any molecule. One major advantage of doing so is that 
there will be a uniform level of modularization for each molecuie if we are consistent in the choice of the molecule. 

A robust methodology developed by Jones [ 12] appears to offer an advantageous alternative for the construction of 
enterprise wide systems. Just like ERP. Jones develops his model on the value chain logic. While ERP focuses 
upon events, Jones develops his approach based upon five axioms that specify the logic of the approach and the role 
of documents as the unifying objects in system development as well as management of the enterprise. The key to 
understanding Jones · approach is recognizing documents as objects that are the appropriate level of focus in 
enterprise engineering. Documents are recorded. formatted information used by the enterprise. Jones identifies five 
basic types .of documents: knowledge, transaction, management, capability and external documents. 

JONES' DOCUMENT METHODOLOGY 
Documents are recorded .. formatted information used by the enterprise. Jones identifies five basic types of 
documents: knowledge, tran·saction, management. capability and external documents. Jones [ 12) describes the ~ve 
documents as follows 

Knowle·cige Document - While all documents contain knov.1ledge. knowledge documents contain the specific 
knowledge that the enterprise uses to create unique value for its customers in the form of products and services. 

Transaction Documents - Transaction documents contain the knowledge that initiates processes and records the 
performance of the processes. · · , 

Management Documents - Management documents contain the strategic direction and operati~nal facts to direct 8 · 

business process. 
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Capability Documents - Capability documents identify the productive capacity of the enterprise machines, people . 
facilities, external resources etc. 

External Documents - External documents contain information about the enterprise's market environment and are 
created and maintained outside of the enterprise. 

In the traditional ERP system the events trigger transactions. Transactions update a database. In this cycle there is 
n.o way to interact with the external environment and capture the strategic plan of the organization. Whereas in the 
JDM. transaction documents are only one of the five documents that form the system. External documents capture 
the market environment and the management document captures the strategic planning aspect of the organization. 
Capability and knowledge documents gives the management an idea about the possible options that can be explored 
based on the capacity of the available resources. JDM assumes that both the internal and external documents should 
be accessible from computer networks. JDM eventually forms a cycle of business processes associated with these 
documents as shown below · 

Figure 2: JDM Cycles [ 12) 

Jones [ 12) mentions five axioms that define the Document Methodology (JD~1 ) 

Axiom 1: Documents record enterprise knowledge . 
Axiom 2: Documents define the enterprise process. 
Axiom 3: Documents provide the facts to manage people. 
Axiom 4: Documents structure computer systems .~ 
Axiom 5: Documents guide enterprise change. 

Simple as they appear. they create a powerfully woven set of consequences that outline a model of the enterprise 
that integrates a complete man-machine system. Together with support cycles common to all processes they define 
an overall \·ision that accommodates external changes. management direction. incremental and revolutionary 
improvements, self managed teams. synchronous manufacturing principles. and total quality concepts . This 
approach looks promising and therefore a c loser look at thi s approach is taken in the next section. 

These five axioms of the document methodology provide a comprehensive view of the enterprise. These five 
axioms are essential for sound management and provide a basis for successfully implementing change. In today's 
changing marketplace the ability to respond to shift in customer demands can be a major factor in any firm's success 
and the document methodology lets a firm achieve this obJective. 

Document methodology assumes that the implementation process for a business model is a never-ending process 
and to successfully hit a moving target the system should be mobile also. 
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JDM VS TRADITIONAL ERP SYSTEMS 
There are some major differences between JDM and Traditional ERP systems. They are mentioned as follows 

Infonnation Level -ERP systems are data driven. All the infonnation is at the data level. Whereas JDM, has all tn, 

infonnation at the document levels. This gives the organization an opportunity to store strategic infonnation and to 
interact with the environment. This infonnation cannot be stored in the data fonnat. 

Documents -Traditional ERP systems are only concerned with the transaction documents. An event triggers a 
transaction and the database is updated. There is no way to capture the strategic plan and the capabilities and the 
external environment. Since the JDM captures infonnation in five documents namely, knowledge. transaction. 
management, capability and external documents. These five documents capture all the infonnation needed to runan 
enterprise. 

Changeability - Traditional ERP systems have very little flexibility designed into .the final system as a part of the 
. implementation package. The system is designed based on the existing and forecast business needs. Unfortunately 

there is no way to react to the unexpected market turbulence because there is no system interaction with the external 
environment. The only way to react to the changing environment is to make the system dynamic. The objective of 
hining the moving target can be accomplished using the external documents and connecting them to the strategic 
planning of the organization. This objective is accomplished in JDM by including the external documents as pan 
and parcel of the system design. 

Structure -The tradition ERP systems are huge monolithic systems. which became too rigid to change. This rigidicy 
is imposed due to the complex network of information available in the system. JDM could be a de-coupled system 
consisting of modules at the document level. Any changes in the system can be implemented by removing a moduli 
and plugging a new module. 

Using JDM it may be possible to build a de-coupled system that captures the total enterprise at document level. 
Therefore we can build an enterprise system which can be used for selective automation. Unfortunately with the 
current systems the organizations are sometimes forced to automate some processes which are efficient manually. 
JDM starts with a premise that the enterprise system implementation is a never-ending process and the whole system 
has to evolve with the changing market scenario. The system is capable of adjusting itself to continuous state of 
chang~ with JDM and this reduces the resources dedicated for the continual change management. JDM can be · 
implemented by using the standard components. which interfaces with the document systems. This brings down the 
costs inYolved with the implementation of the enterprise system. 

CONCLUSIONS 
Re-engineering efforts have resulted in disappointing outcomes. The computer systems used to re-engineer the 
corporation are overrated or misapplied is the question facing everyone. Jones [ 12] points out that to cope up with 
the changing business environment the corporations applying computer systems for business processes apply partial 
solutions like e~powering people, eliminating managers. downsizing. installing different accounting methods, 
predicting market directions and re-engineering processes. These are localized patches. which might or might not 
provide a temporary relief. A more comprehensi\'e system is needed which can help measure the performance 
continuously and innovatively improve it. 

As Jones [ 12] concl_udes that the purpose of the enterprise is to provide products and services. But the inputs and 
outputs of its business processes contain documents. These documents could be the products or services themselves, 
or contain a record of the progress through the process of the resultant products and services. Therefore, a theory of 
enterprise must embrace a comprehensive view of its documents. JDM attempts to provide the ability to 
continuously change itself to improve its ability to support competitiveness. Obviously. our examination thus far 
remains at the concept level. Further effort is required to understand the full potential of the JDM approach. 
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IN SERVICE AND MANUFACTURING ORGANIZATIONS 

Dawn R. Utley, Ph.D., P.E., Sampson Gholston, Ph.D., and Phillip A. Farrington, Ph.D. 
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INTRODUCTION 
Quality systems and their implementation have been the focus for many organizations as global competition 
increases. A host of quality related systems have been introduced in U.S. businesses and popularized in the lastten 
to fift_een years: Total Quality Management. Zero Defects. Six Sigma, ISO 9000 certification. QS 9000 certification, 

- the Malcolm Baldrige National Quality Award. and the Army Performance Improvement Criteria to name a few. 
Many of these systems have been labeled management fads and have lost popularity because claimed results were 
not achieved in a short time frame, spawning a number of legitimate questions. What is a quality system? What 
makes it a success or not? ls there a direct link between implementing quality systems and improvements in 
_employee satisfaction, supplier satisfaction, or customer satisfaction? 

In studying different quality systems and approaches, common attributes among these different approaches tend to 
surface. These common attributes include a supportive culture, teamwork. customer focus. continuous improvement 
efforts, problem solving tools, and metrics (Westbrook, 1993). While all t;tese attributes would be included in any 
quality system, some may be emphasized more heavily given a particular situation. For instance, a manufacturing 
setting would most likely focus on measurements and continuous improvements. An engineering design firm may 
find it difficult to determine what element of productivity to measure. This type firm might. focus on culture and 
customer relations as a way to gauge improvement success. 

Culture 
A supportive culture refers to a working environment in which employees are valued. respected. supported, and 
empowered to contribute iri a variety of ways. There is a spirit of cooperation and dedication to the overall success 
of the business. Evidenced of this can be seen by t-he type of language. artifacts and symbols. values, patterns of 
behavior. and underlying assumptions that are made and used by an organization. An example of positive culture 
language might be in referring to the workforce as associates or team members instead of labors or clerks 
(Westbrook. 1993 ). Symbols within the organization can demonstrate a positive or negative culture. For instance, 
time clocks and locked equipment bins can communicate a feeling of distrust between management and the 
workforce. Values are those ideals in \vhich the company bases its decisions and sets the priorities of the 
organization. Panems of behavior and established norms also communicate priorities to the workforce. If the 
normal mode of operation is to blame and find fault with others in the organization when problem~ arise. no spirit of 
cooperation arid respect can be expected. 

Teamwork 
Teamwork has been the latest in a series of management or organizational moves to capture the most productivity 
from the workforce. Integrated Product or Process Teams (IPTs) have become a formal pan of many organization 
structures. A team is a group of people with complimentary skills. working synergistically toward a common, 
collective goal while accepting mutual accountability (Katzenbach and Smith. 1993 ). Teams members agree to the 
purpose of the-team. distribute responsibility. and use a common language to facilitate complete communication. 
The team members are ju~ged based on the output of the total group. There are advantages in using teams as 
opposed to the traditional hierarchy where the manager did the thinking and decision-making and the worker 
implemented it. A team of people can apply more cognitive skills to the problem. As a group they can identifY. 
more possible alternative~. and analyze more information and can bring more diverse perspectives to bear on the 
problem solving activity. If the team decides on a course of action. implementation is swift because each member 
has beeri involved in the discussion. evaluation and selectio·n of the decision. The team owns the problem and the 
answer. 

Customer Focus 
A customer focus means that decisions are based on customer desire ana need. not on internal organizational 
optimizations. The goal should be to exceed customer expectations, not merely meet them (Goetsch and Davis, 
1997). Performance or fitness for use is paramount. Organizations should not only be intimately familiar with the -
customer's cum;nt needs, but also even anticipate them. Customer feedback and input are important as well as 
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addressing customer complaints. Service during and after the sale is imponant to retain repeat customers. Helpful. 
couneous behavior by agents representing the organization is communicated through their knowledge of the product 
or service and their attitudes about the company and customer. Agents should be empowered \\'ith authority and 
tools to solve the problem. Extra product or service features are a secondary concern although gain imponance with 
competitors when all other characteristics are equal. The final aspect of customer focus is related to pricing. 
Customers want to receive value from their purchases. 

Continuous Improvement 
.Another attribute is continuous improvement made popular by the Japanese management style (Imai. 1986). U.S. 

· companies have been content with waiting for the big innovative improvements in the product line. while the 
Japanese continually improved all areas of the business: quality, new product/feature development. new technology. 
process performance. and administrative procedures. Companies that are maintaining the status quo are like a 
runner who is standing still in a race. Customers' needs change and competitors are continually trying to adapt 
bener or quicker to those changes. Continually looking for ways to improve the product. the way the product is 
made, or how the product gets into the hands of the customer is a natural pan of any quality system. 

Problem Soh·ing 
Problem solving is not just dealing with daily issues. but rather another way of continually improving the job. It is 
being proactive concemin·g problems. anticipating and planning for them. A procedure can be established to aid 
problem solving that helps formalize and sta11:dardize the process (Goetsch and Davis. 1997). A procedure can help 
transfer information across business units and across time. The object is to gather data in a logical and orderly 
fashion and combine this with weighed evidence and intuition from experience to suppon the decision making 
process. Creativity is a large ingredient in problem solving. Organizations should be continually searching for 

· bener or more efficient ways of solving their problems or taking advantage of oppommities. 

Metrics 
Metrics or measurements are important to any quality system. They are the yardsticks by which success is 
determined. A variety of metrics or measurements processes can be used to help baseline or evaluate progress. 
Baselining is the first step in a measurement process (Goetsch and Davis. 1997). The company needs to have a 
formal and documented idea of the current conditions. The next step might be to benchmark other organizations to 
learn what makes them a success in these areas. Other tools which might be used to measure a variety of conditions 
in an industry include: Pareto Chart, Scaner Plots. Histograms. Fishbone Diagrams, Control Charts, Flow Charting, 
and Check Lists (Ishikawa. 1985). · 

METHODOLOGY 
In a recent University of Alabama in Huntsville graduate course entitied Quality Systems Management the students 
were asked to di\'ide into teams and survey companies that had installed a quality system. The graduate student 
population covered the entire southeastern United States due to the Distance Leaming offering of this course. There 
were 36 high technology service organizations reponed in this study representing such areas as testing facilities, 
space agencies. R&D facilities. design and construction. anny missile systems. and utilities. A total of 14 
companies were from the manufacturing sector and represented such industries as automotive, aircraft, electronics, 
personal hygiene consumer products, petroleum. steel. and telecommunications equipment. The respondents were 
employees of these 50 companies ranging from production level ,,.·orkers to engineers to managers to technical 
suppon people. At least 20 responses were collected from each company yielding a total respondent population of 
884 in the service sector and 292 in the manufacturing sector. 

A survey was developed to judge the successful implementation of each of the six attributes as defined above as well 
as assess the cha_nge in the result variables of employee. supplier. and customer satisfaction as a result of the quality 
system implementation. The survey responses were based on the perspective of the employees surveyed. 

The survey consisted of five questions per attribute as well as five questions concerning each of the three result 
variables. The purpose of the questions was to gauge the improvement of the attributes as a result of the quality 
system implementation. The assumption was that if the attributes were improved. the implementation of the quality 
system was a success. This included improvement in the result variables. Each question was scored based on the 
average of employee responses within each organization. 
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RESULTS AND ANALYSIS 
Demographics were collected on each of the respondents including position with the organization, time with the 
company, and whether or not the respondent was directly involved in the quality system imple-mentation; The 
graphs below show the results of this demographic study in relation to the categories listed. 

Information was collected to assess the distribution of the survey respondents with respect to amount of time they 
have spent at the panicular organization. Forty-six percent of the people surveyed liad been with the respective 
organization more than seven years. Only thirteen percent of the people surveyed had been with the company lesi 
than one year. The majority of the people surveyed would have ample time in the organization to see if the 
imp,lementation of the quality system had effected the organization . .In particular. did the implementation of the 

· quality system have a positive effect on the six attributes? 

The distribution of the people surveyed in relation to their position or job function within the organization was also 
studied. Most of the people surveyed were in either management or technical positions, accounting for 76% of the 
total number of respondents. Only 23% of the respondents were managers. This meant thatthe working level was 
well represented in this survey. 

The percentage of the people surveyed who were directly involved in the implementation of the quality system was 
also determined. Forty-four percent of the people were directly involved in the impleman-tation. This gives amble 
weight to both a subjective view from those who were in decision-making responsibility for the system and an 
unbiased view from the 56% outside the implementation organization. 

Attributes 
Are the attributed tested related to each other? Do the same attributes contribute equally to service and 
manufacturing organizations alike? Does a subset of attributes yield a stronger correlation than others? The data 
was divided into manufacturing organizations and those competing in the service sector. Comparisons were made 
between the six attributes·: culture. customer focus. ·continuous improvement. teamwork. problem solving and 
measurement. The correlations presented in Tables 1 and 2 indicate that there is a positive correlation between all 

' the attributes. The fact that they are positively correlated indicates that there is a rational interaction between these 
characteristics of a quality system. From an earlier study of the service sector organizations it was determined that 
culture and teamwork were closely correlated as were the pairs of problem solving / continuous improvement and 
teamwork I customer focus (Utley. et al. 1999). From a similar study of the manufacruring organizations it was · 
found that in addition to these same correlations. there existed a strong correlation between teamwork and 
continuous improvement. culture and customer focus. culture and continuous improvement. continuous 
improvement and customer focus, and problem sol\'ing and customer focus . · 

In the service sector. especially in a high technology en\'ironment. processes tend to be more complex and require 
more integration of functions and people. It would seem reasonable to assume that more strong correlations would 
be evident in addressing these complex issues. This was not the case. The number of strong correlations between 
attributes was (ewer and more direct in the service sector than in the manu-facturing organizations. A supportive 
culture has to be in place in order to establish teamwork and benefit from teaming. In order to continuously 
improve, problem-solving tools must be utilized. And in the service sector, the attribute of teamwork was directly 
linked to customer focus indicating the need to have more people involved with the complex issues of meeting 
customer requirements in this type environment. The other attributes, while positi\'e, were weakly correlated to one 
an.other. 
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Table 1. Correlations Between Attributes in Service Sector 

Attributes Culture Customer Continuous Teamwork 

I 
Problem Measurement 

Focus Improvement Solving 

Culture 1.00 
Customer Focus 

I 0.74 1.00 
. Continuous 

I I Improvement 0.64 0.59 1.00 

Teamwork I 0.80• 0.76* 0.66 I 1.00 I 
Problem 

I I I Solving 0.59 0.51 0.88* 0.70 1.00 . 

Measurement 0.44 0.72 0.72 I 0.46 0.73 1.00 
•• strong correlauon 
• moderate correlation 

Table 2. Corr~lations Between Attributes in Mfg. Org. 

Attributes 
I 

Culture I Customer I Continuous I Teamv.·ork i Problem Measurement 
Focus Improvement I I Solving 

Culture I 1.00 ! 1 I I 

i 
Customer Focus 

I I 
I 

I I I 0.86* 1.00 ! 
I 

I 
Continuous 

I i 
! 

I 

I Improvement 0.84* I 0.87* 1.00 ! 

Teamwork I 0.96** I 0.88* I 0.80* 
I 

1.00 I 

I Problem Solvimz 
I ! I I i 

i - 0.73 0.77* 0.85* 0.72 1.00 
I 
I 
! 

i 

I 
I I 

I 1 1.00 I ! I 
Measurement 0.29 0.17 0.45 ! 0. 21 0.49 
•• strong correla 11 on 
• moderate correla11on 

In the manufacturing organizations, not only were these three correlations observed. but there were additional 
correlations found. The second level relationships became important. Teamwork was correlated with continuous 
improvement. Viewing a manufacturing environment from a system's perspective the need for teamwork would 
seem reasonable to establish a continuous improvement process . The question becomes. why was this not observed 
in the more complex environment of the service sector? It would seem reasonable to assume that any kind of 
continuous improvement effort would require a teaming en\'ironment to address complex issues in the service 
sector. From the manufacturing data. culture aDd continuous improvement were correlated suggesting that in order 
to successfully improve. a supportive culture must be in place to allow creative ideas into the improvement pro9ess. 
The remaining three correlations invol\·ed customer focus . Customer focus was correlated with culture, problem
solving. and continuous improvement. 

When comparing all the correlations. the manufacturing organizations showed higher correlations between all 
attributes except for the correlation between problem-solving and continuous improvement and all correlations 
involving measurement. Measurement was the lowest correlated attribute in the manufacturing sector. This was 
opposite of what was expected. Measurement has a much more direct tie to the manufacturing environment where 
tangible products are made. Could it be that the anributes of culture. customer focus, and teamwork are so different 
from the traditional manufacturing environment that these anributes off er more intricate ties to other attributes when 
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introduced into the work setting? Could it be that these are almost taken for granted in the high technology service 
sector and offer less improvement potential? Maybe the result variables will shed additional light on the quanda~·. 

Result Variables 
Does attention to the attributes result in a positive improvement in the result variables of employee satisfaction, 
customer satisfaction and supplier satisfaction? There was only one moderate correlation between an attribute andi 
result variable (measurement and employee satisfaction) in the service sector, Table ~ -- All other attributes were 
positively correlated but only weakly. In the manufacturing organizations the correlations were stronger and more 
abundant, Table 4. The strongest correlations were between culture and teamwork and employee satisfaction. 
Mod~rate correlations existed between customer focus, continuous improvement. and problem-solving and 

· employee satisfaction. Other moderate correlations existed between continuous improvement and measurement ana 
customer satisfaction. It was interesting to note that in both groups, the attribute of customer focus was weakly 
correlated with customer satisfaction. 

Table 3. Correlations Between Attributes and Result Variables in Service Sector 

Attributes Employee Customer Supplier 
Satisfaction Satisfaction Satisfaction 

Culture 0.54 0.34 0.39 

Customer Focus 0.55 0.3 7 I 0.29 
Continuous 

I Improvement 0.70 0.58 0.56 

Teamwork 0.60 I 
I 0.40 I 0.36 

Problem SolvinQ 0.70 ,I 0.64 I 0.66 

Measurement 0.78* I 0.74 
I 
I 0.7 1 

• moderate correiauon 

Table 4. Correlations Between Attributes _and Result Variables in l\tfg. Org. 

Attributes I Employee I Customer i Supplier 
Satisfaction ; Satisfaction I Satisfaction I 

l o.93** 
i 

Culture I 0.74 0.65 

Customer Focus I 0.80* 0.60 0.49 
Continuous 
Improvement 0.83* 0.75* 0.59 

Teamwork 0.87* 0.64 0.60 

·- I Problem SolvinQ 0.79* 0.71 0.6:2 

- Measurement I o.48 i 0.75* 0.7 1 
•• strong correlauon 
• moderate correlation 

CONCLUSION 
The six attributes can be categorized into soft attributes of culture. teamwork. and customer focus and hard attributes 
including problem-solving. continuous improvement. and measurement. The assumption going into this research 
was that manufacturing organizations could adapt to the hard attributes and apply them more directly. The service -
sector was assl:lmed to rely heavily on the soft attributes to accomplish its goals since the hard attributes were more 
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diffkult to apply in non-repetitive type of environments. What was found offered surprising conclusions. If the 
gauge of quality system implementation success is employee, customer, and supplier satisfaction. then the anributes 
most closely associated with these result variables were found to be measurement, problem-solving and continuous 
improvement for the high technology service sector. These are the hard attributes most often associated with the 
manufacturing environment. 

For the manufacturing organizations, culture and teamwork have the strongest impact on employee satisfaction. 
Continuous improvement and measurement both had a moderate impact on customer satis-faction. Teamwork and 

. culture, being soft anributes, help to generate satisfied and hopefully productive workers. Since this is a shift from 
· the traditional manufacturing environment, the soft attributes offer a new way of doing business and become 

imponant in employee satisfaction. From the customer's perspective, though. the strongest correlations were fn the 
areas of measurement and continuous improvement. 

In conclusion, there is evidence to suggest that at least five of the six anributes, Culture, Customer Focus. 
Continuous Improvement, Teamwork, and Problem Solving are correlated and have a strong synergistic tie to 
quality system implementations at least in the manufacturing organizations. Measurement appears to . be a more 
independent attribute when considering the other five in the manufacturing organizations. In both- groups ' the 
attributes helped improve employee satisfaction and to a lesser extent customer satisfaction and supplier satisfaction. 
Manufacturing organizations enjoyed more success toward employee satisfaction from culture and teamwork. the 
soft anributes. Customer satisfaction sti'l came from the hard attributes of continuous improvement and 
measurement. The service sector had weaker correlations between all attributes and the result variables. The 
strongest tie came from measurement in employee satisfaction. 

What does this mean? Managers of manufacturing organizations can still expect gains in employee satisfaction and 
customer satisfaction from these attributes over the hi!!h technoloes service onrnnizations. Efforts should be made 
to provide a support culture and teamwork and t~ use probl;m-solving tools in the pursuit of continuous 
improvement. This stronger tie between the attributes of a quality system and the result variables in the. 
manufacturing setting as opposed to the service sector could mean that service continues to lag the manufacturing 
community in both addressing quality attributes and realizing results from improvement efforts. Managers in the 
service sector need to address the difficult task of measuring the output of its employees in addressing the area of 
satisfaction. Measurement appears to be the dominant factor in all three result variables. The respondents of both 
groups· had trouble identifying with the satisfaction level of suppliers. More emphasis could be placed on increasing 
knowledge up the product stream to incorporate the total system view of the quality implementation. · 
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A CASE STUDY: THE QUANTITATIVE ENABLING OF A COMPLAINT HANDLING CENTER 

Gordon Arbogast; Chad Bryant: Fernando Lopez; Melissa Alexander 
Jacksonville University 

ABSTRACT 
The X Insurance Company is a large medical insurer in the United States. The compa'riy has been under extreme 
pressure to improve efficiency and productivity at their operating centers. These centers have been cited by 
independent auditors as lacking adequate managerial controls. The Vice-President for Operations was given the 
respo~sibility for creating and implementing national guidelines for the handling of all complaints through the 

· centers . The current regulatory requirement by virtually all states is that each complaint must be processed within 
30 days from the time of receipt. Specifically, the company sought consulting assistance in three areas: ( 1) to 
establish a company productivity standard based on current regulatory requirements: (2) to evaluate personnel 
productivity; and (3) to forecast future complaint handling requirements. · 

This paper describes the approach taken to enable the complaint handling centers with quantitative tools to address 
the three areas. The first tool utilized was CPM/PERT to validate that the company process was capable of meeting 
state regulatory regulations. Next, using statistical process control. the individual complaint-handling objective 
was determined to be sixteen claims per month. Lastly, the specific complaint receipts and manpower requirements 
per location were forecasted. Feedback received to-date indicates that the implemented quantitative tools have been 
well received and have been firmly established at all seventeen sites. 

INTRODUCTION 
In 1999, Jacksonville based X Insurance Company purchased a Cleveland based Insurance Company. During the 
merger process, independent auditors identified a lack of managerial controls over the two company's combined 
seventeen Complaint Handling Centers as a major company liability. X ' s board of directors decided that prior to 
closing any complaint handling centers. a thorough and intense evaluation of the new company ' s complaint 
h~ndling process would be performed. Following the merger, X ' s Vice-President of Operations was given the 
responsibility of creating and implementing a national guideline for the handling of complaints. The seventeen 
complaint handling centers are located nationwide in four regions: also peninent is the current regulatory 
requirement that each complaint must _be processed within 30 calendar days from time of receipt. 

The Vice-President of Operations identified the following issues: ( 1) set a company productivity standard based on 
current regulatory requirements: (2) evaluate personnel productivity: and (3) forecast future complaint handling 
requirements . Overshadowing this challenge was that prior to 1999, the Cleveiand based company failed to maintain 
historical data of the complaints handled. 

THEPROBLEi\1 
Company X had to utilize 1999 data to develop quantitative tools in order to : (I) validate that x·s complaint 
handling process·would comply with current regulatory guidelines; (2) determine the number of complaints resolved 
by each complaint handling center: and (3) determine the number of complaints resolved by each complaint 
handling person, called a full-time equivalent (FTE equals the number of employees if each worked a standard 
fony-hour work week): (4) establish a company productivity standard; and (5) forecast the number of FTEs required 
for 2000. In addition. a seventeen-site travel agenda needs to be developed to facilitate the implementation of the 
new managerial tools·. 

The development of the managerial tools were formulated under the following assumptions: ( 1) all complaints are 
of similar· type and require similar tasks for processing: (2) all complaints are written; (3) when averaged, all 
complaints are rounded to the nearest integer: ( 4) all state regulatory processing times are based on 30 calendar 
days: and (5) beginning in 2000, there would be no carry-over force from 1999. 

MODELS USED 
X identified various decision analysis mode.ls that had to be applied. Each model was built on the results of 
previous models. The quantitative models used to develop the functional managerial tools were ( 1) Program 
Evaluation and ~eview Technique (PERT): (2) Statistical Process Control (SPC) Charts; (3) Forecasting; and (4) 
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the Assignment method. Two major criteria were used. First, the complaints had to be processed at one of the 
seventeen complaint handling centers; secondly. all complaints had to be processed within thiny calendar days from 
date of receipt. Proper staffing was assumed to be available at all complaint handling centers. 

APPLICATION OF MODELS 
The current complaint handling process had to be validated up-front. As per state regulations.Xis required to 
process all claims within 30 calendars days from the time of receipt. The PERT method was used to determine X's 
current complaint handling processing time. Using MIL-STD-I 05E. X estimated completion time data from its 

.complaint handling centers. Five locations were selected at random. All five centers 
reponed their most optimistic. expected. and pessimistic completion time estimates for the number of days to 
complete all complaint handling tasks. The responses from the individual sites were averaged in order to calculate 
Complerion Time, Srandard Deviation, and Critical Path (table below). 

A vera2ed Estimated Time to Completion 

I Activit,· 

Optimistic I Expecied I Pessimistic 
Task Estimate Estimate Estimate .· 

A Open Son and TriaQe Mail .7 I 2.4 ! 23.2 

B Prepare File- Research, Gather 1.4 13.7 1 20.6 
Historical Data 

i c I AcknowledQement Lener .7 I .,., __ .) I 7.6 

!o I Database Entry 1.8 I 2.6 I 22.2 

j E I Additional Information Requested and .7 
I 

8.6 I 35.o 
I i Received I 

! F Initial Recommendation .6 ! 3.6 I 3.6 
I 

G I Sent to and Received from Medical .8 i 4.2 1 22.0 I 
i Director I 

! 

I I 7.s H I Resolution Lener Mailed .6 1.6 

l I I Database Updated and File Closed .6 I 1.6 I 10.2 

Table 1 - Activity Completion Times 

The PERT Method results in Appendix A shows that the time calculated to process a claim is 26.3 calendar days 
(Tep= 26.3 ), with a standJrd deYiation of 6.4992 days (Appendix A) . The critical path for the activities is Task A -
Open Son and Triage !'viail: Task D - Database Entry: Task F - Initial Recommendation: Task G - Sent to and 
Received from the Medical Director: Task H - Resolution Letter Mailed: and Task I - Database Updated and File 
Closed (CP =A ➔ D ➔ F ➔ G ➔ H ➔ I). With a Tep of 26.3 calendar days, X validated that. on average, it 
processes claims within the established state regulatory timeline of 30 calendar days. X advised that they would use 
PERT as a managerial tool to continually evaluate processing times. 

ESTABLISH A COMP A.1'1' PRODUCTIVITY STANDARD 
After X determined that the process used by each complaint-handling center was capable of operating within state 
requirements. the next step was to establish the company productivity standard per FTE per month. Data in 199.9 
from each location was used to establish a benchmark production standard for each FTE per month. This was done 
for each location. The resulting value equaled the number of complaints processed per FTE per month. 

This information was used with the Statistical Process Control (SPC) method to calculate that the complaints 
processed by FTE per month (see SPC chan in Appendix B). The average was 15.5843 (rounded to 16) with a 
range of 16.9706 (rounded to 17). The fact that the process was out of control provided valuable insight. As a first 
cut. X used the results to determine the production goal for each FTE. In addition, by using the lower control limit, 
X determined an initial minimal productivity standard expected of each FTE as 1 1 claims per month. X decided to 
use SPC as a managerial tool to track future productivity as the average number of claims processed increases over 
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time. It was determined to use training and subsequent data to develop a more accurate estimate for the minimum 
and average values of complaints processed by FTE per month. 

FORECASTING YEAR 2000 FTE REQUIREMENTS 
Foil owing the establishment of a productivity standard of sixteen complaints per FTE per month, X 's next step w~ 
to use the complaints received per site in 1999 to forecast year 2000 FTE requirements. Trend analysis was utilizco 
to complete this task. Based on the information compiled on a monthly basis. sites wfll use the forecasted FTE 
required data to properly staff the centers in order to ensure that all claims are processed within 30 calendar days. X 

's management will continue to use Trend analysis as a forecasting tool. As additional historical data is gathered.tni 
forecast is expected to be more accurate, thus allowing X to staff appropriately. 

Training the Sites 
Following the development of the new managerial tools (PERT/CPM, SPC, and Forecasting)~ corporate 
management decided to provide proper training to the individual sites. The seventeen complaint handling centers ari 

. located in four regions, with. the home office being Jacksonville. It was decided to use four different teams to 
provide the training. An optimal travel agenda was created using the Assignment Model i.e. the Traveling Salesman 
Model. The traveling agenda is as follows: 

Region Orie travel agenda: 
Jacksonville ➔ Atlanta ➔ Philadelphia ➔ New York ➔ Boston ➔ Jacksonville Z = 2242 miles 
Region Two travel agenda: 
Jacksonville ➔ Louisville ➔ Chicago ➔ St Louis ➔ Little Rock ➔ Jacksonville Z = 2108 miles 
Region Three travel agenda: 

Jacksonville ➔ Austin ➔ Denver ➔ Phoenix ➔ St Louis ➔ Bismarck ➔ Jacksonville Z = 5036 miles 
Region Four travel agenda: 

Jacksonville ➔ Boise ➔ Portland ➔ San Francisco ➔ Los Angeles ➔ Jacksonville Z= 5480 miles . 

. ~astly. sensitivity analysis was also performed on· the expected claims to be recei\~ed in 2000. By increasing the 
expected claims received by ten percent, it was concluded that the required number of FTE's would not significantlr 
increase. Therefore the model forecasting the required number of FTEs is robust. 

Policies 
Based on the results of the quantitative models. the following policies will be implemented: 
a. The task process that has been identified will be followed for each complaint. Significant variations outside of the 
critical task times will be noted and investigated for possible process improvement. 
b. Each complaint handler should complete 16 complaints per month. Any amount resolved below 11 complaints 
per month will be investigated for cause. Additional training will be administered. if needed. 
c. Monthly receipts will be closely monitored to detect significant variations from the forecast; FTEs needed for 
completion will be recalculated. 
d. There will be· quanerly site visits by staff from the corporate management. The site tours will encompass the 
individual locations in the order determined by the Assignment module. 

CON_CLUSIONS 
· The complaint process is a highly visible area in the insurance industry. The trend toward class action lawsuits by 

policyholders is a real threat that each company faces . The state regulatory bodies have also identified the 
shortcomings of the insurance industry. With X Insurance being one of the largest insurance companies, it is often 
viewed as representative of the entire industry. Stockholders are also continuously monitoring the releases from the 
state insurance departments to look for any negative indicator that may affect their investment. With all of these 
stakeholders having intense interest. it is imperative that the company has a firm control over each step of the 
complaint process. 

It is the responsibility of X Insurance ' s management team to ensure that the. shortcomings of the complaint process 
are kept to minimum. The corporate man~gement team is responsible to provide the tools for the regional managers 
to gain knowledge and control of the volatile complaint process. Based on the decision making process outlined · 
earlier, each lo~ation will now be able to implement a production goal for each employee, as well as to schedule 
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ample ·staff to resolve the complaints received in a professional manner. Conversely, each location should fully 
utilize the developed managerial tools. so they can provide feedback to the corporation on a continuous basis. If the 
foregoing is fully implemented, X will be a proactive company that is focused on providing the most efficient 
complaint turnaround time possible for policy-members. It will give them a sustained competitive advantage in the 
marketplace. 

APPENDIX Al - PERT Results 

Tasks Activity Early 
Time Start 

A I 5.5833 I 0 
B 6.1333 I 5.5833 

C I 2.9167 ! 5.5833 
D 5.7333 5.5833 
E 11.6833 11.717 

I f 3.1000 11.31 7 
I G I 6.6000 I 14.417 

! H i 2.4 l 67 i 21.01 7 

1 1 I 2.8667 i 23 .433 
: Pro ject 1 26.300 ; 

APPENDIX A2 - PERT Chart 
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Late I Late I Start Finish 
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5.583 I 11.3167 l 
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APPENDIX B - X-Bar Chart of Monthly Complaints Resolved Per FfE 

X-Bar Chart 
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THE PRODUCTIVITY IN THE SOITW ARE INDUSTRY 

Gabriela M. Cabe! B. and Paulino Graciano Francischini 
·university of Sao Paulo, Av.Professor Almeida Prado No.128. Trav.2, Sao Paulo, Brazil 
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ABSTRACT 
This work presents a bibliographic survey of productivity related to different software measures and the way these 

· measures are applied in the determination and evaluation of the productivity in the software companies. 
The main objective of this research is to determine the necessary approaches for elaborating productivity indicators 
for software companies. 

INTRODUCTION 
During the 90 's soft\vare has been viewed as an important corporate asset. Yet, the software community has long 
been facing severe difficulties in delivering and supponing quality software products on time (Blackburn et al.. 
1996). Additionally, life cycle cost of software projects often turn out to be enormous and significantly o~·er budget. 

To overcome these difficulties, quality management and related principles (e.g., continuous process improvements 
and process management}°have been applied to the development and maintenance of software (Cunis et al.. 1992). 
Despite such effons, in many software industries, productivity and schedules for software projects are largely 
unpredictable and product quality is often poor. 

Productivity, considered one of the most imponant competition weapons and the best indicator of the economic 
. progress in a company (Poner. 1990), (Gilben, 1981 ), (Drucker, 1975). (Zaccarelli. 1990). has been convened 
today. for the software companies. in a valuable key for estimating the best development of the software project and 
for impro\·ing the efficiency and effectiveness of the resources requested for this development process. 

Consequently. due to se\'eral factors that influence in software companies· productivity, such as: (1) factors related 
with the personnel such as experience and team size. (2) process factors. such as programming language and 
programming tools and (3) product factors. such as complexity and software type (Conte, 1986). the determination 
of the reasons of software de\'elopment producti\·ity becomes highly variable through the whole industry (Arthur, 
1985 ), hindering the establishment of a metric and appropriate software methodology, that allow measuring, 
estimating and comparing these productivity reasons. 

Depending on how and what indicators of software producti\'ity are measured. it is possible to achieve results that 
show that modest changes in software de\'elopment technologies lead to substantial producti\'ity improvements, 
while major changes to new technologies can lead to little producti\'ity improvement. Different measurement 
strategies can show an opposite trend. In shon. how and what you measure determines how much productivity 
improvement you see. whether or not productivity is actually improved. 

Even when accessing the up to date techniques and development tools. software companies in Brazil face some 
problems, such as: ( 1) frequently imprecise period and cost estimates: (2) little has been made towards software 
person el productivity: (3) software quality is. in general, not adequate. presenting high error indexes in the 
programs. customer dissatisfaction and lack of trust: and ( 4) the absence of consistent measures to the objectives and 
the competitive strategy of the organization. difficultates monitoring of the activities and identification of possible 
improvements. so much in the p·rocess , as in the product. 

Facing these problems. the software companies fee l the need of determining the best software metric that allows an 
evaluation of its productivity through indicators adapted to their competitive strategy. The results of these indicators 
will allow to determine the internal progress of the industry. to accomplish comparisons of its acting with other 
companies of the same field. to detect tendencies in its market ernlution and to elaborate possible diagnoses for 
solving problems in the main critical areas. 

The rest of paper is organized as follow. In the next section. literature of software productivity is briefly reviewed. 
Several measures applied in the software productivity are revised in section 3. And finally, conclusions are 
presented at the end of this paper. 
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SOITWARE PRODUCTIVITY 
Jones ( 1991) lists .a number of reasons for measuring software productivity that have been reported. In simplest 
terms, the idea is to identify ( and measure) how to reduce software development cost. improve software quality and 
improve the rate at which software is developed. In practical terms, this includes alternatives such as: 

Increase the volume of work successfully accomplished by current staff effort. 

Accomplish the same volume of work with a smaller staff, 

Develop products of greater complexity or market value with the same staff workload. 

A void hiring additional staff to increase workload, 

Rationalize higher levels of capital to staff investment, 

Reduce error densities in delivered pro.ducts, and decreasing the amount of time and effort needed to rectify 
software errors; 

Identify possible product_ defects earlier in development, 

Identify resource utilization patterns to discover production bottlenecks and underutilized resources, 

Identify high-output or responsive personnel to receive rewards, and 

Identify low-output personnel for additional training. 

Boehm ( 1987), identifies a number of strategies for improving software productivity: get the best from people, make 
development steps more efficient, eliminate development steps, eliminate rework. build simpler products. and reuse 
components. These strategies draw attention to the development activities or processes that add value to an emerging 
software system. Cusumano ( 1991) reports how these same strategies are regularly practiced in various Japanese 
software factories in order to achieve software productivity improvements. 

Clearly. there are many reasons for measuring software productivity. However. once. again it may not be-desirable 
to try to accomplish most or all of theses objectives through a single productivity measurement program. For 
example, different people involved in a large software project may value cenain aspects more than other. Similarly, 
ea:ch alternative implies on collection of certain kinds of data. This diversity may lead to conflicts over why and how 
to measure software productivity which. in tum. may lead to a situation where the measured results are inaccurate. 
misleading. or regarded with suspicion. Thus a productivity measurement program must be carefully designed in 
order to avoid conflicts generation. mi·strust. or other conditions for mismeasurement within the concerning software 
project. Involving the software developers and project managers in the design of the measurement instrument, data 
ccillection .. and feedback p'rogram can help minimize the potential organizational problems as well as, again, the 
support requir~ments. 

The choices over what to measure are many and complex. However. it is clear that focusing on program product 
anributes such as lines or code. source statements. or function points will not lead to significant insights on the 
contributing or confounding effects of software production process or production setting characteristics of software 
productivity. nor vice versa. As such. an integrated productivity measurement or improvement strategy must account 
for characteristics of the products, process and settings to delineate the potential interrelations. This is necessary 
since we cannot predict beforehand which constituent variables will reveal the greatest significance or variance in 
different projects or computing environments. Similarly, we should expect that sofrware product, process and setting 
characteristics will need to be measured using a combination of nominal, ordinal, interval and ratio measures. As 
such, consider in turn, the· following constituents of software products, production processes, and production 
settings. 

Software Products 
Besides the software complexity, the software projects produce a variety of outcomes other than the source code 
itself. Each product is differently valued by each individual developer, project manager, project organization, or 
client. Therefore. we should not limit production measurement attention to only one product. especially if 
comparable effort is committed to producing other closely related products. The point here is that, since software 
projects produce many products along the way. our interest should be focussed on ascertaining the distribution of 
time, skill. teamwork. and value committed to developing each product. 
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Software Production Process 
Large Software Systems are often produced through a multi-stage process commonly understood in terms of the 
system life cycle: from its inception through delivery, sustained operation and retirement. But if requirements are 
frequently renegotiated, if senior software engineers quit after the preliminary architectural design. or if there are no 
modem software requirements, specifications, or design aids employed, comparatively low productivity at the 
coding phase along with consequent test and integration high costs might then, be expected. 

Softv.are projects do not progress in a simple sequential order from requirements analysis through specification. 
-·design. coding. testing, integration and delivery. However, this does not mean that such activities are not performed 

with great care and management attention. Actually, it is quite the contrary. Although the project may be organized 
and management to produce requirement, specification. design and other documents according to planned schedule. 
the actual course of work development is difficult to predict accurately. 

If we want to better estimate. measure and understand the variables that affect software production throughout its 
life cycle, we need to delineate the activities that constitute the production process. W f! can then seek to isolate 
which task within the activities can dramatically impact overall productivity. The activities of the software life cycle 
process to be examined include: system requirements analysis, software requirements specifications. software 
architecture design, detailed software unit design, unit testing. integration and system testing. 

Software Production Settino 
Does the setting where software is produced make a difference on productivity? The answer is yes. 
Software production settings differ in a number of ways including: 

Programming language in use. 
Computing applications, 
Computers and system operations. 
Differences between host ( development) and target ( end-user) computing environment and setting. as well as 
between computing server and client systems. 
Software development tools and practices in use. 
Personal skill base and experience in application area. 
Extent of client panicipation. their experience with similar application systems, and their expectation for 
su_stained system suppon. 

SOFTWARE PRODUCITIVITY MEASURES 
Intuitively. the producti\·iry notion that involves the relationship between the inputs and outputs of a process and. in 
a cenain way. the ideas that an increment in the inputs should also cause an increment in the outputs. or that 
impro\·ing the process. with the same inputs. the outputs should be increased. have been very useful for software 
developers. 

The most used measure to evaluate the productivity has been one that relates result. which is measured as function 
of the size of the software as related to the amount of effon. The number of code lines is what is usually used to 
measure the size of the software, while the effon is measured by days or months of work necessary for the 
development the software. This way, the software managers. many times calculate your productivity based on the 
following equation: 

P
. d . . Code lines 
ro UCtlVltV = ----

~ man -day 

However. the application of this equation is not very convenient. because it doesn't show the effective use of all the 
resources as it is described in the definition of productivity. Also, it presents problems as: 

Such effon measure does not necessarily provide exact information about productivity, since it does not take in 
account how much of the computed time was actually spent in software production itself. 

The outputs are only measured in size terms, ignoring their intrinsic value. 

It only allows measuring the personnel's productivity that works in the code area, lacking to evaluate the 
productivity of the rest of the personnel working in the other areas of the software development. 
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It doesn't reveal the impact of the reusability of the cod'e in the productivity. The inclusion of codes previoush 
built will cenainly increase productivity measures. · 

The productivity equation has also been presenting problems related with the use of the metric code lines 
(Fenton, 1991 ). Among these problems, one can state the following: 

An universal definition doesn't exist of what it really means a code line, 

There is variation in the way that programmers do programming. 

- . The count of the comments and reused codes in the programs. 

In conclusion, the code lines for unit of time are the most used measure in the programming activity. but the paradoi 
based on that metric is simultaneously the largest measuring problem. A solution for this problem was proposed bl' 
Albrecht ( 1979), who formulated the function points metric as a measure of the functionality of the software. For · 
that reason, some researche_rs have proposed to measure the productivity in function of the following equation: 

P d 
. . Function Points 

ro UCtlVlty = -----
man - days 

Given that the function points capture the functionality of the software, this metric has been considered the more 
convenient for measuring the productivity for several reasons as (Low.1990), (Symons, 1988), (Dreger, 1989): 

It contemplates with larger accuracy the value of the outputs. Measure the functional size of software 
independent of some programming language, tool or methodology used for the implementation of the project. 

The function points can be dear from the stage of specifications, requirements or specifications and project, 
this allows to estimate the development effort in the initial phases of the development process. 

The function points can be used to establish productivity indicators for a platform or specific tool. Once 
established these indicators. they can be used for the estimate of projects. 

They help to accomplish comparisons of productivity measures in companies that present similar production 
standards. Its comparisons can be limited due to the diversity of programming languages, cultural atmospheres, 
different technologies. and geographical atmosphere. 

Dreger ( 1989) affirmed that the technique of the analysis of function points allows managers to estimate some 
anr.ibutes of the software project. Such as: 

Forecast of the commercial value of a system. 

· Estimates of size. cost and time of development for a project. 

Evaluation of the programmer's productivity, 

Evaluation of the feasibility of a project. 

Determination of the cost / benefit of the implementation of 4th generation languages. 

In_ Brazil. the function point metric is one of the most used metrics for softwar~ project evaluation. (Cabel, 1999) 

Although all these· advanta-ges. many managers have been refusing the use of the function points because they find 
the code lines measuren:,ent more tangible. That has caused the development of some studies as those of Albrecht 
( 1983) and Behrens ( 1983) with the purpose of determining an empiric relationship between the function points and 
the code lines. seeking a _bener application of such metrics. One of the models originated from these studies, has 
been the COCOMO model. Developed by Boehm ( 1981) with the purpose of estimating the effort, time, cost and 
size of the team for a software project. The calculations of this model are in function of the estimates of the size of 
the project. determinate by the number of code lines and a factor of ~_djustme~t of the effort. that it is _formed by 
anributes that influence i!) the cost, which allowed to determine that factors -influence in the improvement of the 
productivity. 
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However, some of the largest limitations of this model, it is the need for the use of code lines. therefore. in the 
beginning of the project its difficult to determine how many lines will be produced. An alternative for this 
limitation, is the combined use of the Function Point method and the COCO MO. Since the function points can be 
transformed .in code lines, with this transformation, COCOMO effort equations can be applied. 

Finally, we can conclude that although in the past, many researches have accomplished good results in the software 
area, there are still many subjects that remain open. First, a lack of maturity still persists regarding software 
measurement. And second. the standardization of software measurement isn't yet a reality. The construction of a 
well founded theory becomes then, a maner of great importance. 

CONCLUSION 
Due to the different technological changes (tools and programming techniques. programming languages. among 
other) presented in the software development, it has been very difficult for the software companies to develop an 
appropriate technique to measure its productivity. 

Since in Brazil. few studies have been developed in this area, the intention of this work was to review theory and 
practice as reference for Brazilian software companies, hoping it will motivate the development of future -works , 
related to the productivity measurement issue. · 
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ABSTRACT 
We introduce new data envelopment analysis (DEA) models for productivity measurement using input/output data 
that ate provided as interval numbers. We also show the application of these models with qualitative data and 
illustrate their applications through examples 

INTRODUCTION 
Data envelopment analysis (DEA) models have been developed for use with input/output data consisting of precise 
values. Since many practical efficiency measurement problems require the use of imprecise data we introduce new 
DEA models that will allow DEA to be applied using interval data - inpuvoutput data consisting entirely or paniallr 
of interval numbers. These models which we call "interval-DEA" models can handle complex mixtures of 
information including exact data, interval numbers and preference information. 

INTERVAL-DEA MODELS AND THEIR SOLUTION PROCEDURE 
Let us assume that there are n DMUs whose relative efficiencies are to be gauged. The DMUs use m·inputs to 
produces outputs. Let xii denote the i-th input DM½ uses andJrJ the r-th output it produces i = I, .... m and}= 

l. .... n, and r= I, ... ,s. Suppose that we only know that xii E [x,~, xr ] and_l'rJ e [y~.y~-]. xt >0 andy~ > 0 . The 

input-oriented CCR-DEA model for DMU0 is wri~en as the following linear prog~amming (LP) model: 

maximize (I) 

subject to ! .urYrJ -fw,xlJ = ! .u,[y~, y;J -f w,[x,~.x,~- ]~O ,j = l.. .. ,n 
r: I .. 1: l r:l 1= 1 

1=1 

p = (µr)2~: 0 

w = (wi ) 2:'. 0 

where the _optimum value of 00 , 0; , gauges -the relati.ve efficiency of DMU0 while µ and w are weight vectors 

corresponding to the outputs and inputs, respectively. However. the optimum values of the variables of this LP are 

interval numbers and 0; _ is characterized by [B;° ,Bt] with Bf and Bf being interpreted as the relative 

efficiency ratings assigned to DMU0 under the most unfavorable and mostfavoi-able conditions, respectively. Fora 
DMU. the most unfavorable condition occurs when it uses the most inputs to produce the least outputs while all the 
other DMUs use the least to produce the most. For a DMU the most favorable condition occurs when it uses the 
least to _produce the most while all the other DMUs use th~ most to produce the least. The "least" and "most" 
amounts are the lower and upper bounds of intervals. The upper and lower bounds of the interval of efficiency 
ratings for DMU0 are obtained by solving the following LP models: 

max1m1ze 0t = Iµ,.r~o (2) 
ral 
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subject to 

maximize 

subject to 

s m 

Lµry~ - Lm;xb $ 0 ,j = l, ... ,n and} :1: 0 
r=I i=I 

s m 

L µry;O - L mix¼ $ 0 
r=I i=I 

f- t' L,_m,x, 0 = 1 
,,.J 

µ = (µr)'~. 0 

W = (W;)?:. 0 

s m 

Lµry;- Lm;x,7' $ 0 ,j = l , .... n and} =.e 0 
r=I 1=1 

:tµry;~ - f. m;X;o $ 0 
r=I 1=1 

µ =(µ,.)?:.0 

w = (w;)?:. 0 

(3) 

The solutions of the input-oriented interval-DEA models (2) and (3) help determine the efficiency rating interval 

[0;° .e~··] for DM[;o. 0;° is always less than or equal to er. A DMU. DMU0• is said to be strongly DEA efficient 

if et =: e;·• = 1: DEA efficient if 0;" < l and e~·· = 1 : and DEA inefficient if et < 1 . 

The output-oriented interval-DEA models can be developed in a similar manner as given below: 

m1mm1ze 

subject to 

mm1m1ze 

subject to 

i= I 

f w,x ,~ - f µ,< ?:. 0 .j = I •...• n andj:;:: 0 
1:I r:I 

i=I r= l 

r= I 

µ = (µ,)?:. 0 

w = (w,)?:. 0 

, .. 1 

2>.1,x,~· -Iµ,_, ·~ ?.0.j= l. .... n andj=.eO 
1=1 r=I 
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I_ {l);X~ - ~>,Y~ ~ 0 
,.1 ,.1 

,.1 

µ = (µ,) ~ 0 

w=(w,)~0 

The· optimum values of ¢~' and ¢t , ¢t and ¢;" , respectively are such that that ¢t ~ ¢;" . DMUo is said to be 

strongly efficient if¢; " = ¢;'· = 1; efficient if¢;"= 1 and ¢t > 1; and inefficient if¢; " > 1. 

T.he inefficiency rating interval for DMU0, [ ¢;" ,¢;'"] , is determined by the solutions of the output-oriented 

interval-DEA models (4) and (5). If [0;° ,0;'"] and [¢;° ,¢t] are the efficiency and the inefficiency rating intervali 

DMU · L' 0 L • L • L'" · L • 1 t •• } of O, respectively, then 00 and ¢0 as well as 00 and ¢0 are inversely related: ¢0 = --z:-;-, ¢0 = l' ' 
Bo 0o 

Models (2)-(5) are all based on the CCR DEA model. We can similarly derive the input- and the output-oriente~ 
BCC interval-DEA models as given below. The models in (6) and (7) are input oriented and those in (8) and (9)are 
output oriented. 

Maximize 

subject to 

maximize 

subject to 

minimize 

0; = ! µ,.r;o +uo 
r= I 

' L' L,.w,x,0 = l 
,= I 

µ = (µ,) ~ 0 

w = (cu,) ~ 0 

uo free 

r= l 

' '" 
Lµ,y ~ - Iw,x,~· +u0 $..0 ,j = l, .... n and } :;c 0 
r= I 1=1 

f- L' ~ L L,.µ ,Y ,ei - L.. w,x,0 + u0 $. 0 
r: I 1=1 

, =I 

.u=(µ,)'~O 

w = (w,. ) ~ 0 

uo free 

'" ¢;· = Iw,. x~ + v0 
P•I 
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subject to 

m1mm1ze 

subject to 

"' s 
' L - ' .c.: > 0 . = 1 d . 0 L- {J);X,J ,t._µ,) rJ + v0 _ ,J , .. . ,nan J .t= 
i•I r•I 

f W;X~ -1>,Y;o + Vo ~ 0 
,.J ,.., 

fµ,y; 0 =l 
r= I 

µ = (µ,) ~ 0 

w=(w,)~O 

\.'0 free 

¢; = f w;X;~ +v0 ,,., 
,,, ·' 

' { ' ' .L > 0 . - 1 d . 0 L,_w;x,, - L-µ,J,
1 

+v0 _ ,J- , .... nan J :.t 
1=1 rzl 

!(J);X,~- :tµ,y;~+V0 ~0 
•=I r•I 

~ {. ' 
L-µ,J,.o = I 
r=I 

,u = (.u,) ~ 0 

w = (w, ) ~ 0 

i ·0 free 

(9) 

The inverse relationship mentioned above between B;'" and ¢;" or B;" and ¢~·· is not applicable to the BCC type 

interval-DEA models. 

EXA.l\lPLES 
In this section. we give three examples to illustrate the application of the interval-DEA models developed in the 
paper. Example 1 is a simple text-book example involving four DMUs and inpuuoutput data that are given as 
internl numbers. Three of the DMUs rum out to be strongly DEA efficient. Example 2 uses real data and 
demonstrates that the strongly efficient DMUs do not always exist when efficiency ratings are determined by 
interval-DEA. Example 3 demonstrates the determination of the efficiency rating intervals using data consisting of a 
mixture of exact and interval numbers. and preference rank orders. The data set used for this example is borrowed 
from Cooper et al. ( 1999 ). We also compare the ratings obtaint!d by Cooper et al. and the CCR interval-DEA 
model. 

Example 1. Consider an efficiency rating problem for four DMUs that use two inputs and produce one output. The 
data on inputs and output are p~ovided as interval data as shown in Table 1. 

Table 1. 
Interval input/output data for the four DMUs 

DMU x,; X2 .1 Yi ; 

[0.95 1.05] [2 .91 3.09] [0.96 1.04] 
1 [2.87 3.13] (0.96 1.04] [0.97 1.03] 
3 (2.93 3.07] [2.93 3.07] [ 1.92 2.08] 
4 f3.83 4.1 71 [1 .90 2.10) (0.95 1.05] 

Using the interval-DEA models. we determined the final efficiency/inefficiency rating intervals as shown in Table 2 
and Table 3, respectively. 
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Table 2. 
Lower and upper bounds of efficiencv/inefficiencY rating intervals determined b,· the _interval-DEA models, 

DMU 

1 
2 
3 
4 

· Table 3. 

CCR Interval-DEA _B_C_C_I_nt_en_·_a_l-D_E_A ________ _ 

0;- et ;;- </Jt e;- et 
I 1 1 I 1 
I 1 1 1 I 
1 1 I 1 1 I 
0.511 0.704 1.420 1.957 0.612 0.754 

1 
1 
1.313 1.647 

Lower and upper bounds of efficiency/inefficiency rating intervals determined by Monte Carlo simulation 
with K = 500 runs. 

CCR Interval-DEA BCC Interval-DEA 
DMU ----------------0L• 

0 
ov•. 

0 'Pr 
1 1 1 

2 1 1 1 
3 1 1 1 
4 0.564 0.639 1.565 

¢t BP 
0 

1 1 
1 1 
1 1 
1.773 0.639 

eu• 
0 

1 
1 
1 
0.697 1.414 

1 
1 
1 
1.594 

As can be seen from the Tables 2 and 3, DMU,, DMU1 and DMU3 are all strongly DEA efficient but DMU4 is DEA 
inefficient even when the most favorable input and output values of the input/output data intervals are used. 

Example 2. Let us consider an actual efficiency rating problem in which there are seven DMUs. with two inputs, 
capital and labor, and one output, gross output value. The interval data are given in Table 4 . 

Table 4. 
Interval input/output data for the seven Dl\lUs 

DMC 

2 
3 
4 
5 
6 
7 

x 11 (Capital) 

[564403. 621755] 
[614371 , 669665] 
[762203, 798427] 
[862016. <i37044] 

. [1016898. 1082662] 
[ 1164350. 1267970] 
[ 1731916. 1816008] 

x -:. J (Labor) 

(674111, 743281] 
[685943. 742345] 
[762207, 805677] 
[7i9894. 846496] 
[799714. 877137] 
[807172. 889416] 
[818090. 895746] 

Yi_i (Gross Value) 

[806549, 866063] 
[917507. 985424] 
[ 1117142. 1195562) 
[1206179, 1261031] 
[1381315; 1462543] 
[1497679, 1652787] 
[I 702249. 1812655] 

Usine the interval-DEA models. we obtain the ratim! intervals shown in Tables 5 and 6. None of the DMUs is 
identified by the. CCR interval-DEA model as strongly efficient. However. every DMU is DEA efficient under the 
most favorable conditions - the upper bound efficiency rating of every DMU is unity. Applying the comparison rule 

for interval numbers, we have a = [£. a] 2!: b = [Q.b] if and only if £ 2!: Q and a 2!: b . Thus comparing only the 

lower bound efficiency ratings the following rank order emerges: 

DMU1 >- (has hi'gher ranking than) DMU3 >- DMUti >- DMU1 >- DMU 5 >- DMU4 >- DMU 1 

The rating intervals d·etermined by the BCC interval-DEA model indicate that DMU7 is strongly efficient. The 
ranking· of the DMUs based on their lower bound efficiency ratings 1s: 
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Table S. 
Lower and ueeer bounds of efficiencv/inefficienc,· rating inten·als determined b,· the inten·al-DEA models. 

CCR Interval-DEA BCC Interval-DEA 
DMU or- 0v• ¢;- <Pt 0[9 eu• </Jt <l>t 0 0 0 0 

1 0.809 1 1.237 0.988 1 1.235 
2 0.874 1 1.145 0.919 1 1.135 
3 0.899 1.123 0.905 1 I 1.082 
4 0.846 1.182 0.857 1 1 1.156 
5 0.864 1.157 0.867 1 1 1.129 
6 0.887 1.127 0.894 1 1 1.058 · 
7 0.928 1.078 I 1 1 1 

Table 6. 
Lower and upper bounds of efficiency/inefficiency rating inten·als determined _by Monte Carlo simulation 
with K = 500 runs. 

CCR Interval-DEA 
DMU eL• el'· 

0 0 

1 0.844 1 
2 0.905 I 
3 0 .945 I 
4 0.892 1 
5 0.907 1 
6 0.939 
7 1 

¢;-
1 
1 
1 
I 

<Pt 
1.185 
1.105 
1.058 
1.121 
1.103 
l.065 
1 

BCC Interval-DEA 

0.997 
0.970 
0.959 
0.909 
0.916 
0.950 
1 

CO:':CLUSION 

1.159 
1.032 
1.033 
1.110 
1.094 
1.022 
l 

In this paper. we have introduced a simple approach to develop DEA models that can be used in the presence of 
interval data when gauging the efficiency performance of a set of DMUs. These models are designed to determine 
the bes~ possible relative efficiency rating for each DMU under the most unfavorable and favorable conditions. 
These models appear to be more flexible efficient measurement tools compared to the models proposed by Cooper et 
al. ( 1999) since they do not require any scale and \·ariable transformations. Efficiency performance can be gauged 
with data combinations including exact values. interval numbers . 
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ABSTRACT 
This paper presents the performance measure of bank branches efficiency by applying data envelopment analysis 
·(DEA) technique. The questionnaires survey provided to use four input factors and four output factors. Then. the 
non-parametric statistical test was applied· to approve that the selected questionnaires could represent the whole 
population. Then, two DEA models - CCR and BCC are applied in input-oriented and output-oriented situations. 
To compare efficient group effectively, extended-DEA model was also applied for ordering the effective sequence. 
finally, the sensitivity analysis was applied for knowing the most and the least sensitive factors under analysis. 

INTRODUCTION 
Currently, Asia economy is down sizing and every company wants to find out how to improve the efficiency and 
work effectively. Especially, the collapse of the bubble economy in 1997, Thailand has been suffering from 
recessions. Specifically, the financial institutions were the one of the worst affected of all industries. Therefore it is 
necessary to find the way of measuring the efficiency of the company. At that point, there are many different types 
of efficiency . measurement. But most of them are looking on one-dimensional aspect except Data Envelopment 
Analysis (DEA), is the only one on measuring multidimensional aspect. Data Envelopment Analysis (DEA) is a 
method originally proposed by Cham es et al. ( 1978) for measuring the relative efficiencies of Decision Making 
Units (DMUs), which are engaged in performing the same function using a set of inputs to produce a set of outputs. 
DEA can be used to determine whether a DMU is relatively efficient and to yield a measure of it efficiency. Now, 
there are many Banks in Thailand and each bank has lots of branches. In 1998. Thailand economy was facing with 
the economic crisis. Therefore. the bank is a pan of the economic system that had some affect from this crisis. To 
cOhtinue the business in this situation. the bank has to improve their customer service and operational efficiency. 
They should know which branch is efficient or inefficient. Therefore. there is a need for finding the way of 
measuring efficiency of each branch and this project, used the DEA techniques in evaluating the bank branches and 
calculate their efficiency for improving the bank performance. · 

Approaches of Measurino EfficienC\' 
- This is an incrt:asing concern with measuring and comparing the efficiency of organizational unit~ such as schools, 

hospital, bank branches and similar instances where there is a relatively homogeneous set of units. 

The usual measure ofefficiencr 
The efficiency is in form of the output divided by its theoretical output. Usually measure of efficiency is, 

~utput (actual) 
Efficiency = 

Output (theoretical) 
Relative efficiencr measurement 
A common measure for relative efficiency is. 

Effi~iency A 
Efficiency = 

Efficiency B 

DAT A ENVELOPM'rl\.T ANALYSIS 
Consider inputs and outputs with imponant weight. To measure the efficiency is often inadequate due to the 
existence of multiple input and related to different resources, activities and environmental factors. 

Weighted sum of outputs 
Efficiency = 

Weighted sum of inputs 
which introducin,g the usual notation can be wrinen as 
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Where U1 · 
Y1j 

V1 
X1j 

Efficiency of unit j 0 = ______ _ 
v,xlj + v2x2j T ••. 

the weight given to output i 
the amount of output 1 from unit j 
the weight given to input 1 
the amount of input 1 to unit j 

. The initial assumption is that this measure of efficiency requires a common set of weights to be applied across all 
units. This immediately raises the problem of how such an agreed common set of weights can be obtained. There 
can be two kinds of difficulties in obtaining a common set of weighs. First of all it may simply be difficult to val\'e 
the inputs or outputs. and in general units may value inputs and outputs differently and thus require different 
weights. This measure of efficiency coupled with the assumption that a single common set of weights is required is 
thus unsatisfactory. 

LITERATURE REVIE\V 
CHARNES et al. ( 1978) firstly provided a new definition of efficiency through a mathematical programming foruse 
in evaluating activities of not-for-profit entities panicipating in public programs. A scalar measure of the efficiency 
of each panicipating unit was thereby provided along with methods for objectively determining weights by reference 
to the observational data for the multiple outputs and multiple inputs. 

BANKER et al. ( 1984) separated technical and scale efficiencies without altering the condition for use of DEA 
directly on observational data. Methods for identifying and correcting the magnitudes of these inefficiencies were 
illustrated. They introduced a new separate variable. which made it possible to determine whether operations were 
conducted in regions of increasing. constant or decreasing return to scale. 

After that. DEA is very attractive tool for measuring performance measures of different input and-output factors: 
Manv researchers have been extendinE! DEA to become more effective tools and manv used to consider different 
type~ of input and output factors meas~re. such as discretionary. non-discretionary and ;ategorical variables. (KAO, 
1994; STEWART, 1996; THANASSOULIS et al..1996). On the other hands. some researchers tried to explore the 
qualitative weghts by using Analytical Hierarchical Process (AHP) with DEA to cover the strategic implementation. 
(YC. •1992: LI. 1993). Many application development with DEA are appeared and some of those are: Banking 
sectors. public health-care; sport: manufacturing sectors etc. 

Define the 

ln"esu
gate 

results 

Run 
the 

model 

Define the 
role Identify 

the ... .... ► 
Initiate 
a pilot 

exercise .. ~ obiectiYes 

Collect 

data 

Choose 
output 
factors 

Choose 
input 

factors 

Figure I- The Framework of DEA Model Implementation 
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Implementation 
The key steps in DEA implementations are: (I) Definition of DMUs; (2) Selection of input and output factors; (Jl 
Selection of DEA model; (4) Solving with LP (linear Programming); (5) Sensitivity -Analysis. The overall 
framework can be illustrated at Figure I. For bank branches, the DMU is the branch interested to measure the 

performance. 

Selection of Inputs and Output Factors 
This step is the first imponant step of the DEA model application and if the wrong input and out factors are applied, 
the DEA result could not represent the intended performance measure. Concern of the branches of the bank. thii 
resea~ch proposed to use four input index, named as: II-Reaching index (for measuring ease of access and facilitie1 

· provided at the branches); 12 - Service Index - for measuring the service provided at the branch: 13- Safety index
for measuring the security and safety condition provided by the branch; 14- numbers of counters presented. 
Similarly, the output factors are defined as 01- deposite: 02- withdraw amount of money by each customer: 03. 
number of customer: 04- frequency to make transaction. The questionnaires was developed and collected the 
defined inout and out factors -from selected 68 branches. 

Then. the analysis is defined in three groups based on collected questionnaires and the response rate. The hi2h 
response group contained 21 branches and medium group contained 16 branches and the low response rate gro~p 
contained 31. 

Selection of DEA models 
Refer to Cooper(2000) book, he discussed clearly that the selection of the suitable DEA .model is also one of the 
challenging result and he pointed to think about the shape of the production possibility set situation - whether 
constant return of scale (CCR) or not (BCC). In addition, depending on the model implementation, either input 
factor or output factor might be variables. In the branch case, both input and output could be varied and thus. the 
approach was implemented with both input-oriented and output-oriented model. Concern with CCR and BCC or 
many other developed models, the research work planned to implement all and tried to figure out the most 
effectivetsensitive models for branch performance measure intended to work. 

Therefore. the research work are done for three high. medium and low groups as f( 1) CCR - Input-oriented model: 
(2) CCR- Output-oriented model; (3) BCC-Input-oriented model; (4) BCC-Output-oriented model. 

Data Collection and Statistical Analvsis 
Concern of questionnaires and data collection, Wilcoxon Signed Rank test and Student-t test was done for 
hypothesis on representing the population with the collected data. 

Variable W-

I-1 136 

1-~ 0 

I-3 0 

1-4 120 

., . 

0-1 153 

0-2 b 
0-3 171 

0-4 171 

DEA Model Implementation 

Table 1 :Sumrnan· result of Si!!ned Ranks Tests 
\V--:- Table Sig.Level 

392 174 0.10 Accept 

120 30 0.10 Accept 

10 ) 0.10 Accept 

258 120 0.10 Accept 

375 174 0.10 Accept 

171 47 0.10 Accept 

357 174 0.10 Accept 

495 218 0.10 Accept 

n=32 

n=l5 

n=4 

n=27 

n=32 

n=l8 

n=32 

n=36 

After analyzing with statistical hypothesis testing, the input and output oriented CCR and BCC models were 
implemented with LINGO software. 
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CCR-Input-oriented Model 
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Figure 1 - CCR Input-oriented Model 

From above graph, it can be noticeable that ~he branch 2.3.5,6,10,12.14.15,16,18.19.21 to 26, 28 to 32, 34 to 39 are 
appeared to be inefficient. The branch 29 appeared to be the smallest efficiency with 0.3429. Thus, we continued to 
apply BCC model for comparing the pure technical efficiency. The result of BCC model is illustrated at Figure 2. 
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BCC-lnput-oriented Model 
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Branches 
Figure 2- Result of BCC-lnput-oriented Model 

From above figure 2, it is noticeable that only three branches are lower than I (branch 2, 24 and 29) and it presents 
that the pure technical efficienc;:y for all branches are almost equal except those three. Thus. this two CCR and BCC 
models derived that all branches under investigations possess equal technical efficiency and the scale efficiency is 
different. The comparison of all three efficiencies can be calculated and graphed at figure 3. 

Sensitivitv Analvsis 
After implementing with DEA models on CCR and BBC in both input-oriented and output-oriented, it is necessary 
to figure out how to improve the inefficiency unit to gain better efficiency from input reduction and output increase. 
At that part. the weight i~. slack and. surplus variables are used to calculate these stated input reduction and output
increase. All detailed calculation are illustrated at Myint (2001 ). The efficiency scores for all DMUs, using CCR 
and BCC models, were calculated without considering one of the input factors and output factors respectively. This 
shows how each of the input and output factor affects the efficiency score of DMUs. From the result of sensitivity 
analysis. it is noticeable that some branches gave lower efficiency (30%) than original efficiency when removing 
input factor} •Reaching Index' and output factor l 'Deposit'.Example in CCR Input-oriented when removed inputl 
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'Reaching Index', the efficiency score of branches 12,14,17*,18,23,25,27*,32,33*,34 change much but remove-0 
other input factors the efficiency still be the same, in CCR Output-oriented when removed output I 'Deposit', tn, 
efficiency score of branches 4*, 9*, 14, 16, 19, 21, 22, 24, 25, 31. 33* change much but removed other ou~m 
factors the efficiency still be the same as in BCC. It show that this particular inputl and outputl played a great rol, 
in the evaluation of efficiencies of those units. Any increase in 'Reaching Index' or decrease in 'Deposit' will maKt 
these DMUs inefficiency. So can concluded that those branches are very sensitive with input 'Reaching Index· afio 

output 'Deposit' at their efficiency development. Thus branches have to emphasize much on improving these l 
factors very carefully to become efficiency. 

BCC, CCR and Scale Effy 

o:: ·: r_ .. . ____ -.. ~l/ ' ,--
__ ::1 \ 1 

.. ,, \ I 
g" 1 V I II 
,! 0.5 J ~ 
CJ ' ffi o, '. 

0.3 • 

01 , 

o-' -------------------------
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Branch 

--ace _. CCR Scale Etty 

Figure 3 - _Comparison ofBCC, CC.Rand Scale Efficiency for High Response Group 

Table 2 - Sensitivity Analysis of High Response -Group 

~ : Cffil 

::em,etp.t S:reti\e(lJp..t 

CffiO BI-i BI-0 Cffil I CIM BI-i BI-0 
1 I I3 I3 I 
2 ! iUl I )Ul DM I IL2-iW CB I CB I C'OCBOt CE 

3 I llI1 l3.Il : I3 ,~ , CB I CB lc:ocaool CB 
4 i 12 I2 i en en I 02 01 
5 ; i ~ I CB I CB IOl.COCOO CB 

6 I 14 I 14 I I 14 ~ I ~ Ot 
7 I I ! ! ! 

8 I i I Ot Ot Ot 

9 i 12 12 I ! 01 i 01 02 01 

10 1 }\Il }\Il I3 ~ ~ I ~ IC2ca0\0 CB 

11 ! i I I 
12 ! n n I3 I ~ 0t I Ot IC2COO\O Ot 
13 I 14 l4 I I Ot 

14 I n n DAmi4 en l 01 IC2CBO\Ol 01 

15 l Il,I3 i Il,I3 I3 ,~ cw i c:;aCl2 IC2CBO\Ol c:;aCl2 

16 I llI1 I l3.Il I3 DAmi4 01 I en 1 Cl?.C&)\(l 01 I 

V i n I n I 
I I ! 01 I I 

18 I n n ~ cw l ~ ,~ c:;aCl2 

l9 I Il.14 Il.14 I3 IW$ en I 01 I COCB.Ol.O 01 
Zl I 14 14 I I Ot 
21 I n.I3 n.I3 I3 ~ l 01 I 01 I~ 01 

,, 

CO~CLUSIOI\ AND FURTHER WORK 
After analyzing the branches performance with DEA, there are many interesting conclusions and possible extensions 
of developed models. Some of those can be grouped as: 
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(a) · Data Analysis -the questionnaire should cover the whole Thailand and composed of weight factor. The factor 
Analysis method should apply for analyzing huge amount of data. Moreover, quantifying some qualitative 
parameter should include together with AHP analysis. 

(b) Model Extension - Concern with model development. DEA approach is very suitable because of considering 
many input and output factors at the same time. But the proper formulation of DEA model is very important. 
Moreover, there are many controversies among DEA and statistical analysis. So. the model needs to expand for 
covering statistical approach together with stochastic programming (Chance- constrained programming) 
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ABSTRACT 
The new ISO 9000:2000 revisions have just been issued and represent a major enhancement to the 1994 edition of 
the standards. A fundamental change in the standards is the introduction of eight quality management principles that 
guide management in their customer focus. leadership, and continuous improvement. In addition to encompassing 
.all of the 1994 requirements, "the ISO 9001 :2000 includes continual improvement, customer satisfaction. statistical 
techniques, and permissible exclusions. ISO 9004:2000, which is used with ISO 9001 :2000 as a pair. requires the 
use of a process approach to guide an organization move toward best-in-class performance. This paper summarizes 
the major revisions in the new standards, as well as its benefits. 

INTRODUCTION 
On December 15, 2000, the much anticipated ISO 9000:2000 series of standards was officially released by the 
International Organization of Standardization. Since it was first published in 1987, the ISO 9000 standards have 
become an international standard of quality. However, it has always been criticized for its cumbersome language. 
and its mislabeling of suppliers. customers. and subcontractors in its documents. In addition, users criticized the 
standards for being manufacturing-biased and not functionally-oriented: not offering a linkage of methods for a 
unified business approach:_and not providing a systematic approach [2]. But one of the main criticisms to the 
standards all along was that it did not focus on processes, customers and continuous improvement. Even the 
standard's first revision. published in 1994. did not address any of the mentioned flaws. It wasn't until 1987 that the 
ISO Technical Comminee developed a process model to depict generic requirements of a quality management 
system as a set of linked processes [4]. This process model concept was based on eight quality management 
principles that form the new ISO 900 I :2000 requirements. 

The new standards involve a business-oriented process approach, easy-to-understand requirements. customer 
satisfaction and continuous improvement. compatibility with environmental management and other management 
system elemer:its. and wider applicability for organizations outside traditional manufacturing [3 ]. :rhe new standards 
affect six key documents in the old ISO 9000 family: ISO 900 l. ISO 9002, ISO 9003, ISO 9004, ISO 8402, and ISO 
9000-1. ISO 9001. 9002 and 9003 are combined into one document - ISO 9001 :2000. The ISO 8402 vocabulary is 
now combined with the fundamentals and titled ISO 9000:2000. ISO 9004 has also been realigned with ISO 9001. 
These t\\.'O standards are considered a consistent pair and are intended to provide organizations with guidance to 
more beyond th~ basic requirements of ISO 9001. 

The Registrar Accreditation Board (RAB) has stated that the 1994 versions of the ISO 9000 series will officially 
expire three years from the release of the 2000 series. Therefore. those companies holding an ISO 9001, 9002 or 
9003 (1994) registrations have until December 15. 2003 to become compliant to ISO 9001 :2000. 

BASIC CHANGES IN ISO 9000:2000 
The new ISO 9000:2000. family consists of three basic standards: 

ISO 9000:2000 
Includes Quality Management Systems (QMS) - Fundamentals and Vocabulary. 
ISO 9001 :2000 
Includes Quality Management Systems (QMS) - Requirements. This standard focuses on a process approach to 
create a quahty management system to enhance customer satisfac,t}on by consistently meeting cust9mer 
requirements. 
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ISO 9004:2000 
Includes Quality Management Systems (QMS) - Guidelines for Performance Improvements. It focuses on a 
process approach to carry out improvement projects to enhance the performance of the organization by meeting 
the needs of interested parties. 

It is imponant to note that both ISO 9001 and ISO 9004 were created to be used as a consistent pair to guide a 
process approach for quality management and improvement. Furthennore, ISO 900 l will remain the most used of 
the three for cenification, but the other two are useful companions that should not be ignored. 

QUALITY MANAGEMENT PRINCIPLES 
The ISO 9000:2000 process model approach is based on eight quality management principles: customer focus. 
leadership. involvement of people, process approach. system approach to management, continual improvement. 
factual approach to decision making, and mutually beneficial supplier relationship. 

Principle I - Customer Focus 
Organizations depend on their customers and therefore should understand current arid future customer needs, should 
meet customer requirements and strive to exceed customer expectations. 
Principle 2 - Leadership 

Leaders establish unity of purpose and direction of the organization. They should create and maintain the internal 
environment in which people can become fully involved in achieving the organization's objectives. 
· Principle 3 - Involvement of People 
People at all levels are the essence of an org.anization. and their full involvement enables their abilities to be used for 
the organization's benefit. 
Principle 4 - Process Approach 
A desired result is achieved more efficiently when acti\'ities and re lated resources are managed as a process. 
Principle 5 - System Approach to Management 
Identi fy ing. understanding and managing interrelated processes as a system contributes to the organization's 
effecti\'eness and efficiency in achieving its ob_1ec tives . 
Principle 6 - Continual lmpro\'ement 
Continual improvement of the organization ' s O\'erall performance should be a permanent objective of the 
organization . 
Principle 7 - Factual Approach to Decision :\taking 
Effective decisions are based on the analysis of data and information . 
Principle 8 - l\lutually Beneficial Supplier Relationships 
An organization and its suppliers are interdependent and a mutually beneficial relationship enhances the ability of 
both to create va lue. 

The basic changes in ISO 9000 :2000 can be characterized as follows : 
• The introduction of quality management principles (Q\1Ps ). 
• The adoption of a quality management system (QMS ) process model for quality management and continual 

improvement. 
• The format ofISO 9001 requirements and ISO 9004 companion have been changed to correspond to the 

processes of the quality management system (QMS}, and to be used as a consistent pair. 
• ISO 9001 requirement changes include continual improvement. customer satisfaction. statistical techniques and 

permissible exclusions . · 
• ISO 9004:2000 uses the QMPs to help any organization in their pursuit of excellence. 
• ISO 9000:2000 uses a common vocabulary that is easy to understand for all types of products, all sizes of 

organizations. and all sectors of the economy. 

ISO 9000:2000 PROCESS MODEL 
The model of the ISO 9000:2000 process-based quality management system is shown in Figure 1. This model 
illustrates the process linkages presented in clauses 4 to 8 in the standards . This illustration shows that customers 
play a significant role in defining requirements as inputs . Monitoring of customer satisfaction requires the 
evaluation of information relating to cuswmer perception as to whether the organization has met the customer 
requirements. This model has four primary QMS processes: Management Responsibility; Resource Management; 
Product and/or Service Realization Management; and Measurement. Analysis and Improvement processes. 
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Management Responsibility Process: Management sets direction and objectives of the system. 
Resource Management Process: Resources are determined, provided and managed. 
Product and/or Service Realization Management Process: Processes are established for creating and deliverin2 
the organization's products and services and are verified and managed. Product realization processes take inputs ~ 
from customers in the form of requirements and needs, and converts them into the products and services that satis~· 
customer requirements. 
Measurement, Analysis and Improvement Process: Products, processes and customer satisfaction or 
dissatisfaction are measured. Audits are conducted of the quality management system. Data are analyzed and 
results provided as input to the management review process. The data and analysis are used to improve the system 
conti.nually. 

Clause 4 

System & 
Documentation 
Requirements 

Continual Improvement of the Quality Management System 

~ -----------Clause 5 

Management 

Customer _ _ _ _7 ___ r_e-sp_o_n_s-ib_i_li_tJ_· --

Requirements 

Clause 6 

Resource 
management 

~ 
Input 

Clause 7 

Product 
reali:.ation 

.----------
Clause 8 

Measuremem, a,,a~rsis, 
and imprm,emellt 

J 
~ Output 

Product 

Customer 

Satisfaction 

Figure 1. The Quality Management System (Ql\1S) l\lodel and the Standard Major Clauses 
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ISO 9001:2000 MAJOR SHIFT IN FOCUS 
The ISO 900 I :2000 differs significantly from ISO 900 I: 1994 in its major shift in focus toward continual 
improvement, customer satisfaction, emphasis on statistical techniques and measurement, and having permissible 
exclusions. · 

Continual Improvement 
The organization should establish a system level procedure to facilitate continual improvement. The standard 
includes the concept that the organization measure process and product/service output. analyze these data and 
include them in the management review. The emphasis has shifted to require the use of information and data to 
continually improve performance. 
Customer Satisfaction 
The standard underscores the importance of customer satisfaction by specificaliy requiring understanding, 
measuring and satisfying customer requirements needs and wants rather than merely satisfying the customer's stated 
requirements. 
Statistical Techniques and Measurement 
In addition to requiring the use of the appropriate statistical techniques to ensure product conformity to 
requirements. data and analysis must be provided as input for management review to facilitate the continual 
improvement of the system. 
Permissible Exclusions 

· The standard permits a reduction in the scope of the product or service realization process (clause 7) of the quality 
management system except for elements that impact the quality of the products. 

Table I shows the correspondence between ISO 9001:2000 and ISO 900 I: 1994 

Table l 
Correspondence Between ISO 9001 :2000 and ISO 9001: 1994 

ISO 9001 :2000 I ISO 9001:1994 I 

1 Scope ! 1 
! 1.1 General i 

! 1.2 Application I 

; 2 l\ ormative reference i 2 
: 3 Terms and definitions I 3 
: 4 Qualit,· management svstem [title onh·l : 

! 4.1 General reouirements i 4.2.1 
! 4.2 Documentation requirements f title onlvl I 

l 4.2 .1 General i 4.2 . l • 4.5.1 
I 4.2.2 Qualirv manual i 4.2.1 
! 4.2.3 Control of documents I 4.5 . 1 T 4.5.2 + 4.5.3 
I 4.2.4 Control of qualitv records ! 4.16 
1 5 Management responsibility f rnle onlvl ! 

5.1 Management commitment I 4.1 .,.. 4.1.2.2.,.. 4.2.1 
5 .2 Customer focus I 4.3.2 
5.3 Qualitv PoliC\· 4.1.1 

: 5 .4 Plannine [ title onlv] 
1 5.4 . 1 Qualitv objectives 4.1.1 T 4.2.1 

5.4 .2 Qualm' mana£ement svstem planmn£ i 4.2 .3 
5.5 Responsibilitv. authoritv and communication rtitle onlvl : 
5.5 . l Responsibilitv and authoritv I 4.1.2.1 
5.5.2 Mana2ement representative I 4.1.2.3 

1 5.5 .3 Internal communicarion (New) l 
5.6 ManaQement re\·iew [title onlv] : 4.1.3 
5.6.1 General I 4.1.3 
5.6.2 Review input I 4.1.3 
5.6.3 Review output 

I 

4.1.3 I 
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Table 1 
Correspondence Between ISO 9001:2000 and ISO 9001:1994 (continued) 

ISO 9001:2000 ISO 9001:1994 ----, 

6 Resource mana,zement [title onlvl 7 
I 

6.1 Provision of resources 4.1.2.2 ---:, 

6.2 Human resources rtitle onlyl 
.... ._) 

I 

6.2.1 General 4.1.2.2 ... 4.2.3 - 4 .18 -
6.2.2 Competence. awareness and trainim? 4.18 

6.3. Infrastructure 4.1.2.2..,.. 4.9 

6.4 Work environment I 4 .9 I 

7 Product realization ftitle onlvl l 
7 .1 PlanninE? of product realization 4.2.3..,.. 4 .9 + 4.10.1 
7.2 Customer-related processes ftitle onlvl 
7 :2.1 Determination of requirements related to the product 4.3.2 ..,.. 4.4.4 
7 .2.2 Review of requirements related to the product 4.3.2 + 4.3.3 - 4.3.4 
7 .2.3 Customer communication 4.3.2 
7 .3 Desi £?n and development r title only l 
7.3.1 DesiQn and development plannimz I 4.4.2 + 4.4.3 ..,.. 4.4.6 + 4.4. 7 + 4.4.8 I 

I 7.3.2 DesiE?n and development inputs I 4.4.4 
7 .3 .3 Desi2n and development outputs I 4.4.5 

i 7.3.4 Desil!n and development review 4.4.6 
I 7.3.5 Desi1m and development verification I 4.4.7 
: 7.3.6 DesiE?n and development validation 4.4.8 
i °?.3.7 Control of desil!n and development chan£?es I 4.4 .9 
i 7 .4 Purchasina f title onlvl I 

I 7.4.1 Purchasinl! process 4.6 .2 
I 7.4:2 Purchasin2 information I 4.6.3 · 
I 7.4.3 Verification of purchased product i 4.6.4 - 4. 10.2 ~ 4.10.3 + 4.10.4 

7.5 Production and service provision rtitle onlvl i 
! 7.5.1 Control of production and sen·ice·provision I 4.9 - 4.10.3 .q_15.6 + 4.19 
I -:' .5 ,2 \ ' alidation of processes for production and ser,ice orovision I 4.9 I 

7.5.3 Identification and traceabilirv I 4.8 + 4.10.5 ... 4.12 
· 7 .5.4 Customer ro em· 4.7 

1 7 .5.5 Preservation of roduct 4.15.2 + 4.15.3 -r4.15.4 + 4.15.5-r4.15.6 
1 7 .6 control of monitorin2 and measurin2 devices 4.11.l + 4.11.2 

8 Measurement. analvsis and im rovement title onlv 
8.1 General 4.10 + 4.17 ... 4.20.1 

1 8.2 Monitorine and measurement r title onlv 
8.2.1 Customer satisfaction (New) 
8.2.2 Internal audit 4.17 
8.2.3 Monitorinl! and measurement of rocesses 4.9 - 4.17 + 4.20.1 
8.2.4 Monitoring and meas·urement of roduct 4. l 0.2 - 4.10.3 -q_ 10.4 + 4.10.5 + 4.20.1 
8.3 Control of nonconforming roduct 4.13.1 +4.13.2 
8.4 Anal sis of data 4.14.2 + 4 .14.3 + 4.20 
8.5 Im rovement title onl 
8.5.1 Continual im rovement 4.1.3 
8.5.2 Corrective action 4.14.1 + 4.14.2 
8.5.3 Preventive action 4 .14.1 + 4.14.3 
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ASSESSMENT AND IMPROVEMENT OF THE QMS 
The standard describes a self-assessment methodology to evaluate the QMS maturity for each major clause in ISO 
9004 on a scale from I (no formal system) to 5 (best-in-class performance). The methodology also provides 
guidance in the form of typical questions that the organization should ask to evaluate performance of each of the 
major clauses ofISO 9004 and the QMS as a whole. Furthermore, the standard identify two fundamental 
approaches for improvement activity: 

a) Strategic breakthrough projects which lead to revision of existing processes, or the implementation of new 
processes 

b) Small-step continual improvements 
A methodology for carrying out each of the above approaches is described in the standard. 

BENEFITS OF ISO 9000:2000 
The benefits of the 2000 revisions are highlighted by the quality management principles which emphasize the 
responsibility of management to focus on the customer, get people involved, use a factual process approach for 
decision making, and establish beneficial supplier relationships. With proper implementation by all concerned 
(management, consultants and registrars) the benefits of the standards should be to improve the consistency of 
product quality, reduce product costs. increase revenues and profits. · 
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ABSTARCT 
An ever-growing competition in banking sector has led many banks to explore novel ways to improve the quality of 
service to their customers. In turn, the· customer expectations are also ever increasing; panicularly from the 
sophisticated customer segment. The quest to add value to the line of products and services has been of paramount 
importance in banking and finance industry. In this paper we examine Union Safe Deposit Bank's efforts to 

. continuously improve the customer satisfaction level and win the competition with other rival banks in the area. We 
present the banking business environment in the local community and measures taken by the bank. The paper also 
provides results of the continuous customer satisfaction survey and makes recommendations. In fact. the service 
improvement ideas discussed in this case go well beyond the traditional banking world and can be applied to 
virtually any service industry. 

INTRODUCTION 
Service quality is essential to the survival of any business. In the past. the mere producti9n of the proverbial better 
mouserrap could often mean success in the marketplace. An "If You Build It They Will Come" son of mentality 
existed and innovative companies that created "Bigger. Bener. Faster. Stronger" cold expect to reap the benefits of 
their effon for years to come. In today's global marketplace. technology and the increasingly easy transfer of 
information have shonened the length of time that innovative companies can expect to sustain the- competitive 
advantages associated with being first. Today and in the future. a business's success will be contingent upon not 
only building the bener mousetrap, but the ability to service and deliver the mousetrap in a way that delights the 
customer and inspires them to purchase the business· s value added package of products ancL'or services repeatedly. 

Union Safe Deposit Bank is a locally owned community bank. The Bank began offering safe deposit box rentals 
and loans in Stockton. California during the Spring of 1897. Since that time, Union Safe has grown to a seventeen 
branch full-service bank serving San Joaquin and Stanislaus Counties. The newest branch opened in July I 999, in 
Tracy. and plans are in place to open an eighteenth branch in Turlock . 

As a full-se~·ice bank. Union Safe proudly offers a complete line of products and services that· would normally be 
associated with lanzer banks and are not often offered bv smaller communitv banks. In addition to a full line of 
cohsumer bankin~ -services. the Bank makes Trust & In~estment Services a~·ailable to its customers. As well as 
having a dedicated team of commercial bankers devoted to meeting the needs of the local business community. 

In 1996. waning profits lead to management changes within the organization . A new CEO was appointed and many 
changes occurred over the course of the next three years. Changes were made to products. policies, and personnel. 
Changes were made that would effect customers and shareholders. Each year frc:im 1996 through 1999 net income 
for the Bank has risen . while the services available to customers has increased. In many cases. a Union Safe 
customer today rec.~ives more competitive loan and deposit rates than they \vould have five years ago. However, no 
changes come without cost and as can be expected. change to products and policies would ultimately dis?ppoint 
some customers and some attrition was inevitable. 

With a new CEO came .a new vision. A vision that customers ~ere individuals and each had their own specific 
wants and needs . Not that previous management did not recognize customers as individuals. but under the direction_ 
of the new CEO. the Bank began to actively search for, and implement. new ways to serve customers. The n~w 
CEO recognized that although the traditional way of banking is P.~eferred by the majority of the _ Bank's aging 
clientele, there is also a 11ew generation of customers that is more concerned with when they bank as opposed to the 
location form which they do their banking. With that recognition came the commitment to invest in the technology 
that would make servicing customers with traditional and/or contemporary banking needs possible. Among the 
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investments in technology were a Windows based teller platform. in-house Microsoft Office training classes. the 
hiring of MCSE cenified network administrators, and the development of a comprehensive MCIF database. 

The Bank's comminnent to serving both generations of banking customer came from both secondary and primary 
data. By the end of 1998, the Bank had decided to become more focused on collecting as much primary data from 
their customers as possible. To that end, they began to develop better tools for measuring and assessing customer 
satisfaction. Gauging customer satisfaction and promoting quality improvement within the organization would grow 
to be one of the Bank's primary initiatives over the next two years - and into the future. 

PROBLEM STATEMENT 
Fast forward to July 2000. · In the year and one-half that followed the decision to develop a "Quality Service 
Initiative"' (QSI), Union Safe has implemented the four planned components of their quality program. The ·first two 
components of the program are Customer Feedback and Employee Recognition. The second two components are 
Service Level Agreements and Service Skills Training. The first two components _of the program are further along 
in their implementation cycle than the second two. The customer feedback and employee recognition elements of the 
quality program have three and two years under their belts. While the service agreement and skills training areas are 
just beginning to grow within the organization this year. · ' ' 

Challenges the Bank is now facing include: continued quality improvement based on infonnation gathered via 
· annual customer surveys and quanerly my~tery shops, preventing the Employee Recognition Program from getting 

stale · and going unused, ensuring that Service Level Agreements drive dialogue and improve service between 
depanments, and increasing the development and use of training programs. The successes and shoncomings of the 
four components of Union Safe's Quality Service Initiative will be discussed further in the remainder of this paper. 

CUSTOMER FEEDBACK 
Concerning customer feedback, in 1997 and 1998 the Bank had surveyed consumer checking and savings customers 
using a very rudimentary, eight question survey. In 1999. that survey was carefully revised so as to collect more 
actionable information from customers while preserving a few of the questions from previous years for comparative 
purposes. In addition to the survey for consumer banking customers, Union Safe also developed detailed surveys for 
their commercial clients and financial management clients. All three groups were surveyed in the third and fourth 
quaners of 1999 and any improvement plans were implemented for the year 2000. If there is an areas in the 

· custo'mer survey process that needs improvement it is in the implementation of improvement plans. As always. it is 
much easier to tally the numbers than it is to improve them. Currently. the Bank is preparing to survey the three 
customer groups for this year ' s analysis. The results of this year ' s survey will allow us to measure the effectiveness 
of last year·s improvement plans. Each year the surveys will be reviewed and modified. if need be. to address new 
concerns in the marketplace. 

Mystery shopping is also a key area of the feedback component for u nion Safe. Beginning in mid-1999 the Bank 
began shopping all of ns branches . Each quarter an outside firm is paid to send mystery shoppers into each o the 
Union Safe · s 17 branches. The sample size for the number of shops is detennined by the amount of traffic at each of 
the branches. · 

Each shop is a dual-shop. Meaning two employees will actually be shopped. In a typical scenario, the shopper 
approaches the teller-line wi'th a generic transaction to conduct and reveals information that would make them a 
likely candidate for a specific product. After conducting the transaction and hopefully being referred by the teller to 
a new accounts representative or loan officer. the shopper would then go and act as if they were going to open a new 
account or apply for a loan. In rare cases. the teller may be shopped for both the teller and new account side of the 
shop. This only occurs when there are no ne\V account representatives available. Tellers. account representatives, 
and loan officers are evaluated on similar but different criteria. In general. a new accounts representative will not be 
shopp~d at the same time as a loan officer because the Bank alternates loan and deposit shops. All employees are 
evaluated on basic customer service skills, counesy, friendliness, product knowledge, and ability to close sales or 
make referrals . The biggest concern with mystery shops is the sample size/data integrity issue. It is very expensive 
to conduct shops. Therefore. choices need to be made about the number of shops the Bank should be conducting 
based on the traffic at each branch and the level of confidence with which the Bank is comfortable. 
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EMPLOYEE RECOGNITION - ALL ST AR PROGRAM 
In addition to regular compensation, Union Safe has implemented an employee recognition program to recognize 
and reward employees that provide superior quality customer service. The first two stages of the All Star Program 
are the Choice Star Note and the Choice Spotlight Award. The Choice Star Note promotes positive feedbad 
between employees and provides a way to notify an employee's manager of superior service. The Choice Spotlign1 

A ward gives managers a · way to recognize superior serve and reward employees providing it with a twenty-dollar 
bonus. There is a third stage of the program called the Choice All Star A ward. Cfioice All Star A wards are only 
awarded once per year at a bankwide All Star Celebration. Department and Branch Managers have the opportuni~, 
to recognize one or two All Star performers each year. · 

The focus of the All Star Program is on the five key service determinants defined by the Bank: they are Timeliness, 
Reliability, Empathy, Assurance, and Tangibles. These qualities embody the .. Quality Customer Service is a 
TREAT'' spirit. Awards and Recognition are for exceptional performance that reflects these indicators of the service 
provided by the Bank. · 

It is the goal of the Bank to empower employees to give recognition when and where it is deserved. The All Star 
Program has been developed to make that easier for everyone. The success of this program depends on the perceive~ 
value in the eyes of the employees. Maintaining awareness is an ongoing issues, especially as the program prepares 
to enter its second year. Currently, in addition to the awards themselves, recipients of them are reported monthly to 
the Board of Directors and Senior Management. Spotlight Award recipients are listed in the Bank's newsletter ona 
quarterly basis. 

SERVICE LEVEL AGREEEMENTS 
Service Level Agreements (SLA) are basically service contracts. SLAs are stored in an MS Access database 
accessible by service providers and their customers. The idea is that each quarter the customer rates. on a five point 
scale, the service providing department or group. In general. branches and sales groups are the customers where 
SLAs are concerned. Internal departments can also be customers of other internal departments. Union Safe 
implemented SLAs at the beginning of this year. The key to SLA success is that all customer departments accept 

· ·and use the database for evaluation and all service providing departments follow-up with customers when there 
needs to be improvement. The main purpose of SLAs are to foster continuous improvement by bringing customer 
and service provider together for discussion in the event that service is below the expected level of the customer. For 
example. if the Marketing Department was routinely late in providing monthly reports to the Commercial Banking 
Group is a given quarter. then the Commercial Bankers would rate Marketing with a 1 or a 2 indicating .. not meeting 
expectat.ions." After the· grading period. Marketing would open the database and check to see their report cards from 
all of their <;ustomers. Finding that the grade from the Commercial Banking Group was lo~·. Marketing would 
contact the Commercial Bankers and discuss plans for impro\'ing on their delivery times. 

SERVICE SKILLS TRAI~ING 
Service Skills Training is the final step in Union Safe's Quality Service Initiative. It is also a key step in qualicy 
improvement. The Bank can measure many elements of customer service. but if there are problem areas without 
improvement plans then the situation will only get worse. 

For Union Safe there are two groups of employees that have very different training needs. First there are tellers and 
branch employees that needs to know how to assist customers with deposits, withdrawals, etc. Tellers receive two 
weeks of formal t~aining prior to working in a branch. Once at the branch · most training is on the job in actual 
situations. Branches do conduct monthly staff meetings. but the ideas shared at staff meetings are often co~ceptual 
or sales oriented only. ,J,Vindows and Mouse tutorials are available to all tellers through in-house training sessions . . 
Second~ there are back office/department employees. Department employees (as well as branch employees) can take 
in-house MS Office training classes. There are classes for beginning, intermediate, and advanced skill levels in all of 
the MS Office Applications. e.g. PowerPoint, Word. Excel. Outlook. and Access. Department managers also have_ 
discretionary training budgets for outside classes and seminars. 

RECOMME!'.DA TIONS 
Recommendation for Improvement - Customer Feedback: 
By facilitating the process of providing feedback. customers may feel more inclined to do so. An extensive annual 
survey is good, but a customer needs to be able to offer any suggestions, comments, or recommendations at any 
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given time. If this means developing a suggestion box within the bank, or establishing a toll free customer sen·ice 
line. then doing so may be appropriate. The customers need to be able to voice their opinions or suggestions at the 
very mome~t that it is on their mind. By the time a yearly survey arrives. such ideas may be long forgotten. The time 
to listen to the customer is now, and always. It will also be necessary to truly consider all of the .. reasonable .. 
recommendations and researching the feasibility of any that seem appropriate. 
Recommendations for Improvement- Employee Recognition: 
With the Choice Star Notes, and the Choice Spotlight Awards already implemented. a great system of employee 
recognition already exists. The improvement to the program can be made by more strongly encouraging such 
exchanges to take place. Be careful because if they are exchanged to freely, then eventually they simply will not 
mean much to the recipient. In other words, employees need to pay greater attention to how others are doing their 
job. and when exceptional acts or service occur. appropriate recognition should also ·occur. It is true that a strong 
motivating factor for just about anyone is proper recognition for a job very well done. The system is already in 
place. Now make it work to its full potential by truly using it for its designed purpose . 

. Recommendations for Improvement - Level of Service: 
Improving the level of service can be based on feedback accumulated from the survey results. On the customer 
feedback survey there are tow particular sections from which this type of information can be found: 1) ~anks should 
have . . . and 2) Union Safe has : .... on which the customer can indicate what they feel is important in terms of 
providing good service .. By analyzing these two sections together the bank can see how they are doing with regards 
to what the customers feel is important. For example, if the survey results indicate that customers feel very strongly 

· that reliable ATMs are important and also strongly agree that Union Safe's ATMs are not reliable. then it is obvious 
where efforts need to be focused. By doing so the customers will notice the change and will be happy with the 
improved quality of service Don't put efforts in areas that don't matter much to the customer. 
Recommendations for Impro,·ement - Service Skills Training: 
Currently, Union Safe provides new employees with two solid weeks of training before they are placed out on the 
front line to serve the customers . Two weeks of intense training really isn ' t enough for a new employee, especially 
considering all that is expected of him/her when the true job begins . Continued training classes need to be offered 
occas ionally for different types of skills and needs. Some example of training classes might ihclude softwar.e 
application courses. or instruction on how to present and demonstrate certain banking packages offered by Union 
Safe. By offering such instruction. the employees will be able to get hands on experience in the areas that they feel 
they are weak in. This can all be done without the pressure of ha,·ing a customer there and waiting, and proper 
assistance will be on hand to help the entire time if necessary. 

CO!'.CLUSIO~S A~D ASSEss,1E~T 
As with any company or business that predominantly pro,·ides seI"\·ices. as opposed to tangible items. the customer 
\\'il l develop a perception based hea\'i ly on who they are seI"\·ed by the company. union Safe understands the 
importance of creating a good impression for its customers as well as maintaining it. The time and effort taken to 
find out what the customer thinks. through surveys as previously mentioned. cer.ainly demonstrates its commitment 
to improving the overall experience for al I customers . 

It is important to recognize that in I 999. ninety-two percent of all customers responding were either .. satisfied" or 
"very satisfied" which was up from the results of the previous year of eighty-three percent. It is also important to 
mention that in 1999. ninety-six percent of customers responding were either "satisfiect·· or .. very satisfied" with the 
products offered by Union Safe. Many other instances could be cited from the results of the surveys, but the fact of 
the maner is that Union Safe was able to attain a wealth of important information from its valued customers that can 
be used to make beneficial changes in the company culture. Such information must be used as a tool for establishing 
continuous improvement within the company by making rele\'ant changes in the daily business routines. Just 
because ninety-two percent of all respondents were satisfied with the service that has been experienced does not 
mean that things are so good that nothing needs to be changed. In fact. the results show that in 1999, sixty-two 
percem of customer respondents indicated that the "level of service in the past year" has "remained the same." This 
statistic is imponant. It demonstrates that :hanges need to be made even though ninety-two percent of the customers 
are satisfied. The customers want to .be del ighted . :\iow the responsibility of the company is to make necessary 
changes to that customers will be delighted rather than just satisfied. · 

Just as important as the feedback from customers is the feedback from the fellow employees of the company. Happy 
and content employees will result in happy and content customers . As mentioned above. a state of satisfaction 
should not be enough. The employees need. also . to be delighted with the experience at union Safe Deposit Bank. 
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The survey indicated that fifty-one percent of all responding employees stated that .. quality of service from other 
departments" had also just "remained the same." They want more than to just be satisfied. They want to be 

delighted. It all boils down to the issue of developing a company culture of continuous improvement as opposed 10 
simply maintaining the present state of customer or employee satisfaction. 

All of the information collected from customers and employees through these surveys will only be valuable to.the 
company if it is taken to heart and relevant changes are made accordingly. Union Safe Deposit Bank has made good 
strides towards improving the overall banking experience for all of its customers. but room for improvement still 
exists. It will always exist. Union Safe simply needs to continue soliciting feedback from its customers an~ 

. employees. as has been done in the past three years. and follow up with the appropriate changes and modifications 10 
pertinent processes, methods, or services. A culture of "continuous improvements towards excellence" must alwavi 
be pursued and maintained. · 
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ABSTRACT 
. In this study we applied the quality teams to the Ordnance Company in Commandos Brigade in Hak.kari. This 

application ' s aim was searching the total quality management whether proper · to the military system or not 
according to the theoretic subjects. This article contains successful team efforts and some obstacles in achieving the 
team objectives. 

INTRODUCTION 
In this article we wanted to illustrate efforts to implement Total Quality Management (TQM) principles and 
processes in Turkish Army. Army units are kind of multi-organization institution that responsible for addressing 
simultaneously a myriad of needs, wants, and claims. 

Early efforts to bring TQM to army unit senings have focused on administrative processes. which are largely similar 
to those of any large service organization. 

Implementation of TQ~1 principles and processes in the army unit is trickier and requires fundamental paradigm 
shifts. The shift of the role of the commander from ordering to that of facilitator. the shared responsibility in war 
field design and delivery, and the decrease of importance of ranks. require new anirudes and skills from both 
commander and his soldiers. In other words. a radical change in organizational culture is required to build learning 

. envir:onments where chain of command is eliminated. 

WHAT IS TOT AL QlJALITY MA~AGE!\IE~T? 
TQM is a system that combines the quality control theory. systems. tools. and organizational models .developed over 
the iast 40 years all over the developed country. It is a logical evolution of management by objectives, strategic 
planning. quality teams. quality assurance. and many other systems. It builds on the successful components of each 
and discards the failures .11

; 

TQM is a structural system for creating organization-wide panicipation in planning and implementing a continuous 
improvement process that exceeds the expectations of the customer/client. It is built on the assumption that 90 
percent of our problems are process problems. not employee problems. 

IMPLEMENTING TQM 
In TQM. how a process is implemented is as impommt as what the process includes. Many organizations some 
employees plan improvements. others carry out the work. and still others inspect to see if procedures and resµlts are 
correct. In TQ~v1. all employees, every day. commit to improving the quality of their service so that customers' 
needs are not only met but also exceeded. 

In our· research. we found the growing TQM literature inundated with techniques. prescriptions, admonitions, and 
anecdotes. But linle anention was de\'Oted to how firms have implemented TQM, the hurdles they encountered, and 
how they responded and adapted TQM principles to their existing cultures. 

Furthermore. the lack of agreement among the TQM gurus produces contradictions and inconsistent prescriptions 
that ate puzzling us. Deming says, "eliminate slogans," while Crosby uses the slogan of "zero defects." Deming 
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says, "drive out fear," while Juran says, "fear can bring out the best in people." Deming's process stans at the top 
and works down, while Juran stans with middle management and works both ways. 
In TQM literature we found examples of non-profit organizations hardly. This kind of obs·tacles slowed our 

implementation down. 

In order to apply what we had learned about TQM and to learn more, we formed a TQM study team in Ordnance 
Company in Commandos Brigade. ..--

IMPLEMENTING TQM ATORDNANCE COMPANY 
The purpose of this study~ we applied the quality teams to the Ordnance Company in Commandos Brigade in 
Hakkari . This application's aim was searching the total quality management (TQM) whether proper to the militarv 
system or not according to the theoretic subjectsYl · 

This study is limited with two different teams -the M_vrh Team and the Wolf Group- started to work in 1998 and 
. 1999 respectively. Two teams were different from each other both organization and working.<3

l 

This study was implemented in five phases. 

Phase One: Exploring Total Oualit\• Management 
At first we began to explore TQM. Our purpose in exploring TQM was to provide a "critical mass" of top 
management people who would understand what TQM is and why it might be of use to the army unit, and who 
would be willing to try a pilot to test the concept in our traditional army culture.'~' 

Organizations begin TQM applications with two different ways. First way begins with education of top managers in 
the organization. Education of all level managers continues after acceptance of TQM by the top manager. This 
education phase does not end until the TQM get the success. But in this way of applying TQM to the ·organization 
has a critical disadvantage. If you convince all leyel managers that TQM will benefit to organization and then you 
can apply to team members . · 

Second way begins with team efforts. You simply launch a team, explain to the team members how to solve a 
problem step by step. The team begins to work on simple problems. The aim of choosing this way is that to show.to 
the whole organization and team members get the success after this problem solving period. 

Phase Two: Implementing. The l\h'th Team . 
Turkish Army began to implement TQM to the military system especially facility institution, \\-'hich serves to the 
soldiers in Turkey.<5•

6
i These facility institutions are managed by army forces and produce military product. But 

Commandos Brigade did not take place in this new aspect of management system. 

Commando Brigade is assigned to search and destroy operation against the terrorist group called PKK in the eastern 
part of Turkey: In this kind of operation every movement was highly secret. Also Brigade's Battalions are 
physically apart from each other. 

Due to the reasons above and structure of the Ordnance Company in Commandos Brigade we had to prefer the 
second alternative. · 

Phase Three: Results Derived From The Mvth Team 
The Afwh Team, which was gathered according to the TQM principals in military system, thought us some 
experiences. These are; 

1. We chose first level commander as the team leader. But we learned later study that assigning a leader can give 
you probable problem about leadership. The struggle began between the members in M_vth _Team for the 
leadership. · · 

2. Education was insufficient because the time was limited. Team had to be successful very soon, so those Tearn 
members were thought basic subjects about team working. 
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3. As the team efforts did not apply to the whole organization, few managers support the Myth Team effons. 
Wisdqm began in the organization about what the team was working on. 

4. The Team leader -He was the squad commander and his rank was sergeant- was used to fonner management 
system. This was his disadvantage because he seldom shifted from TQM to fonner management system 

5. The Team members could not cope with the chain of command obstacles. 

6. The Team members had learned a lot of techniques for problem solving in the team- work. They applied this 
infonnation to their social problems out of work. One of our team member found a job and joined a team work 
after his military obligation in the Turkish Anny.(7) 

7. Members of the Myth Team developed their individual skills like speaking in front of crowd, listening. 
analyzing information, reading graphics and deciding under uncertain circumstances. 

8. The soldiers in the Myth Team viewed the commanders distant. so that they believed commanders would not 
make decision in their best interest. 

Phase Four: Another Case Studv; The Wolf Group 
The A/vrh Team had both advantages and disadvantages, but the obstacles in front of succession were a lot of. Since 
the TQM was very new to Turkish Army we decided to study another group like the Mvrh Tean.z. In the Myth Team 
we neglect the organizational difference. In our next study we preferred to use values. rules, behaviors and logos 
v.•'hich are belongs to military system. So we launched another team study. But gathering the team and working this 
. new type of team was very different. 

The new team name was Wolf group. The Wolf group was working like a project team. Their job was innovate or 
create new things in the operation against terrorist groups in nonhem pan of the Turkey. We did not educate the 
soldiers about teamwork techniques. but the creativity and creativity thinking techniques.1~1 

. Phase Five: Results Derived From The Wolf Group 
The results are shown at the below form the Wo(( Group. 

I. The Group members were the first people \Vho faced with the problem like the teams in TQM. 

2. The techniques creativity activity were more interesting and motivating then the techniques in the team work 
activities so that education of the Group members did not consume time and energy? ' 

3. Small but effective ideas derived from the creativity study gave us big results.<9
l 

4. The struggle for the leadership did not take place because there was no leader. 

5. Every member of the Group could say his own idea about the given subject. This kind of behavior motivated 
the Group members. 

6. We did not explain to the members meaning of quality. quality control or TQM but the soldiers acted as if they 
knew every principal. 

7. The Wolf Group did not choose its subject yet we gave their working project. So that the Group did not discuss 
on any subject, struggle. fight each other or broke each other 's hean while "finding a solution". We wanted 
from them only "think". 

8. In any pan of working, the Group did not keep away from the most, so they did not expose to majorities' 
pressure. 
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9. There were no obstacles derived from the first and middle level managers because there were no manager apan 

from the military hierarchy. 

10. Creativity thinking sometimes gave us nothing because of illiterate workingY
0

·
11

> 

CONCLUSIONS AND RECOMMENDATIONS 
In the Army Y.'e are speaking and thinking differently. If you can understand what you~ soldiers say. in that case you 
will be successful. Neglecting our employees' feelings, thinking. and behaviors while TQM implementation is 
useless effort.mi 

In TQM training and recognition are essential. TQM begins and ends with education. It is understood that an 
uneducated or insufficient manager, facilitator. leader and member can give to organization damage rather than 
benefit.<131 

· Applying TQM to an organization very fast means that running fast to the failure. If we want to launch TQM in our 
culture has to be changed and developed by effective leadership. Empty promises and speeches only make existing 
problems worse. 

Every organization has its own culture. We have to careful about application of TQM to any organization. While 
thinking that TQM and team efforts will be successful, sometimes we disturb organization culture which developing 
as the organization getting older. 

Turkish Army has its own culture like every civilian organizations and companies. Our values come from very past. 
Applying new values to the old organization culture will support the failure. 

In our study we understand that prejudice is the biggest obstacles in front of the application. If a commander 
t whatever his rank) develops any prejudice about unnecessary of TQM, you can not convince him the necessity of 

· rt.".i i . 

Turkish Army has some advantages different from any company. For example our soldiers are together in daytime 
and nighnime. A platoon has breakfast. lunch and dinner at the same place and sleep at the same dormitory. They 
share everything including their personal problems. 

hery soldier dedicates himself to his Country-Turkey. A soldier killed in an operation called martyr. This is the top 
state in our Muslim religion belief. 

We claim that if regard TQM as follow we can get the success what we expect from: TQM is "giving an opportunity 
to create a new idea where nobody thinks creatively.'' 

We suggest that if we adapt TQM values to the Turkish Army. we can not get the success. if we change some values 
of TQM and then adapt the military system· while keeping the basic unwrinen values of Turkish Army we can get 
the success. · 

Three most import~nt implications of TQM are; 
I . Time. It may take many years to change Army's organization culture completely. 
2. Development. Individual and team effectiveness can evolve over time, if it is planned and supported ·and the 

POCA cycle. or some equivalent structured model or approac~. is used. · 
3. Persistence. Setbacks and difficulties are to be ex.pected. All should be seen as. and turned into learning 

opportunities. Creativity activities encouraged. Taking risks means making mistakes, even failing. A_n_ 

evolutionary process is not straight and smooth. There will be failures along the way. The important thing is 
learning from mistakes. 

703 



REFERENCES 

1. Hines. W .A., "The stops and starts of total quality management", Quality Progress. February 1998, pp.61-64. 
2. Aksit. C., ··A New Management Aspect: Total Quality Management and Turkish Army Perspective", Turkish 

Army Review, July 1997 pp.58-68. 
3. Bozkurt, R., 1998, "Quality Improvement Methods and Tools", National Productivity Center No: 630. 
4. Figgures, A.~ Egan, D., "Quality In The Military", European quality, August 1997. pp.32-36. 
5. Aksit, C., "Application of Total Quality in The Turkish Army" , Turkish Army Publications. No: 98/75. Ankara. 

1998. 
6. Dilek, C.A., "Total Quality Management and Turkish Army", Turkish Army Review. September 1998._pp.78- 84 
7. Kawose, T., "Human aspect of problem solving", Kenshu, Number 141, Autumn 1996, pp.36-46. 
8. Provost. L.P. , Sproul, R.M. , .. Creativity and Improvement: A Vital Link". Quality Progress. August 1996. 

pp.101-107 
. 9. Plsek. P.E. , "Incorporating the Tools of Creativity Into Quality Management"-, Quality Progress, March 1998. 

pp.21-28. . 
IO. Amabile,T.M., "How to Kill Creativity", Harvard Business Review. September-October 1998, pp.77-87. , 
11. Eser. M .• "Creativity and Team Effectiveness", OR/IE 2000 Seminar. Dogu Akdeniz University , 

July 2000, KKTC. 
. 12. Eser,M., "Total Quality Management And Applicability To The Turkish Army",Unpublished Master Thesis, 

A ugust.2000. 
13. Buchel. M ., .. Creating More Effective Meeting Facilitators", Quality progress. May 1998 pp.3i -41. 
14. Rayner, S.R., "Team Traps: What They Are How To Avoid Them", National Productivity Review. Summer 

1996, pp.101 -105. 

704 



AN ARTIFICIAL NEURAL NETWORK MODEL FOR MONITORING AND CLASSIFYl~G 
MUL TIV ARIA TE PROCESS MEAN SHIITS 

RAID A. AL-IMAM• and EDWARD PINES 
Department of Industrial Engineering 

New Mexico State University 
P. 0. Box 30001; MSC 4230 

ECIII, Room 20 I 
Las Cruces, NM 88003 

ABSTRACT 
The use of multivariate control charts in r~al world applications is rare. The many assumptions and computations 
that are needed to apply these charts often make application difficult. In this paper. we propose an artificial neural 
network model as a practical alternative approach to the statistical multivariate control charts for process mean. The 

· proposed model consists of a set of similar parallel blocks. Each block corresponds to ·one of several correlated 
quality characteristics used in judging the overall quality of a product. A block consists of two neural networks: one 
identifies process mean shifts and the other classifies the magnitude of the mean shifts. The proposed model 
maintains comparable a\'erage run lengths (ARL's) with the statistical multivariate control charts. In addition, the 
model results in high percentages of correct mean shift classification. 

INTRODUCTION 
The traditional control charts such as X-bar chart for monitoring process mean and R-chart for monitoring process 
variability are one-dimension or univariate control charts. One quality characteristic is considered to judge the 
quality of a product. However. there are many situations where the output of a process can be judged by the joint 
level of several correlated characteristics . In this case. the usual practice has been to maintain a separate univariate 
control chan for each characteristic. Unfortunately. this can give misleading results in terms of type I error when the 
characteristics are correlated. Thus it would be necessary to use a multi\·ariate control procedure that will take into 
account the correlation structure between the characteristics. 

There are many significant difficulties encountered with the use of the statistical multivariate control chans such as 
/ and the Hotelling ' s r control chans for process mean in practice [1. 2] . First. a large number of parameters that 
needs to be estimated. Large sample ·sizes and large number of samples needed to use the normality assumption · 
represent another difficulty. The time needed to collect these samples. associated costs. and increased probability of 
inspection error. are all serious issues. The sample variance-covariance matrix may be singular or near singular. A 
solution to th-is problem is to reduce the dimensionality of variance-covariance matrix by using principal component 
analysis.-This means more computations are needed. Also. the assumption that the variance-covariance matrix is 
constant over time. the assumption that the correlation coefficients between the quality characteristics are constant 
over time. and the assumption of time independent observation vectors may not be true in reality. Practical 
interpretations of an out-of-control signal also consider a significant difficulty encountered with most multivariate 
control chan procedures. Specifically. it is necessary for the purpose of correction to determine which quality 
characteristic(s) is/are causing the out-of-control signal to be received. 

Several recent research articles. such as [3. 4). have agreed that a good multivariate control procedure is one, at 
specified type I error. triggers the out-of-control alarm only with probability a when the process is still in control, 
and triggers the alann as quickly as possible when the process is out-of-controi. In addition, it should provide a 
simple mechanism for determining which quality characteristic(s) is/are contributed to the out-of-control situations. 
Finally. it should be able to quantify the magnitude of the mean change for the out-of-control characteristics. 

In this · paper, we propose an artificial neural network model as an alternative approach to the statistical multivariate 
control chans for process mean. The model possesses the aforementioned propenies of a good multivariate control -
procedure and has the capability of working within a highly automated and integrated manufacturing environment. 

*Currently working for Agilent Technologies, 1400 Fountaingrove Parkway, MS I USR, Santa Rosa, CA 95403 
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The rest of the paper is organized as follows: Section 2 describes the proposed artificial neural network model. 
Section 3 compares the performance of the neural network model in terms of ARL' s with those of the multivariate 
r._'2 chart wh,en two quality characteristics are used to judge the overall quality of a process. This is followed by 
conclusions and future research in section 4. 

THE PROPOSED NEURAL NETWORK MODEL 
The proposed model consists of a set of similar parallel blocks as shown in Figure l. The number of the parallel 
blocks is based on the number of the quality characteristics, p. which are used in judging the overall quality of a 
process. Each block corresponds to one quality characteristic. Each of the parallel blocks consists of two serial 
networks, a radial basis function network [5] and backpropagation network [6]. separated by a common de_cision 
block. The role of the decision block is similar to the control limits of the statistical multivariate control charts. The 
goal of the radial basis function network is to identify process mean shifts in the corresponding quality 
characteristic. When a shift has been detected, the backpropagation network will classify its magnitude in both 

.positive and negative directions. A brief discussion about the two networks and the decision block is given below. 

\ ' I 

Y12 NN 1-l 

Y1 
RBFN1 OR 

_\ '12 
1'.TN 1 -2 

No _\'13 

"' 
"" / Out-of- "' " Yes 

."' Control? / 

~ / 
.\ ' nl 

No 
Y p 2 I\1N p -1 

RBFNP OR 
\' • p 

Y p 2 NNP -2 
Yp.:: 

Figure l . The proposed artificial neural network model. 

Radial Basis Function Network 
The first nenvork in a block is a radial basis Junction network (RBFN). The radial basis function network consists of 
three layers: the input layer. the hidden layer that contains Gaussian kernel functions. and a linear output layer. The 
input layer has five nodes. each for an observation in a subgroup size of five. The hidden layer has nine Gaussjan 
nodes and the output layer has one node. The output of the radial basis function network is calculated as a weighted· 
linear combination of the nine Gaussian functions. 

The radial basis function network is trained in three stages . In the first stage, the k-means clustering algorithm 
assigns the centers of the Gaussian functions. Then the width of each Gaussian function is set to equal the average 
distance of the two closest neighboring Gaussian nodes . In the last stage, the weights in connections between the 
nine hidden nodes and the output node are optimized using the pseudo-inverse technique [7]. 
The training set for the radial basis function network consists of 900 subgroups. each with five observations, 
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simulated form (J.Lo± ka0, 1) where J.Lo= 0, cr0 = 1, and (k= ±1,±2.±3.±4). These data sets are then scaled lineariyinto 
the interval [O, I] using the min-max function. The number of the training vectors and the corresponding target 
values for each mean shift category are given in Table 1. 

Table 1. Input data and desired output for the radial basis function network. 

Distribution (input) Number of samples Tarnet value ( output) 

N(-4.1) 100 -0.8 

N (-3.1) 100 -0.6 
N(-2.1) 100 -0.4 
N (-1.l) 100 -0.2 
N (0.1) 100 0.0 
N (1.1) 100 0.2 
N (2.1) 100 0.4 
N (3.1) 100 0.6 
N (4.1) 100 0.8 

Decision Block 
The role of the decision block is identifying out-of-control signals. If the output of one of the radial basis function 
networks is considered out-of-control. then the process is considered out-of-control. A two-in-row decision rule is 
used to detect a process mean shift. This rule uses four values of cut-off points, -C 1, -C2: +C2, and +C 1, where 
+C: < +C1• If the output value of a radial basis function network is between [-C2• +C2] , then the quality 
characteristic i associated with the network is in control. An additional subgroup will be drawn to obtain a new 
output. in case the output of the preceding subgroup fall within (-C 1• -C::) or within (-C2- -C 1) . If the output ofthe 
additional subgroup is within these interYals or greater or equal to •C 1 (~ +C 1) or less than or equal to -C 1 (:5-C1}, 

then the process is out-of-control. But if the output of the additional subgroup is _between [-C2• •C2] , then the 
"process is in control. Any output greater than or equal to +C 1 (~ TC 1) or less than or equal to-C 1 (:5-C 1) indicatesan 
out-of-control signal and there is no need for an additional subgroup to be drawn. 

Backpropaoation ~etworks 
Two backpropagation networks (NN,-land NN,-2) with structures. 2-9-9 and 3-14-9. respectively, are trained to 
classify. the process mean shifts magnitude of each quality characteristic as shown in Figure 1. The main difference 
between them is the number of nodes in the input layer. The input layer ofNN,-1 has two node~ while the input 
layer of NN,-2 has three nodes. The output of the radial basis function network when the quality characteristic i is 
declared out-of-control (v,: ) and also the output of the preceding subgroup of the out-of-control (r,,) are the inputs of 
NN:-1. On the other hand. the inputs oft-.TN,-2 are the output of the radial basis function network when the quality 
characteristic i is declared out-of-control (vi:). the output of the preceding subgroup (vii). and the output of an 
additional subgroup draw after the quality characteristic has been declared out-of-control (v13 ). The choice between 
the two n_etworks is left to management since more subgroups are required to use NN,-2. 

The output layer of both networks has nine nodes. one for each of the eight mean shifts (k = ± 1,±2,±3,±4) and one 
for the in-control outputs (k = 0). The output of any node in the hidden and output layer of both networks is 
produced by the logistic activation function. which generate an output in the range (0, 1 ). 

The training set for both networks consists of 1200 vectors with two or three elements. These vectors are the outputs . 
of the corresponding radial basis function network when the quality characteristic is declared out-of-control as 
explained above. Table ·2 shows the number of the training data sets and the corresponding target vectors for each 
mean shift category. 

The classification of the process mean shifts is made based on the maximum activation value in the output vector . . 
For example, if the activation values of the output nodes are [0.32, 0.02,0.i l ,0.01 ,0.54,0.21,0.67,0.89,0.06], the shift 
will be classified as k = 3 since the maximum value 0.89 makes the output vector closest to '-1' in the eighth position 
of the target vector [0,0,0,0,0,0.0, 1,0] . 
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Table 2. Input data and desired output vectors for NN,-1 and NN,-2 

Input Output 
k No. of samples Node Node Node Node Node Node Node Node Node 

(radial basis function I 2 3 4 5 6 7 8 9 
network outputs) 

-4 150 I 0 0 0 0 0 0 0 0 

-3 150 0 I 0 0 0 0 0 0 0 

-2 150 0 0 I 0 0 0 0 0 0 

-1 150 0 0 0 l 0 0 0 0 0 
0 150 0 0 0 0 1 0 0 0 0 
l 150 0 0 0 0 0 1- 0 0 0 
2 150 0 0 0 0 0 o· 1 0 0 
3 150 0 0 0 0 0 0 0 I 0 , 
4 150 0 0 0 0 0 0 0 0 I 

RESULTS AND COMPARISONS 
Average run length (ARL) is used as the performance criteria to compare the proposed neural network model with 

mult~variate x}- control chart. ARL is defined as the average number of points plotted before a control chart indicates 
an out-of-control situation. The goal of any control scheme is to have a long ARL when the process is in-control and 
at the same time have a short ARL when the process is out-of-control. For the comparison to be unbiased, the ARL's 
for the two control methods are kept the same when the process is in-control. The cut-off values for the two-in-row 
decision rule are, C 1 = 0.330 and C: = 0.195. These \·alues guarantee the unbiased comparison when two quality 
characteristics are used to judge the overall quality of a process . ln other words. the cut-of values ar€ based on the 
number of quality characteristics. 

Table 3 compares the in-control ARL's of the proposed model. which are based on 1.000 simulation runs generated 
from the multivariate normal distribution. N: (µ. l), where µ is the mean vector and I is the variance-covariance 

· matri.x. with/ chart (a= 0.0027 ). Six levels of correlation r 12 are used to check the capability of the model in 

maintaining a similar in-control ARL ' s. It should be noted that the proposed model has much better in-Co1_1trol 
ARL 's than/ chart since on average, 81 °A> and 94~·o of the times N1\-l and 1'.1N-~ are able to identify false alarms, 
respectively. 

Tables 4 , 5. and 6 compare the out-of-control ARL ' s of the proposed model. which are also based on 1.000 
simulation runs from the multivariate normal distribution. with / control chart. ARL comparisons show that the 
model is faster in detecting shifts in the mean vector than the/ chart when the level of correlation is small and 
maintains a comparable ARL 's with the/ chart when the level of correlation is large . It should be noted that the 
proposed model is capable of detecting shifts that have the same distance from the target mean vector equally well. 
This indicates that the proposed model has the directional invariance property like the multivariate x_2 control chart. 

Tables 3. 4. 5. and 6 show that the performance of the proposed neural network model in terms of ARL's is not 
affected by changing the levels of correlation .- This indicates that the assumption of constant correlation coefficients 

between the quality characteristics overtime needed to implement the / control chart is not required to implement . 
the proposed model. 

The ca.pability of the proposed model in interpreting the out-of-control signals is measured by percentages of correct 
process mean shift magnitude classification . The proposed model is able to identify which quality characteristic(s) 
is/are causing the out-of-control signal and able to provide the mean shift magn_itude in both positive and negative 
directions . Tables 3. 4. 5. and 6 show the percentages of correct classification of specified shifts in the process mean 
vector. These percentages are based on 1.000 simulation runs for each specified shift in the mean vector. It should 
be noted that 1'"N-2 is more capable to classify shifts correctly than 1\'N-1. This is because of the number of inputs. 
NN-2 uses the output of three subgroups to classify a shift while NN-1 uses the output of two subgroups to classify 
a shift. 
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Table 3. Comparisons of in-control ARL between multivariate r..2 chart (a= 0.0027) and neu_ral network model 

and percentages of correct classification. 

Mean % of correct classification. x 1 % of correct classification. x2 

Shift ARL ARL NN,-1 NN ,-2 ~2-l ~TN:--2 
., 

NN k r12 X1 X:: x: 
-1 0 1 -1 0 1 -1 0 1 -1 0 1 

0.0 0 0 370.4 399.7 6 86 8 3 96 1 11 76 13 3 93 4 

0.1 0 0 370.4 371.3 · 9 86 5 3 95 2 11 79 10 3 95 2 
0.3 0 0 370.4 398 .9 10 83 7 1 95 4 6 87 7 1 97 2 
0.6 0 0 370.5 418.9 20 72 8 10 89 1 9 80 11 1 97 2 

-0.l 0 0 370.5 375.7 7 85 8 4 92 4 12 79 9 3 93 4 

-0.3 0 0 370.5 406.9 8 85 7 3 96 1 7 89 4 5 93 2 

-0.6 0 0 370.5 389.3 17 76 7 6 90 4 16 75 9 4 93 3 

Table 4. Comparisons of out-of-control ARL between multivariate x2 chart (a= 0.0027) and the neural network 

model with percentages of correct shift classification (x2 shifted,+ l cr). 

Mean <!,'o of correct classification. x 1 % of correct classification. X:-

Shift ARL ARL NN,-1 NN i-2 NN::-1 ·NN::-2 

r12 X1 X:; x2 NN k 

-1 0 1 ' -1 0 1 0 1 2 0 -1 2 
0.0 0 1 6.50 3.55 .3 9~.5 .2 .2 I 99.6 .2 6 .3 87.9 5.8 .) 93 .8 3.2 
0 .1 0 I 6.40 3.42 0 99.7 .3 0 100 0 4.4 · 89.1 6 .5 3.0 93.8 3.2 
0.3 0 1 5.57 3.48 0 100 0 0 100 0 4.3 89.4 6.3 3.5 92.7 3.8 

0.6 0 1 3.17 3.51 .2 99.5 .3 0 99.8 
.., 

6.8 85.2 8.0 4.5 91 4.5 
-0.1 -0 1 6.40 3.42 .15 99.7 .15 .1 99.9 0 5.5 88_.7 5.8 3.3 94.4 2.3 

-0.3 0 I 5.57 3.37 .1 99.8 .l .2 99.8 0 6.5 84.9 8.6 3.4 91.2 5.4 

-0.6 0 I 3.17 3.42 .2 99.4 .4 .4 99.5 .1 6. 1 I 86.4 7.5 4.9 91.8 3.3 

Table 5. Comparisons of out-of-control ARL between multivariate i chart (a= 0.0027) a~d the neural network 

model with percentages of correct shift classification (x 1 and x 2 shifted.+ lcr). 

Mean % of correct classification. x 1 I % of correct classification. x2 
Shift ARL ARL ~--1 NN '. -2 I NN:--1 NN:--2 

r1:: X1 X_:: i 1\~ k 
0 I 2 0 1 2 0 1 2 0 1 2 

0.0 I 1 -2.22 1.99 34.9 60.6 4.5 18.5 78.7 2.8 33.2 62.9 3.9 18.7 79.3 2.0 
0 .1 l --1 2.53 2.15 33.l 63.l 3.8 17.1 81.2 1. 7 '34.3 60.8 4.9 17.9 79.1 3.0 
0.3 1 I 3.25 2.07 28.4 66.7 4.9 14.l 83.8 2.1 29.9 65.6 4.5 15.3 81.5 3.2 
0.6 I I '4 .51 2.24 24.3 71.0 4.7 12.0 85."7 2.3 23.2 72.7 4.1 10.8 86.5 2.7 

- -0.l 1 I 1.93 2.01 36.0 59.6 4.4 19.7 78.1 2.2 35.8 59.5 4.7 19.6 - 77.6 2t 
-0.3 1 I 1.46 1.96 38.0 57.9 4.1 21.0 76.2 2.8 42. -1 53.9 4.0 25.5 72.1 2,! 

-0.6 1 I 1.05 1.92 44.6 52 .2 3.2 27.9 70.6 1.5 44.7 52.5 2.8 29.0 69.8 1.2_ 
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Table 6. Comparisons of out-of-control ARL between multivariate ·t..2 chart ( a = 0.0027) and the neural network 

model with percentages of correct shift classification (x, shifted. I cr and x2 shifted -1 cr). 

Mean % of correct classification. x 1 % of correct classification. x: 
Shift ARL ARL NN1-l NN ,-2 ~1N:-l NN:-2 

., 
NN k r12 X1 X2 x· 

0 1 2 0 1 2 -2 -1 0 -2 -1 0 

-0. l 1 -1 2.53 1.99 33.0 63.1 3.9 17.9 80.5 1.9 5.2 66.6 28.2 1.8 86.9 11.3 

-0.3 1 -1 3 . .25 2.15 30.5 64.8 4 .7 14.9 82.2 2.9 5.8 68.8 25.4 
., ., 

87.9 9.9 

-0.6 1 -] 4.51 2.21 26.0 68.7 5.3 13.2 84.1 2.7 5.5 72.1 22.4 1.2 90.5 8.3 

0.1 1 -1 1.93 1.94 36.1 59.0 4 .9 19.8 77.4 2.8 4.2 60.3 35.5 1.8 84.5 13 .7 

0.3 1 -1 1.46 2.03 37.5 57.8 4 .7 20.0 77.0 3.0 3.0 58.0 39.0 1.2 81.9 16.9 

0 .6 l -1 1.05 1.83 44.3 51.4 4 .3 25.5 70.9 3.6 4.7 51..5 43.8 2.8 76.5 20.7 

CONCLUSIONS AND FUTURE RESEARCH 
We proposed an artificial neural network model as a practical alternative approach to the statistical multivariate 

· control charts for process mean. Preliminary results show that the proposed model maintains at least comparable 
average run lengths (ARL's) with the multivariate i control chart. The proposed model provides a simple 
mechanism for determining which quality characteristic(s) is/are contributed to the out-of-control situations and able 
to quantify the magnitude of the mean change for the out-of-control characteristics. 

For future research. different subgroup sizes will be considered other than the subgroup size of five . Testing the 
model with auto-correlated data in addition to the cross-correlated data will be considered. The proposed neural 
network model is designed to monitor multivanate process mean . The same type of neural networks' strucrure will be 
utilized to monitor multivariate process variability. 
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ABSTRACT 
Flexible manufacturing cells (FMCs) often operate with increasing failure rate due to extensive utilization and 
wea~outs of equipment. While maintenance programs can eliminate wearout failures. random failures are still 
unavoidable. This paper discusses a procedure that combines simulation and analytical models to analyze the effects 

. . of corrective, preventive, and opportunistic maintenance policies on availability of a ·flexible manufacturing cell. 

INTRODUCTION 
Complex equipment and machinery systems used in the production of goods and delivery of services constitute the 
vast majority of capital invested in industry. These systems are subject .to deterioration with usage and age. System 
deterioration is often reflected in higher production costs and lower product quality. To keep production costs down 
while maintaining good quality. preventive maintenance is often performed on systems subject to deterioration. The 
cost of maintenance in industrial facilities has been estimated to be 15-40% of total production costs. The trend 
toward increased automation has forced the managers to pay even more attention to maintain the complex 
equipment and to keep them in available state. 

While many maintenanc~ related studies have been carried out on traditional automated systems. very few research 
can be found related to the effects of maintenance policies on the operation of flexible manufacturing systems 
(FMS) and flexible manufacturing cells (FMC).'A flexible cell is formed by a group of machine tools and associated 
material handling equipment that is managed by a superYisory computer. Independent FMC units may be tied 
together to form a larger FMS. It is well known that during the extended useful life of a FMC. it will experience 
more wear and tear than a traditional machine, which operates over the same period of time. This is because a FMC 
will typically operate at 70-80% utilization while a traditional machine may operate at as low as 20% utilization. 
The result is that a FMC mav incur four times more wear and tear than a traditional machine. The effect of such an 
accelerated usage on system· performance is not well known yet. However. it is fully realized that the accelerated 
usage of a FMC will necessitate and increase the importance of maintenance and maintenance r_elated activities. 

Traditionally it is known that the probability of failure would increase as a machine is aged. and that it would 
sharply decrease after a planned preventive maintenance. However. the amount of reduction in failure rate, due to 
the introduction of a preventive maintenance has not been fully studied. In particular. it would be desirable to know 
the performan,ce of a FMC before and after the introduction of a PM. It is also desired to know the type and the rate 
at which preventive maintenance should be scheduled. In general there are two types of PM policies. namely. age• 
based and block based preventive maintenance. The implementation of a PM could be at scheduled times (scheduled 
PM) or at other opportunities ( oppommistic PM), which arise when the equipment is stopped due to other reasons. If 
the equipment is maintained only when it fails. it is called a corrective maintenance (CM) policy. The best policy 
has to be selected.for a given system with respect to its failure. repair. and maintenance characteristics. This paper 
discusses a procedure that combines simulation and analytical models to analyze the effects of corrective, 
preventive. and opportunistic maintenance policies on availability of a flexible manufacturing cell. 

LITERATURE REVIEW 
The growing importance of maintenance has generated an increasing interest in the development al)d 
implementation of preventive maintenance models for deteriorating systems. The existing body of theory on system 
reliability and maintenance is scattered over a large number of scl-\9larly journals belonging to a di:verse variety of 
disciplines. In particular, mathematical sophistication of preventive maintenance models has increased in parallel to 
the growth in the complexity of modem ·manufacturing systems. Extensive research work has been published in the 
areas of maintenance modeling, optimization, and management. · 
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Dekker ( 1996) presented an excellent review on maintenance optimization models. Cho and Parlar ( 1991) presented 
surveys of maintenance models for multi-unit systems. Valdez-Florez and Feldman (1989) also presented a survey 
of mainte~ance models for repair. replacement, and inspection of system~ subject to stochastic deterioration. Varn. 
et. al. ( 1996) presented a generalized model based on influence diagrams for determination of an optimal 
maintenance schedule in a production system. Sheu and Krajewski ( 1994) presented a decision model. based on 
simulation and economic analysis, for corrective maintenance policy evaluation. Almost all of the maintenance 
models try to find a balance between costs and benefits of maintenance for J. machine. 

Very little literature is found on maintenance related issues of flexible manufacturing cells. Gupta et. al. ( 1988) 
experimentally studied the interrelationship between downtimes and uptimes of CNC machines. They . concluded 
that downtimes had dynamic influence on the uptimes of CNC machines with a delay effect. Kennedy ( 1987) 
discussed several issues related to maintenance of flexible manufacturing systems. However, no models are 
presented. Milne ( 1996) discussed a condition monitoring system to increase the availability of Flexible 

. Manufacturing Systems (FMS) and stand alone flexible machines. The system includes automatic data collection. 
statistical data analysis, advanced user interface, expert system, and maintenance planning. Lin et. al. ( 1994) 
developed a closed queuing network model to optimize the number of standby units and the repair capacity ,for a 
FMS, which is referred to as maintenance float policy. Sun ( 1994) presented a simple simulation model of a FMS 
operated under various . maintenance policies. He tried to study the effects of maintenance policies by observing the 
time to failure, time to repair, and the maintenance times generated by simulation. However, he did not incorporate 
into the simulation model the effects of preventive maintenance on machine failure times. Vineyard and Meredith 
( 1992) studied the effects of various maintenance policies on the failures of a FMS in actual operation. They have 
used the actual failure data and simulated the system under different maintenance policies without providing a 
mathematical relation between equipment failures and maintenance operations. They have set up a randomized 
block design and used multiple comparisons to determine the effects of different maintenance policies on different 
types of failures. Savsar (1997. 2000) presented stochastic models for a Flexible Manufacturing Cell (FMC) and 
obtained FMC availability assuming no preventive maintenance is perfonned. Further study is needed to evaluate 
the effects of preventi\'e maintenance policies on FMC availability and to determine the amount of reduction in 
equipment failure frequency due to maintenance. 

The objective of this research is to develop a model to determine the production performance and availability of a 
flexible manufacturing cell operated under a purely correctiYe maintenance policy. a corrective maintenance 

· combined with scheduled preventiYe maintenance policy (block-based and age-based PM policies), and a CM 
combined with preventive maintenance implemented at an opportunity. Since a FMC operates with an- increasing 
failure probability due to wear outs. its hazard rate is partitioned into a constant rate representing random failures 
and an increasing rate representing wear outs. In effect. the stream of mixed failures during the system operation 
cycle is separated into two types: i) purely random failures and ii) wear out failures . The effects of PM policies 
(scheduled and opportunistic). which are introduced to eliminate wear out failures in a flexible manufacturing cell, 
are investigated by analytical and simulation models. · 

l\lAl~TE~A:\CE POLICIES Ii'\ FMC 
Most of the previous studies. which deal \\·ith maintena~ce modeling and optimization, have concentrated on finding 
an optimum balance between the costs and benefits of preventive maintenance. Two well-known maintenance 
policies originating from the past research are so-called age and block replacement models. In both models, a 
preventive maintenance (PM) is scheduled to be carried out on the equipment. The difference is in the timing of the 
P_Ms. In the aged-based model. if a failure occurs before the scheduled PM. the PM is rescheduled from the time the 
corrective maintenance is carried out on the equipment. In the block-based model. on the other hand, the· PM is 
always carried out at scheduled time regardless of the time of equipment failure and the corrective maintenance 
carried out. Several other maintenance models. based on the above two concepts, have been discussed in the 
literatu~e. Most of the studies concentrate on the maintenance modeling of traditional equipment with the 
assumption that time to failure follows Weibull distribution. In this paper. we have implemented and evaluated four 
maintenance policies on a FMC. This resulted in five distinct cases as follows: . 

1. :\o Maintenance Policv: A fullv reliable FMC with no failures and no maintenance. 
2. Corrective Maintena~ce On1;, Policy (CMP): The FMC receives corrective maintenance only when any 

equipment fails. Time between equipment failures is assumed to follow uniform distribution. The idea behind 
using uniformly distributed time between failures is that the total failure rate can easily be separated into two 
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components; namely, failures due to random chances and the failures due to wear-outs. This facilitates the 
analysis when preventive maintenance is introduced to eliminate wearout failures as described in the next case. 

3. Block-Based PM with CM Policy (BBP): In this case. the equipment is subjected to a preventive maintenance 
at the end of each shift to eliminate the wearout failures during the next shift. 

For uniformly distributed time between failures, t, in the interval O < t < µ, probability distribution function of time 
between failures without introduction of PM is given by: 

f(t)=IIµ (1) 

Let a= 1/µ, then, 
Reliability, R(r) = 1-ar 
Failure rate, h(r) = j(r)IR(t) = a/(1-ar). 

(2) 
(3) 

Consider the failure rate h(t) for the uniform distribution in equation 3. It can be partitioned into two components or 

tenns as indicated by Albino et. al. ( 1992). The first tenn represents the constant failure rate due to random causes 
and the second tenn represents the increasing failure rate due to wear-outs. 
Failure rate due to random failures, h,(t) = a (4) 
Failure rate due to wearout failures, h1(t) =a1 t/(1-ar) (5) 
Total failure rate h(t) = h1(r) "T' hJ(r) = a.I( 1-ar). 
The corresponding time to failure probability density functions for each type of failure rate would be: 

Ii ( t) = a X e \ -ar) 0 < f < µ ( 6) 

f.
1 

(t) = a 2 
X t X e<ar), 0 < t < µ . (7) 

The reliability function for each component is as follows: 

Rl(t)=e(-ar) O<t<µ (8) 

R2 (t)=(l-at)x .ear, O<t<µ (9) 

R(t) = RI (t) x R2 (t) (10) 

When the preventive maintenance (PM) is introduced, failures due to wearouts are eliminated and thus the 
machinery fails only due to random failures, which are exponentially distributed as given by equation (6). Sampling 
for the time to. failures in simulations is thus based on exponential distribution with mean µ and a constant failure 
rate of a. In case of CM without PM. in addition to the random failures. wearouts are also present and thus the time 
between equipment fai1ures is uniformly distributed between zero and µ as given by equation (I). The justification 
behind this assumption is that uniform distribution implies an increasing failure rate with two .components, namely, 
failure rate· due to random failures and failure rate due to wearout failures as given by equation (4) and (5) 
respectively. Initially when t = 0, failures are due to random effect with a constant rate a= 1/µ. As the equipment 
operates. \\'earout failures come into play and thus the total failure rate h(t) increases with time t. Sampling for the 
time between failures in simulation is based on a unifonn distribution with mean µ/2 and an increasing rate ofh(t) 
given by equation (3). 
4. Age-Based PM with CM Policy (ABP): In this policy. the preventive maintenance schedule changes as the 

equipment undergoes a corrective maintenance. Suppose the time between PM operations is fixed as T minutes. 
If after performing a panicular PM operation the equipment fails and a CM is carried out before the next PM, 
then the next PM ~s rescheduled T minutes from the time the repair for the CM is completed. 

5. Opportunit~·:Triggered PM with CM Polic~· (OTP): In this policy. a failure that requires CM triggers the 
PM. Thus, if a failure occurs on one of the machines. the corrective maintenance as well as the preventive 

· maintenance will t,e applied on that machine. Since the equipment is already stopped and some parts are already. 
maintained for CM, it is expected that the PM time would be reduced in this policy. We assume that this 
reduction is 50%. . 

6. Conditional Opp~rtunity-Triggered PM with CM Policy (COP): In this policy, PM is performed on ea~h 
machine at either scheduled times or when a specified opportunistic condition based on the occurrence of a CM 
arises. In our study, specific condition is defined as follows: If a machin_e fails within the last quarter of a shift. 
i.e., within the last 25% of the shift time. the PM will be combi'ned with the CM for this machine. In this case, 
the PM scheduled at the end of the shift will be skipped. On the other hand, if a machine failure occurs before 
the last quarter of the shift time, only CM is introduced on the machine and its PM is performed at the end of 
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the shift as it was scheduled. This means that the scheduled PM will be performed only for those machines that 
did not fail during the last quaner of the shift time. 

The maintenance policies described above are compared under similar operating conditions by using simulation 
models with analytical formulas incorporated into the model as described above. The FMC production rate is first 
determined under each policy. Then, using the production rate of the fully reliable cell as a basis. an index is 
developed for the operational availability (OAli) of the FMC system under each policy i. The following formula is 
used for this purpose: OAi i = P/ P 1, where P1=Production rate of the fully reliable FMC and Pi= Production rate of 
FMC operated under maintenance policy i (i=2.3,4,5,6). 

SIMULATION MODELING OF FMC MAINTENANCE POLICIES 
In order to analyze the performance measures of FMC operations under different maintenance policies, simulation 
models are developed for the fully reliable cell and for each of the five maintenance related policies described 
above. Simulation models are based on SIMAN language, since it offers high flexibility and facilitates modeling of 
manufacturing systems with various manufacturing related programming blocks. ·For the purpose of simulation. a 
FMC system as illustrated in Figure 1 is considered. As it is seen in the figure, a mixture of parts arrives to the FMC 
on a cart or pallet. The AGV selects the parts and loads/unloads them to appropriate machines ac·cording to the 
processing requirements and the sequence programmed. Each part is operated on a different sequence of machines. 
As the operations are completed, pans are placed on output pallet to be moved out of the cell. Table 1 presents the 
distance between the elements of the FMC. The speed of the AGV is assumed to be 175 feet/min. It is assumed that 
three types of parts enter the system. Table 2 presents the sequence of operations and the processing time on each 
machine for each part type. 

In case of the CM policy. time between failures is assumed to be uniform (0,T) for all machines in the FMC. When 
PM is introduced, wearout failures are eliminated, and the failures due to chance causes are assumed to follow 
exponential distribution with mean time between failures T, where T is varied from 500 to 4000 minutes. Repair 
time is assumed to be normal with mean 100 and standard deviation of 10 minutes for all machines. If PM· is 
introduced. it is done at the end of each shift and it takes 30 minutes for each machine. If PM is triggered by CM and 
done at an opportunity. it reduces to 15 minutes. since it is combined with the CM operations. Parts arrive to the 
system on pallets containing 8 blanks: 4 of type 1, 2 of type 2. and 2 of type 3 every hour. This combination was 
fixed to eliminate the effects of randomness in the arriving parts on the comparisons of different maintenance 
policies. 

Table 1. Distance Matrix (in feet ) 

In Lathe Mill Grind Out 
ln - 100 75 100 40 
Lathe - - 150 175 155 
Mill - - - 50 90 
Grind - a. - - 115 
Out - - - - -

Table 2 Processing Time and Operation Sequence 

Part Type Lathe(L) Milline(M) Grindine(G l 
1 (L-M-G Norm(30.5 _) Norm( 15.3) Unif(l0.15) 
2 (M-_G-L Norm(25.8) Tria(2. l 0.15) Norm( 10.2) 
3 (G-L) Unif(5.l 0) Norm( 15.3) 

IN 

Millins:! 

~ 

ca 
Lathe 2 

OUT 

1•~EJ ·1 
-~□-_. 
Grinding 

~ 
Figure 1. Flexible Manufacturing Cell (FMC) 

Sl!\fULA TIO~ RESVL TS A!\D co~cu;s1o~s 
The case of fully reliable cell and the cases of unreliable cells with five maintenance policies described above, are 
simulated over a period of one-month (20 working days or 9600 minutes). In case of PM introduction, it is assumed 
that the PM time of 30 minutes ( or 15 minutes when combined with CM) is added to 480 minutes at the end of each 

714 



shift. Ten simulation replicates are made and the performance measure, the average production output during the 
month (20 working days), was obtained for each case. Simulation experiments were carried o~t for seven levels of 
MTBF, ranging from 500 to 4000 minutes. Production output results for each case are summarized in Table 3. The 
production output quantity is the average of the sum of all products produced during the month. The fully reliable 
cell demonstrates maximum possible production output and is used as a base to compare other maintenance policies 
with respect to production output rate (Pi) as well as the operational availability ind ... ~x (OAIJ Figure 2 compares the 
operational availability index of all policies under different MTBF values. 

As it is seen from Figure 2, performing only CM without any PM is the worst policy of all. On the other hand, 
ignoring minor random fluctuations, the best policy appears to be the opportunity triggered · maintenance policy 
(policy 5 or OTP). Between the age and block-based policies, the age-based policy (policy 4 or ABP) perform'1 

better. Among all the policies with PM. block-based policy (policy 4 or BBP) appears to be the worst policy. As the 
MTBF increases, all of the policies reach a steady state level with respect to operational availability. but the gap 
between them is almost the same at all levels of MTBF. In case of CM only policy. the production output rate 31 

. . well as the operational availability index sharply increase at the initial increase of MTBF from 500 to I 000 minutes. 
Other performance measures, such as machine utilization and time in system for each part type are also evaluated. 
However. because of the space limitations, these values are not presented here. The trend is very similar to the 
production output results given in Table 3 for different policies. 

Future studies can be carried out on comparing the maintenance policies under other changing operational 
conditions and system parameters. The effects of other time to failure distributions on the maintenance policies also 
need investigations. One can develop other possible maintenance policies and try to find the best policy for a given 
system with specified .operational parameters as well as requirements . 
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Table 3. Comparisons of maintenance policies with respect to total production output (parts/month) 

TBF 1. 2. 3. 4. 5. 6. 
Fully .. CM Policy CM with PM CM with PM Opportunistic Opportunistic 

Reliable Cell Only (CMP) (Block-Based) (Age-Based) Policy I (OTP) Policy II 
.(Full Rel.) Policv <BBP) I Policv ( ABP) (COP) 

500 I 730 : 375.2 530.0 7 538 .0 ! 635. 7 561.7 
I 1000 i 730 I 539.9 I 598.1 i 622. 1 I 625.5 i 611.0 I I 

1500 I 730 I 583 .1 629 .5 i 640.7 662.l 642.0 
2000 ! 730 ! 605.1 i 646.5 i 65 7.1 667.4 650.0 
2500 I 730 ! 626.6 I 650.9 ! 663. 7 691 .3 658.0 

I 3000 730 ! 639.8 I 655 .7 i 665 .9 I 693 .2 656.5 
3500 i 730 I 643.9 I 660.8 l 671.0 I 694.3 660.4 -

4000 ! 730 I 649.0 I 668.4 I 674.7 l 698.2 668.5 I -
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Figure 2. Operational Availability Index for FMC System 
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ABSTRACT 
Manv manufacturing companies, experiencing huge maintenance costs. are striving to enhance their maintenance 
practices by embracing the concepts of Total Productive Maintenance, TPM. and Reliability Centered Maintenance. 
RCM. TPM is a strategy for improving productivity through improved maintenance and related practices. It is an 
excellent tool for improving productivity, capacity and teamwork. TPM brings maintenance and production together 

. . through small groups, to ·exchange skills and take specific actions. This approach changes the old concepts of 
maintenance in which the maintenance people took the whole responsibility for equipment effectiveness. RCM, 
supports TPM philosophy, but focuses on optimizing the maintenance activities by anticipating equipment outages 
(predictive maintenance) rather than reacting to them (corrective maintenance). and/or maintaining them through 
regular maintenance (preventive maintenance). This article explains TPM and RCM and their inter-relationships, 
and presents the cost-effectiveness of endorsing these innovative and progressive maintainability techniques. 

INTRODUCTION 
Two of the most important factors that demonstrate the capability of any manufacturing system to deliver its un
interrupted and on-time service are the reliability and maintainability of its machinery and equipment. The fonner 
measures the frequency of failures. interruptions. or needed adjustments and corrections, whereas the laner measures 
the duration of those events. A piece of equipment that fails less often. and when it fails. takes less time to be 
brought back up to its o·perable conditions is considered to be more reliable and maintainable than a machine that 
fails more frequently and requires a longer repair time. Reliability and maintainability of any machinery or 

· · equipment are functions of the reliability and maintainability of its components. subsystems, and systems. Therefore, 
to amid any delays in service delivery. special anention should be given to design more reliable components and 
their optimum maintenance. TPM and RCM are two well-known and innovative techniques that focus on the 
maintainability of a piece of equipment and its overall effectiveness. 

Modern manufacturing· systems and process plants are complex. highly optimized systems. for which seemingly 
small changes in the operating conditions of a component can have significant impact on the overall performance of 
the system. In these enYironments. even though any component breakdown could interrupt the whole process, the 
cost associated with unnecessary component replacement would lessen the plant's profitability, and should be 
prevented as well. Therefore. the past maintenance strategies of corrective and/or preventive maintenance, may 
prove to be costly, presenting the opportunity for TPM and RCM maintenance techniques to be utilized. 

TPM. developed in Japan by Seiichi Nakajima in 1988, is a new approach to equipment management which 
embraces a set of activities that prevents quality defects and breakdowns, eliminates the need for equipment 
adjustments, and makes the work easier and safer for equipment operators ( 12). TPM encompasses the following 
five points: 
· 1. It aims at g~ning the most efficient use of equipment. 
2. . It establishes a total (company-wide) Preventive Maintenance (PM) system encompassing maintenance 

prevention, and .improvement-related maintenance. 
3. . lt requires the cooperation of equipment designers and engineers. operators, and maintenance workers. 
4. · It involves every .employee in the company. 
5. It promotes PM through small group or team activities. 

According to Productivity Press [ 12), one of the main characteristj~s of TPM is its aggressive pursuit of absolute 
goals such as zero break.downs and zero defects . In TPM, prevention is based on the following three principles: 

l . Maintenance of normal conditions. 
2. Early discovery of abnormalities. 
3. Prompt response. 
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The primary objective of Reliability Centered Maintenance, RCM is to preserve system function. as opposed to 
equipment function, i.e., if the system function can continue even after failure of a pi.ece of equipment, then 
preserving this equipment may not be necessary, or run to failure may be acceptable. The challenge of RCM is to 
exploit the advantages, while limiting the effects, or completely eliminating the disadvantages. RCM is not a new 
maintenance strategy, but rather a combination of the following maintenance strategies [4): 

· • Run-to-failure (RTF) maintenance strategy, which is corrective in nature. 

• Time-directed (TD) maintenance strategy, which is preventive in nature. 

• Condition-directed (CD) maintenance strategy, which is predictive in nature. 

From the RCM point of vie.w, equipment is considered failed when its performance declines to an unacceptable level. 
According to RTF maintenance strategy. maintenance should not be performed until there is a failure. RTF has the 
potential for a great amount of up time. Theoretically speaking, equipment is never taken off the line for 
maintenance. Furthermore, there is no requirement to purchase extra parts or labor. because there are no 
maintenance actions between failures. It seems that by adopting RTF, a company.can save the cost of maintenance 
and parts inventory cost. Unfortunately, failures occur at the most inopportune times, and severely disrupt 
production. Not only breakdov.:n maintenance results in lower performance of the manufacture system. but also 
emergency repairs cost more ( due to lack of appropriate resources. spare parts and production during repair). 

Time-directed maintenance strategy (TD) is applied to facilities in many companies to keep the system running to 
achieve maximum productivity. TD maintenance strategy consists of restorative maintenance actions, including 
overhaul maintenance that improves equipment before failure. A successful implementation of TD maintenance 
strategy relies on the identification of panerns of equipment degradation and applying specific-maintenance actions . 
to return it to a desirable level of performance. Correctly applied, TD is successful in extending the interval between 
failures and maintaining the equipment at a high performance. In this maintenance strategy. determination of the 
optimal maintenance interval is an imponant factor. because by intentionally taking equipment off the line to 
perform the maintenance action inevitably reduces a\·ailability and may require more labor and par-ts . 

Condition-directed maintenance strategy (CD) monitors equipment performance to recognize the onset of failure, 
and also the determines degradation rate and forecasts failure. Maintenance actions can be performed at the optimum 
time before failure . Although CD has nearly none of the disadvantages of the RTF and TD strategies, and is 
effe.ctive at recognizing degradation before failure. it may be very expensive to implement. It requires a higher-level 
skill set of operators and requires increased training . 

It is quite apparent that the three kinds of strategies are closely connected. RCM is the result of combining these 
three strategies to achieve the optimum maintenance;! performance. As presented above. the methodology itself can 
be summarized as: 

• Identify the system(s). its boundaries. and its functions; 
• Identify the fai lure modes. which can result in any loss of system function~ 
• Prioritize the functional needs using a criticality analysis; 
• Select the applicable Preventive \.faintenance ·(Pf\1) tasks. or other actions, which preserve system function. 

Implementation of RCM methods will he lp identify when and how to most effectively use preventive and predictive 
maintenance through a fail"ure mode analysis to determine the most appropriate method to detect inception of 
failures. RCM principles help us ident ify fa ilure modes and find means to prevent them from happening. Using 
RCM techniques. equipment is thus more effectivel y managed through standards for reliability at purchas~ during 
storage. installation. operation and maintenance. and in a continuous cycle which feeds the design process for 
reliability improvement. 

It is seen that there are numerous commonalties benveen RCM and TPM. yet there are some subtle disparities, as 
well. To ~ive the readers a clear understandin~ of both viewpoints, this anicle reviews the fundamentals of both 

. technique;, and offers some guidelines as to -their applications to maintenance activities in any manufacturing 
system. 
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TOTAL PRODUCTIVE MAINTENANCE 
Total Productive Maintenance (TPM) is a strategy for improving productivity through improved maintenance ano 
related practices. It is an excellent tool for improving productivity, capacity, and teamwork. TPM is a management 
methodology that allows companies to reduce costs, increase profits and efficiency, while improving the workpiaci 
morale. What makes TPM so effective is that it becomes a company philosophy, or way of conducting business. It ii 
much more than just a tool or system. TPM addresses the entire company and production cycle to create real resul~ 
that yield tangible as well as intangible effects. While TPM is normally initiated at the shop-floor level. it also 
focuses on the indirect departments as well to create a total package for a company's continuous improvemeni 
efforts. 

According to Nakajima. the objective of the TPM program is to achieve high contribution of operational ano 
maintenance activities to life cycle co.st reduction through participating programs designed to increase equipment 
effectiveness. The basic pillars of TPM are: 

• TPM demands restoring equipment to a like-new condition; 
• TPM demands o·perator involvement in maintaining equipment; 
• TPM demands improving maintenance efficiency and effectiveness; 
• TPM demands training people to improve their job skills; 
• . TPM demands equipment management and maintenance prevention; 
• TPM demands the effective use of preventive and predictive maintenance technology. 

Successful implementation of TPM requires launching a program to fulfill the demands listed above and to achieve 
equipment effectiveness. The program looks for [ 14]: 

• Group activities to eliminate the six major equipment related losses including breakdown losses. set-up and 
adjustment losses, idling and minor stoppage losses, speed losses, scrap and rework losses and stan-up 
losses; · 

• Restoration of all equipment to optimal operating conditions and elimination of accelerated deterioration; 
• Involvement of operators in daily _ autonomous maintenance actiyities to maintain basic equipment 

conditions (daily inspection. cleaning, lubrication. bolting, etc.); 
• Maintainability improvements for existing equipment; 
• Increased efficiency and cost-effectiveness of maintenance work through better scheduling and 

management. 

The program calls for·organizing a TPM steering committee by top management that supervises all TPM activities. 
Among the strategies to be pursued by the organization. are [14]: 

• R·ecord information penaining to the condition of equipment: rate of breakdo\.\:ns. length of repairs, 
frequency of set up changeovers. analyze the record for performance and policy evaluation; 

• Clean and lubricate the machines (first-level maintenance); 
• Implement effective TPM programs; 
• lnv<?lve the entire workforce (up to and including top management) in resolving maintenance problems; 
• Reorganize the maintenance structure and assign new responsibilities to maintenance depanment; 
• · Implement predictive maintenance programs; 
• Design more robust and easier-to-maintain equipment. 

TPM is a discipline comprised of most of the key ingredients of the Toyota Production System, now known as Lean 
Manufacturing, such as: 

• Total panicipation 
-• Employee empowerment 
• Leadership environment 
• Continuous improvement 
• Development of ownership feeling 
• Improved attitude and morale 
• Increased reliability 
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Once a good TPM program takes off, the benefits start flowing to the whole organization. That is when many people 
start coming aboard. The participants feel encouraged and become familiar with communicating their ideas. 

· confident. in the new listening attitude of the whole team. In order to create the right environmeni management has 
to comply with the most elemental requirements: 

• Total commitment from the top management. 
• Appropriate diffusion of the plan and its results. 
• Authentic empowerment and mutual respect at all levels. 

Successful implementation of TPM depends on everyone's involvement and continuous work on the maintenance 
program. As a system becomes more complex. the workload of maintenance group grows rapidly. It is based on the 
Japanese concept of total involvement of all employees above and beyond departmental barriers. As such.TPM can 
reduce unit costs in industry and manufacturing through eliminating waste and ensuring that equipment is used at 
the utmost degree of efficiency. Its effective implementation involves the direct contributions of engineering. human 
resources and manufacturing departments as well as outside suppliers. 

A growing number of European firms are successfully applying TPM as their key enabling them t~ substantially 
reduce costs through the effective teamwork of all employees in order to become world class. 

RELIABILITY CENTERED MAINTENANCE 
To better maintain the components and to reduce the overall operational/maintenance cost of complex systems, 
much effort has gone into development of maintenance guidelines and offering recommendations to minimize 
component degradation. Several universities and industries have been developing and implementing emerging 
methods in information processing and diagnostics to enhance preventive maintenance technology. Several 
methodologies including signal validation and instrument surveillance. automated diagnostics of valve systems, 
residual life estimation of critical components have been developed that help detect any incipient changes in the 
system performance. 

Predictive Maintenance means doing the right maintenance at the right rime. By far the most important required for 
predictive maintenance is knowing the condition of the machinery and equipment. and its major components at all 
times. so it would not fail unexpectedly. This concept is in contrast to run-to-failure (also known as corrective, un
sche_duled, or reactive maintenance) where breakdowns are handled on an emergency basis as they occur, or 
preventive maintenance (also known as scheduled maintenance) where service is scheduled at a particwlar frequency. 

Corrective maintenance can result in lengthy downtimes. extensive collateral equipment damage. and safety and 
environmental hazard. Imagine the cost associated with the failure of a component used in an assembly station that 
congregates different parts of a car in its final stages of production. It is estimated that each hour of production 
downtime can cost up to SI 00.000 an hour in opporruniry losses to the company. Therefore. failure .of machinery 
and equipment in those intense stages of production is. simply. not acceptable. and should be avoided. 

To prevent such occurrences of costly downtimes. corporations have shown interest in embracing preventive 
maintenance. The problem associated with the use of preventive maintenance is that it is usually conservative and 
may be wasteful because some maintenance will be done when not required, and failures may still occur. A typical 
example of that is the policy. of car oil change once every 3000 miles . Realizing that all cars are not driven by the 
same driver (under the same road and environmental conditions!). it makes sense to link the frequency of oil change 
tot.he actual conditions of the oil, rather than· a magical number of miles or a certain amount of time. 

This discussion brings up the concept of predictive maintenance. as a means of optimizing the frequency of repairs 
based on the physical conditions of the system. It seems natural that in order to save money, any repair should be 
postponed until the component shows signs of necessity of repair or replacement. For instance. by measuring the 
viscosity of the oil. the driver can sense the need for an oil change. The question is, then, why predictive 
maintenance has not been widely adopted by manufacturing systems. One answer that comes to mind is that 
·implementation of any such policy requires access to the technology to be able to determine the status of a system at 
any given time. 

Maintenance is too often thought of as an activity that is done with wrenches and screwdrivers. This fails to 
recognize the importance of knowing what to do and when to do it and the consequence of not doing it. The 
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information-handling aspect of preventive maintenance is where big improvements can be made. where neli· 
technology can have a big impact, and where universities can contribute effectively [SL Digital signal processino 
applied artificial intelligence methods, data driven models, and physical models of degradation mechanisms a~ 
among several information processing methods that are often integrated to develop solutions to a specific problem. 

Several universities have been developing and implementing emerging methods in information processing ·and 
diagnostics . to enhance preventive maintenance technology. Projects worked on include the development of 
instrument calibration verification, residual life estimation · of electric motors and steam generators. vibration 
monitoring of plant components, and steam generator tube defect classification by using eddy current test data 

_ analysis (8). For numerous application of RCM to manufacturing processes and the readily available computer 
software see Bartos [I], Mrris, Rinehart [9], Harrold [5], Smith [10], Bloch [3], and Witt [13]. 

Of ail the techniques used in predictive maintenance for rotating machinery, vibration ana~vsis has been and will 
continue to be an important key to predictive maintenance prediction [ 6]. Vibration in itself does not mean that a 

. . problem exists. To detenriine whether vibration is acceptably low, plant personnel must make use of vibration 
testing and data analysis. Vibration testing to determine a machine's mechanical health can be done by an engineer 
or knowledge-based software or electronics that can evaluate the amplitude and frequency resulting from a 
machine's response to imposed impact, as well as from the naturally occurring vibrations caused by operational 
loads. · 

Measurement of other parameters that might be more sensitive to deterioration of specific system components, when 
combined with vibration analysis can be more informative of the status of a component or the whole system. 
Examples are bearing . temperature, rate of lubricant oxidation or contamination as demonstrated by wear-debris 
analysis, thermodynamic-efficiency degradation, and leakage flow through high-pressure-drop sealing location [6]. 

RELATIONSHIPS BETWEE!'- TPl\1 AND RCM 
Both TPM and RCM philosophies focus on better equipment performance and as a result facilitate effective 
preventive maintenance (PM) strategies. TPM methodology requires intensive data collection and analysis from the 

·equipment's daily operations and needs continuous administration. It is labor-intensive. but does not make use of the 
instinct functions of a system. RCM, on the other hand, focuses on the failure modes and functions analysis of a 
system, neglecting the routine maintenance. Commencement of the RCM is capital-intensive, but its daily operation 
may cost less. saving the system from failure and improving the productivity of the · system at much lower cost. In 
addition. RCM is more technologically advanced. requiring use of more sophisticated sensing gauges and tools. 
Therefore. even though: from maintenance cost point of view, embracing both RCM and TPM is an efficient way. it 
may prove peneficial to exploit TPM as a short-term maintenance strategy and draw on RCM as a long-term 
maintenance strategy. The authors can perceive no stumbling blocks in employing both strategies, simultaneously. 

The following procedure. consisting of nine steps. has gained popularity in maintenance strategy. 
Step I 
Step 2 
Step 3 
Step 4 

Step 5 

Step 6 

Step 7 
Step 8 
Step 9 

Define the technical performance measure and identify functions of the system. 
f .orm primary short-term and long-term maintenance strategies. 
Estimate the maintenance cost. find its relationship to perfonnance measure. 
Design the data collection and analysis capability. Collect data from both history record and daily 
operation for a certain period of time. 
Identify possible problematic areas with reliability knowledge; calculate both long-term and short-term 
cost ~·ith anq without routine maintenance. 
Set up an objective function value. divide the problem areas into two groups: one includes loJ}g-term 
problems .. another includes short-term problems. 
Revise maintenance strategies, if not optim~m, go back to Step 3. 
Establish maintenance policies. form a maintenance group with special training. 
Improve maintenance strategies through practical operations; thus perfect the maintenanc~ 
implementation. 
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Reliability Centered Maintenance (RCM) is a systematic methodology to establish maintenance tasks for critical 
components in plant with a focus on their reliability characteristic [7]. RCM pursues the identification of applicable 
and efficient tasks to prevent these components from developing their dominant failure causes, and, in tum, towards 
achieving proper levels of component availability with low cost. 

The first step in the RCM analysis encompasses the identification of critical components for the plant from a risk 
and economical point of view. Furthermore, component failure modes can be ranked using appropriate risk measures. 
which, in tum. allow the determination of the component criticality. Once critical component selection is finished. 
the next step encompasses the identification of applicable and efficient tasks to prevent each component from 
developing its dominant failure causes. Often, the analyst has available many tasks. but only a set . of them is 
required to cope with all the dominant failure causes. For an approach intended to select the most suitable set of 
tasks to achieve this goal. see Martorell et al. (7]. 

Both TPM and RCM require development of a methodology that provides a logical and self-consistent framework 
for, preferably a computer model, that uses component reliability figures, inspection data. availability repons. 
experimental test results. and physical principles, to optimize the repair time of components and systems [2]. , 

Many corporations are moving toward the use of TPM and predictive maintenance as a means of reducing the 
overall maintenance cost and increasing the machinery uptime. Engaging in a proacrive mode to eliminate problems. 
not just predict them, is crucial in the significance of predictive maintenance. Of the total available return from a 
maintenance cost-reduction program. 20% is in predictive maintenance and 80% is in proactive effort [ 11 ). Use of 
RCM and TPM maintenance methodology fosters successful execution of transformation from other maintenance 
policies to the predictive maintenance. and is highly recommended. A close relationship between the machine tool 
builder and the user is momentous in facilitating design of machinery and equipment that are equipped ·with 
predictive maintenance technology. 
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ABSTRACT 
This paper presents a stage optimization model for determining opportunistic replacement policy for deterioratine 
components of an equipment. The model is formulated by considering the dynamics of the decision process of sue~ 
a policy. The performance of the model in terms of the expected cost rate has been evaluated for a number of case 
pro_blems and compared to those of Woodman and Dynamic Programming models through a simulation study. The 
results show that the performances of all three models are nearly identical. This clearly demonstrates the 
effectiveness of the stage optimization model in spite of the greedy nature of 1ts algorithm. The finding is significam 
because stage optimization model has a wider scope of applicability compared to Woodman and Dynamic 
Programming models. 

INTRODUCTION 
Opportunistic replacement policy is a particular type of preventive replacement policy in which unfailed 
components of a complex equipment are replaced simultaneously with a failed component when a down time 
opportunity has been created by the failed component. The principle of opportunistic replacement is equally 
applicable for plant level maintenance as well, i.e. if the plant is shut down because of the failure of a plant unit, 
then the down time creates an opportunity for maintaining other unfailed units. Whether a down time opportunity 
will be availed of depends on the likely benefits that can be obtained by the replacemenumainteriance action. From 
the practical stand point, opporrunistic replacement policy is quite significant because most of the industrial 
equipments excepting a few rare cases. are multi-component equipments and there often exists major dependencies 
between components. particularly in terms of replacement economy. Preventive replacement policy on the basisofa 
single component will be of linle value for this sort of cases [ 1). In spite of its significance in reducing maintenance 
costs, mathematical treatment of this policy has received far less anention from researchers compared to age and 
block type preventive maintenance policies. originally developed by Barlow and Proschan [2]. However, over the 
last four decades, a number of mathematical models have appeared in the literature. A brief review of some 
noteworthy m·odels is given below·. · 

In one of the earliest treatments of the opportunistic replacement policy, Radner and Jorgensen [3] considered 
opportunistic replacement of a single uninspected part in the presence of'several monitored parts. The policy has a 
(m 1.M) structure such that uninspected part is replaced alone on its failure or the arrival of its preventive replacement 
age M and replaced opportunistically with a failed part i. if its age has reached a critical age m1• McCall [4] derived 
the operating characteristics of this policy. Radner-Jorgensen model ·was applied for rocket engine part 
replacements. In another early work, Woodman [5] developed a mathematical model which gives a single critical 
age or contrql limit for each component. An unfailed component will be replaced at an opportunity only if its age 
reaches the control limit. Two types of replacement opporrunities have been considered: these may occur at regular 
intervals or at random. A major assumption in the Woodman model is that the opportunitistic replacement cost fora 
component remains same. For a multi-component system with more than two components, this may not be true. Ina 
study of maintenance of tramcars. Sculli and Suraweera [6] used Woodman's procedure to make pairwise 
comparisons between components to derive a matrix of age limits which. on· the failure of one component, could b~ 
used to determine what other components should be replaced jointly. The procedure was tested by simulation and 11 

was observed that improvement was possible when some modifications were introduced to the matrix of age limits .. 

Opp-~rtunistic replacement models for a single unit and two unit systems were also developed by Sethi [7,8). Like 
Woodman's model. his model is also characterized by a single parameter. However, he formulated his models.as 
Markov decision processes and solved explicitly in discrete time space. For a multi-unit system. he suggested that_an 
opportunistic replacement policy for one unit could be approximat~d by determining a common failure distribuuon 
for the group of the remaining units. The whole system can then be analyzed as a two-unit system to detennine an 
approximate opportunistic replacement policy for the single unit in question. Yergin and Scriabin [l] have 
developed dynamic programming (DP) models for determining optimal policies for two and three - compon~nt 
systems. In their model, an unfailed component may be replaced oppommistically or on the arrival of its prevenuve 
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replacement age. Economic parameters and component failure distributions have been assumed to be the same for 
all components. However, daynamic programming can be equally applied to model systems with nonidentical 
components. The major drawbacks of the DP model are that it is case specific and in a practical sense 
computationally prohibitive for a very complex equipment. Yergin and Scriabin contend that when the opponunistic 
replacement cost is low, a single-component based (m.M) policy will provide a good approximation to the optimal 
policy. More recently, an opponunistic replacement policy for a 2-unit system has been evaluated by Pullen and 
Thomas [9]. Plant level opportunistic maintenance policies have been studied by Sadlowski [ I OJ and Backert and 
Rippin [11]. Sadlowski has formulated the problem as a stochastic decision tree and used a branch and bound 
procedure to determine maintenance policy. Backert and Rippin have formulated the problem as a Markov decision 
process. From a comparative performance study of three different procedures namely, branch and bound :with Monte 
Carlo simulation. branch and bound with multivariable numerical integration and Markov procedure, Backert and 
Rippin have concluded that Markov process has singnificant advantages particularly when treating broad component 
failure distributions and long planning periods. 

It may be realized from the above review that most of the mathematical models developed so far are either limited in 
scope or burdened with excessive computation, particularly if the equipment consists of a large numt,er of 
deteriorating components. More importantly, a globally optimal opponunistic replacement policy can only be 
obtained for systems with very few components. 

In this paper. we propose an opportunistic replacement model which seeks optimal decision at a decision stage by 
explicitly considering ages of the unfailed components. component failure distributions and the scale of economy. 
The model. referred to as 'stage optimization model' for the sake of simplicity, can be generally applied to any 
multi-component equipment. The formulation of the model is given in section 2. followed by .brief descriptions of · 
the Woodman model and a dynamic programming model in sections 3 and 4, respectively. In section 5, we have 
presented a number of case problems and simulation results for all three models. Finally. discussion on the results 
and conclusions have been given in section 6. 

STAGE OPTIMIZATION MODEL 
The model is developed on the basis of the replacement process dvnamics illustrated in Figure 1. 

Defer 
replacement 

Stage 0 

~o o ommitv 
(Comp. A fails) 

0 oornmitv 

Re lace alone 

I Replace with 
other unfailed 
component(s) 

Re lace with 
the failed comp. 

tanother comp . fails) 
Defer 
rep acement 

Stage 1 

D Decision mode. 
0 Chance mode 

Figure l: Decision process for opportunistic replacement policy of an unfailed 
component A . (Stage 0 indicates current decision stage.) 
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At any down time opportunity, there arc only two possible decisions for an unfailcd component, either to replac, 
with the failed component or defer replacement. The 'defer replacement' decision . will have either of the two 

possible consequences: (i) the component may fail before another opoortunity and -so, a failure replacement will 
have to be made, or (ii) there may be another opportunity created by the failure of another component and~, 
decision will again be either to replace or defer replacement. It may be realized that the decision problem is dynamit 
in nature. Each failure occasion creates a decision point or stage, which in true fonn, is a random phenomenon. An 
unfailed · component may not be replaced over several opportunities or decision stages. panicularly if ~, 
opportunities arrive in quick succession. However, the decision to defer replacement at any current opportunity will 
increase the chance of an in-service failure before another opportunity arises and consequently, the probability of 
second or subsequent deferments will be decreasing. In other words, the probability that the life of an unfailea 
component will be terminated by a_n in-service failure or an opportunistic replacement at the next stage. ii 
considerably higher. Assuming that the probability for second or subsequent deferments is negligible, the decision 
logic for a single stage optimization can be set in the following manner: 

REPLACE at the current opportunity, if 

C0 ~{Cf(l-P0 )+C0 P0 } (1) 
T T+ETTR 

where, . ETTR is the expected time to replace an unfailed component of age T, following a 'defer replacemenl' 
decision; C0 and Cr are the costs of opportunistic and failure replacements, respectively; PO is the probability of 
getting an opportunity by the unfailed component. The left hand side of the inequality gives the replacement cost per 

unit time for a 'replace now' decision and the right hand side gives the expected replacement cost per unit time fora 
• defer replacement· decision. 

The expected time to replacement. ETTR. can be expressed as 
ETTR = [Expected time to failure for the unfailed component]x[Probability ofnot 

getting another oppommity) 
+ [Expected time to another oppommity created by other components ]x 

[Probability of getting another opportunity]. 
= µi{ 1-Po)T µ0 P0 (2) 

The expected time to failure (µr) for an unfailed component having survived upto a certain age, can be 
from the mean residual life of the component. For an unfailed component k. it is given as 

µ f (k) = [. J(t - Tk )fk (t)dt] / Rk (Tk) = [ J Rk (t)dt ] 1 Rk (Tk,) 

Tk Tk 
(3) 

where. f(t) is the density function of the component failure distribution and R(t) is the reliability function. 

obtained 

The expected time to an opportunity (µ0 ) for component k. can be obtained from the combined mean residual lifeqf 
all other components. Denoting by i and {j l. the failed component and the set of unfailed components, respectively, 
µo (k) for any component kt: {j} can be expressed as 

(4) 

The probability of getting an opportunity by component kE {j} ~an be obtained as 

P0 (k) = l 
(5) 
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To determine which unfailed component of an equipment can be replaced economically when an oppommity arises. 
one has to solve inequality (1) after obtaining values of EITR, µr_ ~- and P0 by using equations (2) - (5). An 
unfailed component can be left out of consideration for replacement if its age has not reached the minimum life for 
preventive replacement, as given in [2]. 

Tm= (CJC,). µ 
(6) 

where, µ is the mean time to failure. A computer programme has been written in BASIC language to perform all 
necessary computations. 

WOODMAN MODEL 
The model [5] is constructed by assuming that an oppommistic replacement policy is in force with the control limit 
at age ·a' and the replacement opportunity occurs at random, i.e. the interval between opportunities has a negative 
exponential distribution. The replacement of a component occurs in the following manner. Below the control limit, 
only an in-service failure will cause a replacement. If there is an opportunity, but the component age is below •a'. it 
will not result in opportunistic replacement. It is possible to have a number of in-service failures before ·a' is 
reached. Above the control limit, the component life may be terminated by an in-se~ice failure or at an opportunity. 
The mathematical model is derived by considering the system separately in the regions below and ab~ve the control 
limit. Below the control limit. expressions are obtained for (i) mean time to reach control limit, L, and (ii) mean 
number of failures. N, before the control limit is reached. Above the control limit, expressions are obtained for mean 
time the system remains above the control limit, l, each time it is exceeded. The expressions for L, N and l, can be 
obtained as follows: 

a 
L= fR(t)dt / R(a) 

0 
I',;= [1- R(a)l'R(a) 

oc . 
l = [ J R ( t + a) .e -t · t d t] I R (a) 

0 

(7) 

(8) 

(9) 

The probability of a period above the control limit being terminated by a replacement opportunity is simply AL 
\vhere. i. is the average opportunity rate. The expected replacement cost per unit time. C (a), of operating a policy 
with' a control limit ·a·, is 

C( a)=[~Cr - Ci{ l-i.l)~C 0 i.l]/(L ·I) ( W) 
= [C r (N· l -i.l)-C0 i.l],'(L-1) 

The optimal value of 'a' is obtained by minimizing C(a). A computer progrmme has been written in BASIC 
language to determine optimal ·a' by a simple iterati\'e procedure. The initial value of 'a' is set by equation (6). For 
a multi-component equipment. the average opporrunity rate (i.) for a particular unfailed component 'for which the 
control limit is being determined, can be estimated from the combined failure rate of the remaining components as 

suggested by Sethi. 

DY~A'.\IIC PROGR.\.Ml\H~G MODEL. 
We briefly describe a dynamic programming model for a 3-component equipment which is similar to the DP model 
given by Vergin and Scriabin [l]. except that only failure and oppommistic replacements have been considered here. 
The recursive relationship is formulated by considerir.g the following points: 
(i) · The components are labeled as 1. 2 and 3. 
(ii) The failure replacement costs of the components are denoted by Cn, Cf.! and Co. 
(iii) The opportunistic replacement costs are denoted by Col• Co~ and Co3 
(iv) The time axis is discretized into n periods. 
(v) , The system state is defined by (i.j. kJ. where i,j and k are the ages of components 1,2 and 3, respectively. 
(vi) There will be no more than one failure during each time period . 

. (vii) Component failure probabilities are denoted by p 1(i). p2(j) and p3(k). ~a~h of these pr~babilities is co~~uted 
as a conditional probability. when a component is not new at the begmnmg ~~ t_he peno_d. The probability of 
no failure is taken as [l-p 1(i)- p~(j)- p3{k)], so that the sum of all the probab1ht1es 1s unity. 

(viii) The expected total replacement cost over n periods is denoted by Cn (i,j,k). 
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For a backward optimization procedure, the recursion equation with initial state (i, j, k) and n periods to go. 
can be obtained as: 

Cn(ij,k)=p1(i) x min 

· + p3(k) x min 

Cn + Cn-1 (Oj+l, k+l) 
Cn + Co2 + Cn-1 (0,0, k+ I) 
Cn + Co3 + Cn-1 (0j+ 1,0) 
Cn + Co2 + Co3 + Cn-1 (0,0,0) 

Cr-+ Cn.1 (i+ 1, 0. k+ 1) 
Cr-.,. Co1.,. Cn-1 (0,0, k+l) 
Cn + Co3 + Cn-1 (j+ 1,0.0) 
Cn + Co1 + Co3+Cn.1 (0,0,0) 

Cn + Cn.1+(i+l,j+l.O) 
Cn + Co1 + Cn-1+(0, i+ 1, 0) 
Cn + Co2 + Cn-1 (i+ 1,0,0) 
Cn + Co1 + Co2+Cn-1 (0,0,0) 

+ {l-p1 (i)-p2(i)-p3(k)} Cn.1(i+l),j+l,k-d) 
with C0(i, j, k) = 0 for all i, j & k. 

(11) 

A computer programme has been wrinen in BASIC language to solve the model O\ier the specified length of the 
planning horizon and over a wide range of initial states. 

CASE PROBLEMS AND RES UL TS 
The performances of. the stage optimization and Woodman models have been evaluated for six case problemi 
formulated by varying number of system components. component failure distribution parameters and opportunistic 
and failure replacement costs. The performance of the dynamic programming model has been evaluated for three 
cases with three components. Average replacement cost per unit time has been taken as the performance criterion 
since all three models have been developed for minimization of cost. 

Component failure distributions have been represented by Weibull failure distribution because of its versatility and 
wide applicability [l;] . The probability density function f(t) of this distribution is given as 

~ ( t '\~-l ~, ( t , ~] 
f(t) =-i -J exp

1 
-1- 1 

Tl \ Tl L \_T\ ,' 
(12) 

where ~ is the shape parameter and 11 is the scale parameter. It may be noted that the Weibull distribution is a family 
type distribution and it can represent a wide variety of distributions by having different shape parameter values. 

For each case problem. a number of simulation runs ha,·e been taken by using simulation programmes specifically 
wrinen for the purpose. Woodman and stage optimization models have been incorporated into one programme, since 
both of these models can handle any number of systen: components. A separate simulation programme has been 

. used for DP model. · However. the basic computational approach and the sets of generated component failure data 
remain same for all three models. For Woodman and DP models, the · respective optimal policies need to be 
determined only once prior to the execution of simulation. The optimal replacement policy for the DP-model has 
been obtained by a separate programme and then the boundary of each decision zone has been incorporated into the 
ma-in simulation programme as a zoning subprogram . . 

The simulation results of the case problems along with input data have been shown in Table 1. The results include 
average cost rates for each model and also the percentage deviation from the Woodman model. 
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a e 1mu at1on resu ts or T bl 1 s· l . l fi th e case oro bl ems 
Average replacement cost rate 

Case No. of system Failure dist. Replacement Sample Simulation (percentage deviation from Woodman) 
No. components parameters (13,ri) costs (Cr. Co) SIZe runs 

Woodman I Stage I Oyn. prog. 
Optimization 

I 3 2.25 20.10 5 20 4.055 4.00-i 

I (-) (-1.25%) 
2 5 3.30 30.10 5 25 4.204 4.166 

(-) (-0.9~o) 
3 3 3.30 30,10 5 20 2.859 2.970 :?.868 

(-) (-3.87%) (+0.31%) 
4 3 3.30 30.10 10 5 2.751 2.547 2.548 

(-) (-7.42%) (-7.38%) 
5 3 3.30 30.10 20 5 2.794 2.753 2.779 

(-) (-1.48%) (-0.55~0) 
6 10 3.30 30.10 5 5 7.866 8.037 

(-) (+2.18%) 

DISCUSSION AND CONCLUSIONS 
From the results of the simulation study, it is apparent that the performance of the stage optimization model is in 
close agreement with those of Woodman and DP models. This clearly indicates the effectiveness of the stage 
optimzation model in determining opportunistic replacement policy for multi-component system. In spite of its 
decision point optimization, a characteristic of a greedy algorithm. the structure of the model virtually has a cycle 
optimization characteristic because future development of the decision tree has been taken care of by the 
incorporation of the likelihood of possible future replacement actions ( either failure or opportunistic replacement) 
and their expected timings. Since cycle optimization is a valid criterion for global optimality for infinite time span 
problem. this perhaps explains the excellent performance of the stage optimization model. 

Regarding the applicability of the models to real life situations. both \Voodman and DP models have limited scope 
because of certain restrictions as mentioned in the introduction. In contrast. the stage optimization model is virtually 
free from any major restrictions. It can handle any number of system components and explicitly considers the ages 
of all unfailed components to arrive at the appropriate replacement decision . 
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For a backward optimization procedure. the recursion equation with initial state (i, j, k) and n periods to go; 
can be obtained as: 

T P2U) x min 

Cn + Cn-1 (OJ+l, k+l) 
Cn + Co2 + Cn-1 (0,0, k+ 1) 
Cn + Co3 + Cn-1 (Oj+ 1,0) 
Cn + Co2 + Co3 + Cn-1 (0,0,0) 

Cr.+ Cn. 1 (i+ I, 0. k+ I) 
Cr. T Co, "T" Cn-1 (0,0, k+ 1) 
Cn + Co3 + Cn-1 (j+l,0.0) 
Cn + Co1 + Co3+Cn-1 (0,0,0) 

Cn + Cn-1+(i+l,j+l.O) 
Cn + Co1 + Cn_,+(0, i+ 1, 0) 
Cn + Co2+ Cn-1 (i+l,0,0) 
Cn +Co,+ Co2+Cn.1 (O,O.O) 

+ {1-p, (i)-p2(j)-p3(k)} Cn_,(i+l),j+l,hl) 
with C0(i, j, k) = 0 for all i, j & k. 

(11) 

A computer programme has been written in BASIC language to solve the model over the specified length of the 
planning horizon and over a wide range of initial states. 

CASE PROBLEMS AND RES UL TS 
The performances of _the stage optimization and Woodman models have been evaluated for six case problems 
formulated by varying number of system components. component failure distribution parameters and opportunistic 
and failure replacement costs. The performance of the dynamic programming model has been evaluated for three 
cases with three components. Average replacement cost per unit time has been taken as the performance criterion 
since all three models have been developed for minimization of cost. 

Component failure distributions have been represented by Weibull failure distribution because of its versatility and 
wide applicabiltty ( q . The probability density function f(t) of this distribution is given as 

~ ( t \ ~-I ~, ( t , ~ ] 
f(t) = --1- j exp - I - I 

ri \ ri l \ ri ,' (12) 

where ~ is the shape parameter and ri is the scale parameter. It may be noted that the Weibull distribution is a family 
type distribution and it can represent a wide variety of distributions by having different shape parameter values. 

For each case problem. a number of simulation runs have been taken by using simulation programmes specifically 
wrinen for the purpose. Woodman and stage optimization models have been incorporated into one programme, since 
both of these models can handle any number of system components. A separate simulation programme has been 
used for DP model. However. the basic computational approach and the ~ets of generated component failure data 
remain same for all three models . For Woodman and DP models, the respective optimal policies need to be 
determined only once prior to the execution of simulation. The optimal replacement policy for the DP model has 
been obtained by a separate programme and then the boundary of each decision zone has been incorporated into the 
main simulation programme as a zoning subprogram. 

The simulation results of the case problems along with input data have been shown in Table 1. The results indude 
average cost rates for each model and also the percentage deviation from the Woodman model. 
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a e : 1mu at1on resu ts or T bl 1 s· I . 1 fi th e case pro bl ems 
A vcrage replacement cost rate 

Case No. of system Failure dist. Replacement Sample Simulation (percentage deviation from Woodman) 
No. components parameters (13,Tl) costs (Cr. Co) SIZe runs 

Woodman I Stage I Dyn. prog. 
Optimization 1 

1- 3 2.25 20.10 5 20 4.055 4.00-+ 

I (-) (-1.25%) 
2 5 3.30 30.10 5 25 4.204 4.166 -

(-) (-0.9~o) 
3 3 3.30 30,10 5 20 2.859 2.970 :?.868 

(-) (-3.87%) (+0.31%) 
4 3 3.30 30.10 10 5 2.751 :! .547 2.548 

(-) (-7.42%) (-7.38%) 
5 3 3.30 30.10 20 5 2.794 2.753 2.779 

(-) (-1.48%) (-0.55~0) 
6 10 3.30 30,10 5 5 7.866 8.03i 

(-) (•2.18%) 

DISCUSSION AND CONCLUSIONS 
From the results of the simulation study, it is apparent that the performance of the stage optimization model is in 
close agreement with those of Woodman and DP models. This clearly indicates the effectiveness of the stage 
optimzation model in determining opportunistic replacement policy for multi-component system. In spite of its 
decision point optimization, a characteristic of a greedy algorithm, the structure of the model virtualJy has a cycle 
optimization characteristic because future development of the decision tree has been taken care of by the 
incorporation of the likelihood of possible future replacement actions (either failure or opportunistic replacement) 
and their expected timings. Since cycle optimization is a valid criterion for global optimality for infinite time span 
problem. this perhaps explains the excellent performance of the stage optimization model. 

Regarding the applicability of the models to real life situations. both Woodman and DP models have limited scope 
because of certain restrictions as mentioned in the introduction. In contrast. the stage optimization model is virtually 
free from any major restrictions. It can handle any number of system components and explicitly considers the ages 
of all unfailed components to arrive at the appropriate replacement decision. 
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ABSTRACT 
Quality Function Deployment (QFD) is a customer-oriented design tool with cross-functional team members 
reaching a consensus in developing new or improved products to increase customer satisfaction. The QFD aims to 
maximize customer satisfaction: however. considerations such as cost budget. technical difficulty. etc. limit the 
number and the extent of the possible design requirements that can be incorporated into a product. This paper 
presents a fuzzy multiple objective programming approach that incorporates imprecise and subjective information 
inherent in the QFD planning process to determine the level of fulfillment of design requirements. Linguistic 
variables are employed to represent the imprecise design information and the importance degree of each design 
objective. A pencil design example illustrates the application of the multiple objective decision analysis. 

INTRODUCTION 
Strategic quality management is vital in maintaining a competitive edge in today's global marketplace. Quality 
Function Deployment (QFD) is a customer-oriented design tool that aims to meet customer needs in a bener way 
and enhance organizational capabilities. while maximizing company goals. The basic concept of QFD is to translate 
the desires of customers into design requirements. and subsequently into pans characteristics, process plans and 
production requirements. In order to establish these relationships, QFD usually requires four matrices. These are 
product planning, pan planning, process planning, and production/operation planning matrices. respectively. In here. 
we focus on the first of the four matrices. also called the house of quality (HOQ). 

A key objective of QFD is to determine directly from the customer what they would expect from a specific product 
or service. One-on-one customer interYiews. focus groups. and in-context customer visits are examples of different 
approaches to achieve this objective. The _most effective results are obtaintd from the QFD process when the team 
focuses on the customer needs that are most critical to the success of the product under consideration. Customers 
take place in this process by indicating their relative importance ratings while considering a product. The listing of 
design requirements is a way to lead the team in using measurable and actionable statements. which indicate the 
precise meaning of each customer need in the language of the organiz:nion. Brainstorming and making use of a tree 
analogy are the two principle approaches for defining design requirements. Relat ionships between customer needs 
and design requir.ements are defined by answering a specific question corresponding to each cel l in the HOQ. 

The objective of constructing the HOQ is to maximize customer satisfaction, but considerations such as maximizing 
the fulfillment of design requirements and extendibility with the minimum level of technical difficulty subject to a 
budget constraint limit the extent of design features that can be incorporated into a product. This decision problem 
needs to be addressed using a multiple objective programming approach. In general. importance of customer n_eeds, 
sales point. degree of relationship between customer needs and design requirements. technical difficulty of changing 
or maintaining design requirements. and cost of design requirements can neither be assessed by crisp values nor 
random processes. Linguistic variables and triangular fuzzy numbers appear as effective means to represent the 
imprecise design information. The value of a linguistic variable can be quantified and extended to mathematical 
operations using the fuzzy set theory. In this paper. the fuzzy set theory is used to present a multiple objective 
decision framework that incorporates imprecise and subjective information inherent in the QFD planning process. 

LITERA TUR£ REVIEW 
QFD was first conceptualized in the late 1960s (Akao. 1997). A few vears later, in 197'2, QFD was implemented at 
the Kobe shipyards of Mitsubishi Heavy Industries ·Ltd. Its applicatia"n was followed by successful implementations 
throughout Japan. ·e.g. at Toyota. QFD was introduced to US firms with its application in Ford Motor Company, and 

has started to play an important role since then at companies such as General Motors, Chrysler, Digital Equipment, 
Hewlett-Packard, AT&T. Procter and Gamble, and Baxter Healthcare (Prasad, 1998). 
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In the face of fierce competition in today's global marketplace. the house of quality (HOQ) is a key strategic tool to 

aid companies in developing products that satisfy customer needs. According to Hauser and Clausing ( 1988). the 
HOQ is a kind of conceptual map that provides the means for interfunctioral planning and communications. With its 
design-oriented nature, the HOQ serves both as a valuable resource for designers and a way to summarize and 
convert feedback from customers into information for engineers. Once having identified critical design requirements 
that demand change, these will be driven to the next matrix to identify the critical parts characteristics. In a similar 
way. the manufacturing operations. and day-to-day operations and contruls are defined. Finally. the company 
obtains a product fulfilling both customer needs and design requirements within a shorter development time. 

There has been some research on quantifying the planning issues in HOQ within the past decade, mainly focusing on 
customer needs. Khoo and Ho ( 1996), and Chan et al. ( 1999) employ fuzzy set theory for rating the customer needs. 
Other researchers use the analytic hierarchy process (AHP) to determine the degree of importance of the customer 
needs (Lu et al.. 1994: Armacost et al., 1994: Park and Kim, 1998). Wang et al. ( 1998) employ the AHP to prioritize 
the design requirements based on the assumption that design requirements are independent. Wasserman (1993) 
develops a linear programming model for the prioritization of design requirements in QFD planning process. In this 
paper. we propose a novel method for prioritizing design requirements in QFD planning process by considering both 
the multi-objective nature of the problem and the imprecise design information. 

FUZZY MULTIPLE OBJECTIVE DECISION FRAMEWORK 
Let X be the design requirements to be considered and C the set of objectives employed to determine the level of 
fulfillment of the design requirements. There exist objectives to be maximized denoted by Zk and the ones to be · 
minimized represented by U'5 • Employing these definitions. the model formulation is as follows: 

Max Z (x) = (C1X,C1X, ..... c,x ) 

Min W(x) = (c{x. c~x .. .... c;x ) 

subject to 

x EX= {x ~ O!Ax * b} 
(1) 

where ck (k = 1... ... 1), c; (s = l... .. .r) are 11-dimensional vectors. bis an m-dimensional vector, A is an m x n 

matrix, ck. c;. A. b 's elements are fuzzy numbers. and ..... indicates "~"," ~" and "=" operators. The formulation 

given above is a fuzzy multiple objective linear programming model. Here. the coefficients of the constraints and the 
objective functions are fuzzy numbers . Trianguiar fuzzy numbers appear as useful means of quantifying the 
uncertainty in decision making due to their intuitive appeal and computational-efficient representation (Perego and 
Ran gone, 1998 ). In this paper. we assume that all of the fuzzy coefficients in the model are triangular fuzzy numbers 

represented by Q = (q 1. q2. q3) with the membership function gi\·en below. 

r O X < ql 

! <x-q1) /(q:-q1), q1$x$q: 
µQ (x) = ~ I • 

l
(q3-x) i (q3-q2J, q:$x$q3 

Q • X > q 3 

(2) 

An a-cut of Q is a crisp set that contains all the elements of the universal set U that have a membership grade in Q 
~ I ~ L° 

greater than or equal to the specified Yalue of a. If (Q)~ and (Q) 0 are defined as the lower bound and the upper 

bound of the a-cut of Q. respectively. then the a-cut of Q can be expressed as 

( Q) a = [(Qt , {ij t ] = [q 1 .,. ( q: - q 1 )a· q 3 - ( q 3 - q: )a] (3) 

The importance degree of each objective can be incorporated into the formulation using fuzzy priont1es 
(Narasimhan, 1981 ). For a given value of a, using the maxmin approach, the formulation that incorporates fuzzy 
priorities of the objectives is stated as a deterministic linear problem with multiple objectives as 
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Max /3 
subject to (4) 

/35:µIoµf(Zk) 

/35:µI oµ:(Ws) 

/3 E [0,1] 
xeXa 

x 1 ~ 0 , j = I, ... , n 

where "o" is the composition operator, µ 1 is the membership function corresponding to the importance degrees. and 

X0 denotes the set of system constraints. Employing the a-cuts of the constraints and the objectives. and the fuzzv 
priorities of the objectives, the model can be stated as · 

Max /3 
subject to (5) 

p,:; [tJckJ, -(c,1, -c,12 )a k -(Z, )~ -i" «z.i: -(Z, )~ i} [«z, i: -(2.)~ )(i., -i.,) l k = , •... ,/ 

P,:; [(IV,)~ - t};11 + (c;, 2 -c;1, )a k-i,1 (<IV,)~ -:(IV, i: )}[(<IV,)~ -(IV, i: L, -i,1) ], s = l....,r 

xeXa 

,L3 E [OJ] 
X J ~ 0 , j = 1... ., n 

where (Z1.: ): , (W5 ): and (Z1.: ); • Oi\ )~ are the ideal and anti-ideal solutions respectively, which can be obtained 

by solving the model for each objective separately subject to the constraints. The "min" operator is non
compensatory. ·and thus, the results obtained by the "min" operator indicate the worst situation and cannot be 
compensated by other members that may be very good. A dominate·d solution can be obtained due to the non
compensatory nature of the "min" operator. A compensatory operator such as the arithmetic mean operator would be 
more desirable: however. the solution obtained using the arithmetic mean operator might be unbalanced. This 
problem can be overcome by applying a two-phase approach employing the arithmetic mean operator in the second 
phase to assure an undominated solution. 

Lee and Li (1993) propose a two-phase approach. where in the first phase they solve the problem parametrically for 
a given value of a. and in phase II. they obtain an undominated solution using the value of a determined in phase I. 
Int.his paper. a modified version of the algorithm proposed by Lee and Li (1993) is employed as follows: 
Phase I. 
Step 1. Define £ = step length, -r = accuracy of tolerance. k = multiple of step length, c = iteration counter. 

Set k := 0, c := 0 

Step~
Step 3. 
Step 4a. 
Step 4b. 
Step 4c. 

Set a: := 1 - k r. 
Solve the problem for £le. to obtain /Jc and Xe 

If £le - /3, > 't then c := c ~ 1, k := k + 1, go to step 2 
If a: - /3, < --r then r. := E/2. k := 2k - 1, go to step 2 
If lac - flc I~ :- then go to step 5 

Step 5. · ·output· £le, fl,. and Xe. 

Phase II. After obtaining the Yalues of a and /J according to the procedure giYen above, we can solve the· following 
. problem in order to obtain an undominated solution for the situation where the solution is not unique. 

Max 

subject to 

1 ( / ,, . ) - "i.JJ1c+"f../Js 
I+ r k=I s=l 

(6) 
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/3S/J1c =[±[cJc,,3 -(ckj3 -cJcj-,)ak-(z1c)~ -ik1((Zk):-(ZiJ~)]/((Zk):-(zk)~)(iu -i1c1)}k =1 ..... / 
1=1 - ~ 

/JS /3~ = [(ws )~ - ± k1 + (c;h -c;J, )a k -isl ((u\ )~ -(Jj\ ): )I 1[((ws )~ -(U\ ): }is: -isl >].s = I... .. r 
1=1 J 

xeXa 

/3 k, /3~ E [0,1], k = 1. ... , /; s = 1, ... , r 

X j ~ 0 , j = 1, ... , n 

PRIORITIZING DESIGN REQUIREMENTS IN QFD 
In here. an application of the proposed decision approach is presented for prioritizing design requirements in QFD 
based on the pencil design example by Shillito ( 1994 ). The decision algorithm is applied to determine the level of 
fulfillment of the design requirements for the hypothetical writing instrument. Albeit the relationships between 
design requirements are generally shown in the roofofthe HOQ, as in Wang et al. (1998), we base our analysis on 
the assumption that design requirements can be divided into more detailed descriptors in a way to avoid dependency. 

The QFD product planning process begins with the determination of the customer needs arid then the design 
requirements, which are defined in the pencil design example as shown in Figure 1. Let xj (j = 1, 2 •... , 7) denote the 
design requirements to be considered, and C indicate the set of objectives employed to determine the level of 
fulfillment of the design requirements. The imponance of customer needs. relationship between customer needs and 
design requirements. and extendibility of design requirements are expressed using lingu_istic variables .. very low 
(VL)", "low (L)", .. medium (M)'', "high (H)'" and "very high (YH)", which are represented as VL: (0. 0, 0.3). L (0, 
0.3. 0.5). M: (0 .2. 0.5. 0.8). H: (0.5, 0.7 . I), YH: (0.7, l , I) . Similarly. technical difficulty of design requirements is 
denoted by linguistic variables "very easy (VE)''. "easy (E)". "moderate (M)", "difficult (D) .. and .. very difficult -
(VD)", which are represented as YE: (0, 0, 0.2). E: (0. 0.2. 0.4). M: (0.3. 0.5. 0.7). D: (0.6. _0 .8, 1) and YD: (0.8, 1, 
1 ). respectively. Sales point data are also denoted employing linguistic variables "weak (W)", .. fair (F)" and 
·•significant (S)" \.\"ith membership functions defined as V/ : (0. 0.2. 0.4). F: (0.3. 0.5. 0.7) and S: (0.6. 0.8, I), 
respectively. Table 1 presents the customers· imponance assessment of customer needs. and sales point data. 

Table 1. Customers' imponance assessment and sales point data for the design of a pencil 

Customer Needs C1 C, C3 C4 C5 Sales Pom1 

Easy to Hold L M M H H F 
Does not Smear VH VH H M H F 

Point Lasts H VH - \'H H VH s 
Does not Roll M L M M L \V 

Easv to Erase \'H H H VH H s 

Using the customer imponance data in Table !; aggregate imponance of the ith customer need (~•;) is calculated as 

\\'i = (1 I k )® ( \\'i i 0 tt·; :i 9 ... •9 tt',k ti= 1.2, · · ·. nz (7) 

where ¼'ik denotes the imponance assigned to the ith customer need by the t.1h customer. and$ and® are fuzzy 

addition and fuzzy multiplication op~rators. respecti\·ely. Next. we obtain the customer need score (CNS) by 
multiplying the aggregate imponarice of the ith customer need and the corresponding sales point. Then, we compute 
design requirement scores by multiplying the customer need scores with the corresponding elements in Figure 1, 

• which express the relationship between customer needs and design requirements. and normalize the resulting design 
requirement scores by applying a linear scale transformation enabling the scale of measurement to vary precisely in 
the [0.1] interval. Finally. imponance degrees of the objectives, given in Table 2, are introduced in the formulation. 
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Design 
Requirements ~ 

C 

1 ·c 
1 " '"O t ~ a2 -Customer .c ::! er. t .E ·u "' ~ C c., 

Needs 5 :.; u ~ 
::; 

u 1o >, 

~ ;_,, 

~ 
V. < ti 

J 
~ 

.c ,... 
-~ 

~ 

'Eo ~ -= "' u 
C C 

~ ~ ~ " ~ l-= .E c.. 

3 4 5 t, 

Easvto Hold M 

Docs not Smear L VH VH VL 

Point Lasts VL VH M VH 

Does not Roll VH 

Easv to Erase L VH \'H 
Extendibilin· VL VH VH L VH M H 

Technical Difficuln· VE M D E VD M D 
Cost (t) (0.3.0.5.0.6) (1.0.1.7.2.0) ( 1.2.1.5.2.0) (0.2.0.3.04 l 12.2.2.6.3.m (09.1.5.1.8) (0.5.0.8.1.0) 

Figure 1. House of quality for the design of a pencil 

Table 2. Importance degrees of the objectives 

Obiective T~e Imeonance De!lree MembershiE Function 
Normalized design requirement score Max Very High (YHj (0.7, 1, 1) 
Extendibility of design requirements Max High (H) (0.5. 0.7, 0.7) 

Technical difficultv of desi!ln requirements Min Medium (M) (0 .2. 0.5. 0.5) 

\Ve employ (5). with the budget constraint Lkr "<J $ B defined as the system constraint. where kJ denotes the cost 
; = I 

of the jth design requirement and B indicates a budget of 8 cents per pencil. The step length ( £) and the accuracy of 
tolerance (-r) are set to be 0.05 and 0.005. respectively. The propo~ed algorithm yields the results given in Table 3. 

Table 3. Results of the phase I of the decision algorithm applied to the QFD problem 

a, {}_c a~ - /!_: X 1 x~ x~ X4 x~ Xt, X7 

1.00 0.395398 0.604602 1.0 1.0 0.63636 0.0 1.0 1.0 0.0 
0.95 0.428232 0.521768 1.0 1.0 0.70607 0.0 1.0 1.0 0.0 
o'.90 0.462351 0.437649 1.0 1.0 0.77602 0.0 1.0 1.0 0.0 
0.85 0.492104 0.357896 1.0 1.0 0.85479 0.0 1.0 1.0 0.0 

· 0.80 0.512196 0.287804 1.0 1.0 0.93403 0.0 1.0 1.0 0.0 
0.75 0.527434 0.222566 1.0 1.0 1.0 0.0 1.0 1.0 0.01791 
0.70 0.5_41256 0.158744 1.0 1.0 l.O 0.0 1.0 1.0 0.11092 
0.65 0.559257 0.090743 1.0 1.0 l.O 1.0 1.0 1.0 0.02463 
0.60 0.592402 0.007598 1.0 1.0 1.0 1.0 1.0 1.0 0.08799 
0.55 0.625081 -0.075081 1.0 1.0. 1.0 1.0 1.0 1.0 0.15232 
0.575 0.608796 -0.033796 1.0 1.0 1.0 1.0 1.0 1.0 0.12004 

0.5875 0.600613 -0.013113 1.0 1.0 1.0 1.0 1.0 1.0 0.10399 
0.59375 0.596511 -0.002761 1.0 1.0 1.0 1.0 1.0 1.0 0.095~ 

According to tbe results presented in Table 3, the most sui~~ble value of the a parameter is 0.593 75, for which pis 
equal to 0.596511. Here, a indicates the level of possibility at which all fuzzy coefficients are feasible, and f)is the 
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compromise solution among the objectives. The compromise solution is obtained when a and pare close enough 

within the limits of the accuracy of tolerance, i.e. ja - .Bl s r. In order to ensure an undominated solution, the model 

is solve~ using the avalu~ det~rmined at the end of phase I. and the arithmetic mean operator by employing (6). 
According to the results given m Table 4, among the design requirements, "length", .. time between sharpenings". 
"lead dust generated", "incline angle to roll", .. pages per pencil", and .. pressure cycles to erase" are I 00 percent 
fulfilled. whereas "eraser dust generated" is only 9.6 percent fulfilled. The results indicate that the second objective 
is fully satisfied (/J: = 1) , and the grade of compromise obtained using the arithmetic mean operator is 0. 731008 . 

Table 4. Undominated solution for the QFD eroblem 

/3 ·1a-.BI . .81 .B: .p; 
a 

,B x 1 X: XJ x. x~ x6 X. Norm. design Extendibility Technical 
req. score difficulty 

0.59375 0.596511 0.002761 1.0 1.0 1.0 1.0 1.0 1.0 0.09598 0.596511 1.0 0.596512 0.73100~ 

CONCLUSIONS 
In this paper. fuzzy multiple objective programming approach is proposed as an alternative to tt)e classical 
mathematical programming formulations for prioritizing design requirements in QFD planning process. The 
relationships between customer needs and design requirements, importance of customer needs. sales point data. 
extendibility and technical difficulty of the design requirements are incorporated into the model using linguistic 
variables. and uncertain cost data are efficiently represented employing triangular fuzzy numbers. Another 
contribution of the proposed approach is that one can distinguish between the importance of the objectives that are 
taken into account in QFD planning process by integrating the objective's membership function and the membership 
function corresponding to its importance degree employing the composition operator. The fuzzy multiple objective 
programming procedure presented in here has also advantages compared to the decision making approaches using 
fuzzy number ranking methods. First. fuzzy number ranking methods do not pro\·ide consistent results. i.e. the 
results obtained may differ according to the ranking method chosen for application purposes, Further. when fuzzy 
multiple objective programming approach is employed. system constraints such as a budget constraint can be 
incorporated into the formulation. which is an important property lacking in fuzzy number ranking methods. 

REFERENCES 

Akao. Y. ( 1997). QFD: Past. Present. and Future. Proceedings of the Im. Symposium on QFD '97. Linkoping. 
Armacost. R.L.. Componation. P.J .. Mullens. M.A. and Swart.\\'.\\/. (1994). An AHP framework for prioritizing 

customer requirements in QFD: An industrialized housing application.//£ Transactions. 26(4). 72-79. 
Chan. L.K .. Kao. H.P .. Ng. A. and Wu. M.L. ( 1999). Rating the importance of customer needs in quality function 

deployment by fuzzy and entropy methods. lnrernarionatJournal o_( Production Research. 37( 11 ), 2499-2518. 
Hauser. J.R. and Clausing. D. ( 1988). The house of quality. Han·ard Business Review. 66. 63-7~. 
Khoo. L.P. and Ho. N.C. ( 1996). Framework of a fuzzy quality function deployment system. International Journal 

of Production Research. 34(2). 299-311. 
Lee. E.S. and Li, R.J. ( 1993 ). Fuzzy multiple objective programming and compromise programming with Pareto 

optimum. Fu==_\' Sets and Systems. 53. 275-288. . . . 
Lu. M .. Madu. C.N .. Kuei, C. and Winokur. D. ( 1994). Integrating QFD. AHP. and benchmarkmg m strategic 

marketinE!. J. Business Ind. Marketing. 9( 1 ). 41-50. 
Narasimhan. R.. ( 1981 .). On fuzzy goal programming - some comments. Decision Sciences, 12. 532-537. 
Park. T. and Kim. K. ( 1998). Determination of an optimal set of design requirements using house of quality. Journal 

o_f Operations Management. 16; 569-581. . . ~ · 
Perego. A. and RanE:?one. A. ( 1998 ). A reference framework for the apphcauon of MADM fuzzy techniques to 
, ;electing AMTS. Jmernational Journal of Production Resea:ch. 36(2). 437-458. _ 
Prasad. B. ( J 998) . Review of QFD and related depioyment techniques. J. o_( Manufacturing Systems, 17(3), ~21-234. 
Shillito. M.L. ( 1994). Advanced QFD- Linking Technology to Market and_~ompany Ne_eds. New York: Wiley .. 
Wang. H., Xie, M. and Goh. T.N. ( I 998 ). A comparative study of the pnom~zauon matrix method and the analytic 

hierarchy process technique in quality function deployment. Total Qualuy Managem~nt, 9(6), 421-430. 
Wasserman, G.S. ( 1993 ). On how to prioritize design requirements durmg the QFD plannmg process. /IE 

Transactions, 25(3 ). 59-65. 

i34 



Predictive Monitoring Of A Batch Process: New Methods For Estimating Future Obsen·ations 

Hyun-Woo Cho and Kwang-Jae Kim 
Pohang University of Science and Technology 

INTRODUCTION 
Multivariate. statistical monitoring techniques such as Principal Component Analysis (PCA) and Projection to Lateni 
Structures (PLS) have been successfully applied in continuous (Kresta and MacGregor, 1991; MacGregor et al.. 
1994) and batch process (Kosanovich et al., 1996; Nomikos and MacGregor, 1995a) as well. Batch process plays an 

important role in the production of high-value-added products. Batch processing typically focuses on the operation · 
under the controlled conditions. Successful batch operation means following a prescribed recipe and process 
variables' trajectories with minimum batch-to-batch variations producing a uniform high-quality product. 
Unfommately, the characteristics of batch processes, e.g. finite duration, nonlinear behavior, insufficient on-line 
sensor, etc, make reliable on-line monitoring difficult. To handle such problems, multiway PCA (MPCA) has been 
employed in batch process monitoring (Wold et al., 1987). Unfolding a three-array batch data and subtracting the 
nonlinear trajectory of each variable are usually utilized to handle the three-dimensionality and overcome nonlinear 
characteristics of the batch process. Also, taking the nonlinearity of most batch processes into consideration, 
nonlinear PCA is used for batch process monitoring (Dong and McAvoy, 1996). Kosanovich et al. (1996) utilized 
MPCA to monitor and identify the major sources of batch-to-batch variability in a commercial batch reactor.: For a 
fed-batch fermentation process, Lennox et al. (2000) developed a monitoring system based on MPCA in order to 
detect and isolate process abnormalities. · 

One major problem arises when a new batch is monitored on-line. namely. ttle data matrix is not complete until the 
end of the batch operation. At each sampling time during the new batch operation, data matrix has the measurements . 
only up to that time. and the rest of it is unknown yet. It is necessary to estimate the future observations of all the 
measured variables in order to utilize MPCA on-line. Consequently. monitoring performance in MPC~ will be 
largely dependent upon the accuracy of estimated values. Three methods for estimating the future observations have 
been proposed in Nomikos and MacGregor (1995b). "Zero deviation" approach assumes that the future observations 
are equal to their mean trajectories calculated from MPCA model data. In "current deviation" approach, it is 
assumed that the deviation values at current sampling time will be kept during the rest of batch operation. "PCA 
projection" approach utilizes the ability of PCA to handle missing data. 

In this work the estima.tion methods for unmeasured future observations are proposed. When compared with the 
methods developed in Nomikos and MacGregor ( 1995b ). it makes an extensive use of past batch trajectories. These 
batch runs a.re used as a set of reference trajectories. called batch trajectory library. and compared with a new batch 
currently monitored. We utilize SSE (Sum of Squared Error) as a measure of similarity in order to find the most 
similar trajectory. At each sampling time. a past batch trajectory with minimum SSE is selected from the library and 
used as the estimation values on the unknown pan of a new batch. This paper is organized as follows. First, the 
MPCA method is outlined, staning with a brief explanation for PCA. Then the review of the existing methods for 
estimating future observations is followed by the proposed methods. Next, case study on a PVC batch process is 
performed in order to demonstrate the monitoring performance of the proposed methods. Several results on SPE 
control chan are presented with a discussion and finally concluding remarks are given. 

THEORETICAL BACKGROUND 
PCA. one of the multivariate projection methods, is an epoch-making tool for data compression and infonnation 
extraction. It seeks to find the linear combination of original variables or factors that describe major variability in a 
data set: Mathematically. PCA relies on an eigenvector decomposition of the covariance matrix o.f the data matrix X 
(I observations x J variables). A highly correlated set of original variables is transformed into the lat~nt variables 
(score vectors. t) defined by the eigenvectors (loading vectors. p) of the covariance matrix of X. These latent. 
variables are sufficient to summarize all the meanin.gful information. MPCA is the extended version of PCA 
proposed as a method to monitor the batch process of three-dimensional multi way data. 

MPCA is algorithmically consistent with PCA and equivalent to performing PCA on a large two-dimensional matrix 
formed by unfolding. Typical data obtained from the batcli processes takes the form of a three-dimensional array. As 
shown in Fig:1, each run of batch process has j = I, 2, ... , J variables which are measured at each of k = I, 2, ... , K 
time intervals throughout the batch. Similar data will exist on a number of batch runs i = I, 2, ... , I. 
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Fig. 1 Arrangement and unfolding of three-way array in MPCA. 

An on-line application of MPCA to monitor a batch process has the problem due to the characteristics of the three
way array data. The on-line problem of MPCA originated from the fact that at certain time the batch data newly 
observed is not sufficient to use the MPCA model. A new batch data Xnc~· is not complete until the end of the batch 
operation and have the unknown -future observations to be estimated. 

Nomikos and MacGregor ( 1995b) proposed the three approaches to overcome this on-line problem of MPCA. All 
these approaches make use of the full (JK x I) loading vectors Pr obtained from the MPCA model and then estimate 
the future observations in different ways. The first approach, abbreviated as "zero deviation", assumes that the future 
observations are equal to each variable ·s mean trajectories calculated from MPCA model data. This approacli is 

. based on the idea that the new batch will operate successfully for the rest of batch durati9n with no deviation in its 
average trajectories. The second approach, .. current deviation", is analogous to the first approach. Bunhe .current 
deviation at time interval k*. which is the difference between the trajectories of a new batch and those of the mean 
trajectory, is taken into consideration to estimate the future observations. It assumes that the same errors will persist 
for the rest of the batch duration .. The last approach utilizes the ability of PCA to handle missing data. The unknown 
future observations can be regarded as missing values from a batch run. The PCs of the reference batch data can be 
used to estimate the missing values. Although these approaches have been used in many industrial problems, there · 
are some limitations. Which approach to use depends on the characteristics of the process under consideration. 
Though the third approach appears to be superior to the other approaches, the result of estimation is unreliable at the 
beginning of the batch run . It has been reported that the current deviation approach generally works well in most 
cases (Nomikos and MacGregor. 1995b: Lennox et al.. 2000). To obtain more re,iable estimation, a hybrid approach 
is recommended. like starting with one approach and changing to another one after som_e time (Nomikos and 
MacGregor. 1995b). · 

PROPOSED ESTIMATION METHODS 
Ml: simple pattern search 
The first method, M 1, utilizes simple pattern search. "Simple" means that no weight in SSE, variable importance, is 
taken into account to estimate the future observations. Thus the unknown parts in xnew are to be exactly same as the 
measurements from k* + 1 to K of the batch selected from the library. MI is the simplest and elementary approach 
when compared with the other proposed methods . The procedure of MI has the following formulation: 
I) Set k* = current time interval 

2) Calculate SSE~ . which represents the jth variable ·s SSE with the corresponding variable in· the mth library 

batch 

3) Obtain total SSE. SSE m , from SSE~ 

4) From the library. choose a batch that has minimum SSE m . 

5) Fill in the future observations in xnew with a traJectory of the batch selected in step 4 
6) Go to step I for next time interval. 
Let Zm.k• (Jk* x I) = the mth library batch data unfolded up to k*, m = I, 2, . . . M, where M is total number of the 
batch stored in the library, 
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x j k• (k* x I) = the jth variable vector sequentially rearranged from xnew.k•, j = 1, 2, ... J. new. 

z ~;k• (k* x I) = the jth variable vector sequentially rearranged from zm.k• ,j = 1, ~' . . . J, 

X~cw.k• (t) = the tth element of X ~cw.k•, t = 1, 2, ... , K, 

z~_k• (t) = the tth element of z~.k•, t = 1, 2, ... , K. 

Then SSE~ at k* can be obtained as follows : 
k• 

SSE~ = L {z~.k.(t)- X~cw.k•(t)}.
2

, j = 1. 2 . .... J, m = 1, 2, ... , M. 
t::I 

(1) 

As stated above, M 1 places · no weight. actually equal weight. on SSE~ in order to obtain SSE m . The total SSE 

with the mth library batch is given by: 
J 

SSEm = LssE~, m = 1, 2 .... , M. (2) 
j::) 

Among M batch runs in the library. a batch trajectory with minimum SSEm is selected and the future observations in 
xnew is filled with it from k* -t- 1 to K time interval. 

M2: J\11 with current error 
M2 is similar to Ml in that the method seeks to find the batch trajectory of maximum similarity in the library 
without any weight for the process variables. The only difference between MI and M2 is how to obtain the . 
estimation values on the unknown part in xnew. In MI , a batch trajectory having minimum SSEm is directly used. 
However. M2 takes into account the information about the current error. which is the gap between a new batch and 
the selected batch at the current time k*. Based on M2. therefore. the estimation values are obtained in such a way 
that the batch trajectory of minimum SSEm selected is shifted to the extent of the current error. M2 has the similar 
procedure with MI except the step (5). which is modified as follows:_ 
(5)' Fill in the future observations in xnew with a shifted trajectory of the batch sdected in step 4. 

M3: :\11 with nriable importance 
1\13 is basically equivale.nt to the M 1 procedure. The only difference is that the variable importance is utilized in step 
(3) 1n order to obtain the total SSE. Variable importance is equal to the weight of the process variable and indirectly 
reflects the correlation structure in MPC A model data: The more important the process variable is, the more weight 
it has. Because the loading vector is the coefficient that repre~ents the process variable's importance in each PC 
dimension. the weights in each dimension must be integrated together over all PC dimension to produce the overall 
weight for each process variable. 
Let 

p; (K x 1) = the loading vector in the rth PC dimen~ion corresponding to the jth variable. which is sequentially 

rearranged from the unfolded overall loading vector pr ( JK x 1) , j = 1, 2 .... , J, r = 1, 2, ... , R, 

p; (t) = the tth element of Pt. t = l, 2, .. .. K. 
First. we must calculate the individual weight of a process variable in the rth PC dimension. It is given by: 

K 

LP:(t)2 

W/= J
1
=

1K .r=I.2 ..... R.j=l , 2 . .. . , J. (3) 

I~>~<t)2 
s=l t=l 

where the denominator is one by definition and the loading coefficients p: ( t) are squared to eliminate the effect of 

sign. Then. the R W / for the t process variable are summed to procure the j'h overall weight W;, where the 

explained variance of the rth PC is used as a weighting factor. Let · , 
EVr = the explained variance of the rth PC in MPCA model, which represents the degree of importance of each pC 
dimension. · 

737 



The overall weight for the jth variable, Wj, is given by: 
R 

wj = L w;EYr .j = 1, 2, ...• J. (4) 
r=I 

· Finally, the total SSE in step 3 of the Ml procedure, Eqn. (2), can be modified as follows: 
J 

SSE~= IwjssE~. (5) 
j=l 

4.4 M4: M3 with current error 
The procedure of M4 is exactly equal to that of M3 except the step 5. which can be modified in a same way as in M2 . 

CASE STUDY: PVC PROCESS 
MPCA model 
To demonstrate the monitoring performance of MPCA based on the proposed estimation methods. PVC (PolyVinyl 
Chloride) batch process was used. which is currently operating in the field .. It is a PVC straight resin polymerization 
process initiated by VCM (Vinyl Chloride Monomer). Monomer droplets where polymeriza\ion occurs are 
suspended in water phase and the droplets are stabilized by surfactants. The process consists of a reactor, reflux 
condenser, agitator. and cooling jacket. There are 11 process variables automaticallv · measured from PIS (Plant 
Information System) on-line and 241 sampling times. The process variables are clas~ified into three major parts: 
temperature or heat, pressure. and agitator-related variables. The detailed information about the PVC process cannot 
be given here because of the proprietary rights . 

To build the MPCA model. reference data set must be obtained from the database of the PVC process. 44 successful 
batch runs are gathered and the three-array model data ( 44 x 11 x 241) is unfolded into the matrix ( 44 x 2651 ); The 
result of MPCA on the model data set shows that only several PCs are sufficient to explain systematic variability of 
the PVC process. As shown in Table 1. 74% of total , ·ariability is explained by 5 PCs (R ~ 5). In this work. the batch 
library is constructed from the 55 batch runs that consist of 44 model batch. additional 6 batch of successful 
operation. and 5 abnormal batch. 

T bl 1 E I • d a e xp ame variance ( EV). PC d m imens1on an d I . EV cumu at1ve 
I I PCl (r = 1) I PC2 (r = 2) I PC3 (r = 3) I PC4 (r = 4) I PCS (r = 5) 

I EVr ! 0.374 i 0.210 i 0.070 I 0.050 · I 0.040 
! Cumulative E\' I 0.374 I 0.584 0.654 I 0.704 i 0.744 

Variable importance 
Based on the result of the MPCA model. the variable importance for M3 and M4. i.e. variable's weight in each PC 

dimension. \\'; . and overall weight. W j • can be calculated directly. Note that the variable importance is used as a 

weighting factor in SSE calculation. The loading vector obtained from the MPCA model contains the information 
about the degree of variable importance. The_ 11 variables have each loading coefficient at every time interval (241 
sampling time). The results show that V6 (the 6th process variable). V2, and V3 have the relatively large weight and 
are all temperature-related variables. We can find that the variable importance coincides with the process knowledge 
that the operation of the PVC process is dominated by temperature. 

Results and discussion 
Test data set is prepared to demonstrate the estimation methods proposed in this work. From the database of the 
batch operation, 5 batch runs are chosen as the test data: we have 4 bad data and an ugly data set. In this work, "bad 
data'· means that the batch operation at that time is influenced by unusual disturbance and the quality of final 
product does not conform to the standard specification predefined. When compared with the mean trajectory, a bad 
data ·s trajectory has the shape of spike-like or divergence in the middle of time interval. "Ugly data" represents the 
situation that the process variables show slightly unusual behavior alt_hough the quality of final product is acceptable. 
Thus a trajectory of ugly data is different from good and bad data. 

The estimation accuracy of the existing methods must be evaluated, based on which we choose the best one to be 
compared with the. proposed methods. Using the existing methods, we calculated SSE values for the test batch. SSE 
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at a time interval, which is the squared estimation error aggregated over the unknown observations. will be a direci 
measure of estimation accuracy. Notice that the SSE val~es of estimation accuracy ~e related to the unknown pan 
of a new batch while those of Eqn. ( 1) to the observations already measured on-hne. We find that the "currem 
deviation" approach has the minimum SSE and .. zero deviation" approach maximum. Thus the proposed estimation 
methods will be compared with the "current deviation" approach. Using the test data set, we conduct the 
comparative case study to demonstrate the monitoring performance of the proposed estimation methods. M 1 through 
M4 are compared with the existing method of "current deviation", which produces the most reliable estimation in 
most batch processes and the best results for the test batch in this work:· Thus we construct SPE control chart on each 
test batch in order to demonstrate the monitoring performance of the proposed methods. From this chart. detection 
time of abnormal batch or the reliability of monitoring result is investigated. Fig. 2 shows the SPE control chan for · 
Bad 1 using M4 and the .. current deviation" approach . . 

UJ 
a. 
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.. 
40 - ... 

20 ~ • • • • . . .. . 
.. .. 
. . 
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. . 

... 
.... . . . . . 

0 _____ ··_· ••• •:.·•: •• ::•. • •• •• •• ••• • ••• • •• 
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40 so 60 

Fig. 2 SPE control_chart for Badl using the •·current deviation" approach and M4 

Two doned lines without symbol indicate the control limit of 95% and 99%. SPE values of M4 exceed the 99% 
control limit at the time interval 35 and continue to remain above the limit. The .. current deviation" approach starts 

producing the large SPE values after the time interval 50. By referring to test data. we are able to know that Bad! 
begins to de\'iate from · the mean trajectory in the vicinity of the time interval 50. Consequently, it can be said that 
r-.'14 has th~. more early detection time than the •·current deviation" approach and predictive ability to monitor the 
abnormality of batch process . The characteristics of predictiv_e monitoring stems from the fact that the proposed 
.methods take full ad\'antage of panem search and choose the most similar batch from the library. M 1 through M3 
produce the SPE values similar with those of M4. Additionally. SPE control charts on Bad2 and Bad3 are obtained 
using M4 and the "current deviation" approach. which is not included in this paper. based on which it can be found 
that M 1 through M3 shows as good performance as M4. All the SPE control charts ensure that the proposed 
estimation methods. especially M4. are superior to the existing methods and have the predictive power of detecting 
the abnormality. · 

We have investigated the cases in which the test data for abnormal batch operation is not stored in the batch library. 
Now consider the situation when the batch library already possesses the test data (Bad4) as a member of referen~e 
trajectories: the trajectory of a new batch is exactly equal to that of a certain library batch. Bad4 is likely to occurm 
practice if we can construct the reference library with innumerable batch trajectories. Due to the limitation of 
available data, however, it is not the case normally encountered in the batch process monitoring. AB the proposed 
methods produce the perfect estimation \'alues from the beginning of the operation with time. having zero SSE. In 
SPE control chart not shown in this paper. detection of the process abnormality is much more fast and reliable than 
the other cases mentioned above. 
The last case study is on the ugly batch. The monitoring result for the ugly data is presented in Fig. 3. The SPE value 
of the "current deviation" remains under control limit during the entire duration of the batch. Thus it is impossible 1.0 

detect the unusual operation in the process. On the other' hand . .M4 produces the out-of-control signal of SPE that 15 

occurred sporadically in time interval 50 ~ 80 and finally disappears after that period. The intermittent abnormal 
signal from the control chart· indicates that the process is slightly influenced by some problem but would not go 
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further into the out-of-control state. Knowing that the instantaneous fault or disturbance exists at the beginning of 
the operation can be useful information to operation personnel. Based on it, he will investigate the process and 
determine to take a corrective action in order to prevent the process abnormality from spreading out. 

w a.. 
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• M4 

100 150 
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200 

Fig. 3 SPE control chart for ugly data using the '"current deviation·· approach and l\14 

CONCLUSTIONS 
In this paper new methods for estimating the future obser\'ations in MPCA have been proposed for monitoring the 
batch process . The proposed estimation methods. M 1 through M-t take advantage of panern search and the batch 
library. A new batch measured on-line is compared with the trajectory library and panern search with the similarity 
measure of SSE produces the most simi lar trajectory to estimate the unknown future observations. Two ·methods. MI 
and M2. utilize the panern search alone and the others. M3 and M4. additionally adopt the variable importance as a 
weighting factor in calculating SSE values. Several case studies on PVC batch process were executed to demonstrate 
the performance of estimation and monitoring eventually. Several results have shown that the proposed methods are 
superior to the existing methods and abnormal operation of a new batch can be detected early in SPE control chart. 
Thus predictive monitoring is possible to be implemented without difficulty in practice. \Yhen compared with the 
other proposed methods. M4 has the best performance of monitoring with less estimation error and is more 
preferable . 
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ABSTRACT 
This anicle examines the application of a Q chan and a Sequential X-c'han directly to a shon autocorrelated stream 
of autoregressive AR(2) data and an Individuals chan to the stream of residuals. Shon production runs tend to 
provide insufficient amounts of data to adequately estimate process parameters for control chart construction. The Q. 
chart and Sequential X-chart have been proposed as alternatives to traditional control chans for such situations. The 
application of a time series forecast and the monitoring of the resultant residuals with a control chan have been 
proposed as a method for monitoring autocorrelated data. The abilities of these schemes to detect a shift in the mean 
or a change in the variation in an AR(2) process are examined. 

INTRODUCTION 
Shon production runs present unique problems in the construction of control charts for process monitoring. 

Woodall, Crowder and Wade ( 1995) describe a two-stage process that is typically used in construction of a control 
chart. Stage I consists of the collection of preliminary observations that are used to construct trial control limits. Trial 
control limits are used to determine the state of statistical cpntrol of the process. If the process is determined to be in 
statistical-control, the trial control limits are used in Stage II for future production monitoring. The problem with 
short production runs is the absence of a Stage I where preliminary process parameters and trial control limits can be 
estimated. Shon run monitoring techniques typically jump to Stage II. trying to start useful process monitoring 
instantly. without enough data to adequately estimate process parameters (Woodall. Crowder and Wade. 1995). 

Q CHART FOR I~DIVIDUALS OBSERVA TIO~S 
Quesenberry ( 1991) considers the following four cases. for observations X1 .X2 • ••• • Xn, that are independent and 
identically (i.i.d) normal random with mean m and standard deviations: 

Case 1 : m and s and known 
Case 2: mis unknown ands known 
Case 3: m is known and s is known 
C~se 4: m ands and unknown. 

Only case 4 is considered here. since it is most likely to occur in practice with shon production runs . The process 
mean is monit0red by using ~he Q statistic : 

r = 3, 4, .... (I) 

where the process mean is estimated by 

(2) 

the process_ variance is estimated by 

(3) 

r - 1 

and F 1
:.} is the inverse of the standard normal distribution and Gr-:! {. f is the Student-t distribution with r-2 degrees 

of freedom. For individual data, process variation is moni.tored by .Q statistics that are functions of moving ranges. 
Quesenberry ( 1991) advocates the calculation of these Q statistics for even-numbered observations only, to assure 
independenc·e of the Q statistics. The Q statistics for the case where the process standard deviation is unknown are 
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r=4, 6, ... , (4) 

where F 1.v is the F distribution function with 1 and v degrees of freedom and v = (r/2) - I. 

For an in-control process, Q statistics for both the process mean and variation are independent and identically 
distributed random variables with mean zero and standard deviation one, that is, i.i.d N(0, I). Typically control limits 
for either Q chart are set at ± 3. The independence of Q statistics also allows the application of runs rules to further 
sensitize the Q chart to process shifts, as outlined by Quesenberry ( 1995). 

THE SEQUENTIAL X-CHART 
Wade and Woodall (1992) advocate the use of a sequential X-chart for monitoring the process mean on individual 
observations. when both the process mean and standard deviation are unkno\\n. Their research shows that when a 
shift in the underlying parameters occur early in a production run and the parameters are to be estimated, the 
sequential X-chart provides greater sensitivity to large shifts than Q charts. 

The sequential X-chart involves the re-estimation of the process mean and standard deviation at the occurrence of 
each observation. The sequential X-chart can be stated in standardized form as · ' 

Z=~-X:_ r = 3, 4 .... (5) 

with control limits set at c = ::: 3.384. To match the false alarm rate of the Q chart with 3-sigma limits, Wade and 
\Voodall ( 1992) recommend c = 3.384. This result was obtained by simulation. 

A MODEL FOR AUTOCORRELATED DATA 
The presence of autocorrelation creates unique problems for process monitoring schemes. Positive autocorrelation 
tends to increase the frequency of out-of-control signals that are detected by monitoring schemes. Autocorrelation 
implies the existence of a relationship between consecutive observations and can be of two types. A process that 
tends to drift over time is characteristic of positive autocorrelation and results when successive observations are 
similar in value. Negative autocorrelation is depicted by a sawtooth pattern and results when consecutive 
observations are dissimilar. Positive autocorrelation occurs most often in production environments and chemical 
operations (\Voodall and Faltin (1993)). High \'Olume manufacturing processes along with an increased frequency of 
sampling by automated gages, gives rise to autocorrelated data. 

Alwan and Roberts ( 1988) have proposed a method for monitoring autocorrelated data that involves the application 
of a time-series forecast to the process and monnoring the forecast errors. Unusual behavior in the process should 
result in a large error that is reflected as a signal on a control chart. A time series model that has been found to be · 
useful in production and quality control environments is the AR1MA(2.0.0). referred to as the second-order 
autoregressive model and denoted by AR( 2 ). The AR( I) forecast F, is 

(6) 

Without loss of generality it is assumed that Et - N(O. l ). It is also assumed that an AR(2) model is applicable in this 

article. Mont1zomerv and Mastramielo ( 1991) show that a number of chemical and manufacturing processes conform 
to this amoregressi{'e model. The ';,,ode! residuals at time t. denoted by et. is given by e1 = X1 - Fi . · · 

RESULTS FOR THE Q CHART Al\D SEQUENTIAL CHART 
Figure l displays 50 daily viscosity readings that were obtained from Dodson ( 1995). The observations represent 
readings from an oil house that support a sheet metal rolling mill. The observations are highly positively 
autocorrelated. The lag I autocorrelation coefficient. that is. the autocorrelation coefficient of observat ons that are 
one time period apart is, r

1 
= 0.80519 . A Q chart and a standardized Sequential X-chart are applied directly to the 

time series and an Individuals chart are applied to the residuals, to see which monitoring scheme detects a process 
disturbance in the data most quickly. A Q chart for the process variation is shown in Figure 2. The process variation 
appears to be in-control since no observations lie beyond the 3s limits and there are no violation of the 
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supplementary runs rules. Supplementary runs rules can be applied to Q statistics since Quesenberry ( 1991) has 
shown that Q statistics are independent in the presence of a stable process mean and variation. 

Daily Viscosity Readings 

3.5 

· 1 
~ 3.0 
(.) 
Ill 
5 

2.5 I~ 
kidex 10 20 30 40 50 

FIGURE 1: DAILY VISCOSITY READl~GS 

Figure 3 displays a Q chart for the process mean. Although all Q values lie within the control limits. there is a 
violation of a supplementary run rule at observation 19. At observation 19, four of the previous five Q values are 
less than -·1 .0 indicating a decrease in the mean. Note that the lag 1 autocorrelation coefficient for the Q values is r, = 

0.333. which represents an improvement from r1 = 0.80519 for the original observations. 

Figure 4 exhibits a moving range chart that is to be used in conjunction with the Sequential X-chart of Figure 5. The 
moving range chart displays an out of control signal at observation 11. It is unclear however, whether this signal 
represents a true change in process variation or is a false signal resultin·g from the autocorrelation in the data. The 
control limits for the moving range chart were designed for independent observations and may need to be widened 
for autocorrelated data. The presence of positively autocorrelated data tends to increase the frequency of false alarms 
on traditional control charts (Harris and Ross. 1991 and Maragah and Woodall, 1992). The standardized sequential 
X-chan of Figure 5 displays an out of control signal at observation 32. Note that r1 = 0.729 for the values of the 
standardized sequential X-chart. This is not a substantial improvement from r1 = 0.80519 for the original 
observations. 

l\lODELI~G AUTOCORRELATIO~ AND CHARTING RESIDUALS 
An AR(2) forecast is applied t_o the viscosity readings of Figure 1. Recall that the readings are highly positively 
autocorrelated with a lag 1 autocorrelation coefficient r1 = 0.80519. The parameter estimates for the AR(2) forecast 
are 

Parameter Estimate 
AR( i) 0.6329 
AR(2) 0.3102 
Mean 2.6270 
Constant _0.1495 

Std. Dev. 
0.1454 
0.1453 

0.3810 

4.35 
2.14 

6.89 

P-value 
0.0001 
0.0379 
Q.0000 
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Q CHART FOR THE PROCESS RANGE 
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FIGURE 2: Q CHART FOR THE PROCESS RANGE 

Q CHART FOR THE PROCESS MEAN 
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FIGURE 3: Q CHART FOR THE PROCESS MEAN 
The parameter estimates are sign'iticant at a 5% level of significance indicating that the model is~ good fit to the 
data . Figure 6 displays individuals and moving range chans for the resulting residuals. · 
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FIGURE 4: MOVING RANGE CHART 

Note that the process variation is out-of-control at observation I 0. A signal also occurs on the Individuals chart at 
observation 14. The autocorrelation coefficient of the resultant residuals is r1 =-0.2535 . This represents an 
improvement over r1 = 0.80519 for the original observations. 

CONCLUSIONS 
In this article, Q charts for the process mean and variation and a sequential X-chart and moving range chart are 
applied to a short production run of dependent data. An AR(2) forecast is fined to the data and Individuals and 
Moving Range charts are applied to the stream of residuals. The data consist of positively autocorrelated 
observations. The Q chart for the process mean substantially reduces the autocorrelation that is present in the 
original observations from r1 = 0.80519 to 0.333. This results in Q values that are more suitable for process 

• monitoring by traditional charting schemes that rely on the assumption of independence in the data. The sequential 
X-chart has the advantages of a similarity to the familiar individuals chart and avoids the use of cumulative 
distribu.tion functions. F-;r highly correl;ted data. the sequential X-chart values tend to be also highly correlated. 
Unlike Q charts. there is not a substantial reduction in the autocorrelation present in the original data. The 
autocorrelation coefficient decreases slightly from r1 =0.80519 to 0. 729 . 

The use of a time-series forecast for the residuals chart acts as an autocorrelation filter, by substantially reducing the 
autocorrelation in the original observations. in this case. from r1 = 0.80519 for the original observations to --0.2535 
for the residuals. This reduction in the autocorrelation is better than the reduction achi;ved by the use of the Q chart 
or Sequential X-Chart on th~ original observations. 

The Individuals-Moving range charts on the residuals also appear to provide the best detection ability for a shift in 
the process mean or a change in the variation when compared ~o Q charts for the mean and variation and to 
Se,quential. X-Chart-Moving Range chart on the original autocorrelated observations. For this data set, a change in 
the process variation is detected by observation 10 on the Moving Range chart on the residuals. by observation 11 on 
the Moving Range chart on the original observations and is not detected by the Q chart for variation on the original 
observations. A shift in the mean is detected by observation 14 on the Individuals chart on the residuals and by 
observations 19 and 32 respectively on the Sequential X-chart and the Q chart for the mean on the original 
observations. · 
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ABSTRACT 
Process capability indices are used to measure the ability of the process to manufacture product that meets specification 
parameters (specification lower and upper limits and target value). Although the process is in statistical control does not 
guarantee that the products produced will be capable, the real goal of production. When the process is in statistical 
conrrol. use of process capability indices establish a common language that is dimensionless and assess both the potential 
and actual performance of production processes. The last few years there are various capability indices that are provided 
and used to describe the performance of a process relative to the specification parameters. However. none of these ne\\: 
indices have as yet surpassed Cr, CPL, CPU, C,,. and C,,,. in popularity or ease of use. Generally, the process is 

not understood. the determination of proper sample size for capability calculations is crucial. because the accuracy of the 
capability evaluates rests almost entirely upon the size and technique of sampling. This article develops sampling plans 
for evaluating process capability by estimating process capability indices from the finite submitted lots. 

The evaluating plan is usually used with a single quality characteristic. measurable on a continuous scale~ and distributed 
normally with mean µ and standard deviation a . In this paper we investigate an approximation of the non-central 

1-distribution due to Hamaker. concerning approximations for lot acceptance probabilities. For a given lot of size N, 
tables are given for the selection of evaluating sampling plans based on process capability indices using two fonns of 
acceptance criteria (a-method and S-method) that match the Operating Characteristic performance of MIL-STD-105E 
plans. These sampling plans are easy to use and are useful with isolated lots. 

J]'.TRODUCTIO~ 
The capability of any processes is dependent on the materials and semi-finished products used. Therefore, the process 
must improve and control the quality of supplied materials and semi-finished products that satisfy the required 
specifications parameters (specification lower and upper limits and target value). The process in statistical control does 
not guarantee that the products produced will be within the process specifications. the re::il goal of production. Process 
capability indices are used to measure the ability of the process to manufacture product that meets specification parameters. 
M. \'. Asokan and \'._ K. G Unnithan [ 1] presented a means for estimating the process capability from submitted lots 
screened to meet the specification. Thus. visits to the vendors ' facilities are minimized. 

However. it is kn~_\vn that de\·elop a proper sample size for capability calculations is crucial, because the accuracy of the_ 
C?pability estimates rests . almost entirely upon the size and technique of sampling. Most of the criticisms raised about 
capability indices could be solved by proper sampling. for it is inadequate sample size that give rise to poor estimates of 
indices. and thus gross interpretations of what a specific estimate value implies about a process [ I OJ. V. E. Kane [9] and 
L. K. Chan et al. [4] have discussed the sampling behaviors of capability indices. C p and C,,,.,, respectively, when 

target value is set at the midpoint of specification limits. 

The evaluating plan is usually used with a single quality characteristic. X, measurable . on a continuous scale, and 
distributed normally with mean µ and standard devic!tion a . \\'hen the process mean µ is unknown and the process 

standard deviation a are kno\\n, and that there is a single specification limit USL (upper specification limit). An 
evaluating plan is specified by its sample size, n,,, and its benchmark value, C,,. drawn at random from the process, is 

inspected. and the process is sentenced by the decision rule: 
if (USL-X)/ (3a) ~ C,, , then the process is capable. 

If the process standard deviation a are unknown, then the criterion as 

if (USL- X)/ (3S) ~ C5 , then the process is capable, 
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where X and s~ denote the unbiased estimators of µ and u~, respectively. 

- I ' ✓ I · -X=-·I:X;, and S= -·I:(X,-X) 2
, 

n ,.1 n-l ,.1 
( l) 

where n ~ 2, the sample size is n s, and its benchmark value is Cs. When we consider only a lower specification 

limit, LSL, the decision rule as follows: 

if (X - LSL)/(3u) ~ Ct1, then the process is capable; 

if (X -LSL)/(3S) ~ Cs, then the process is capable, 

can be treated in the same way and need not be separately considered. Cases with a double limit will not be discussed. 
The last few years there are various process capability indices that are designed and used to describe the perfonnance of 

a process relative to the specification limits and target value. However, none of these new indices have as yet surpassed 
C p, C,,. and C,,,,, in popularity or ease of use. They are most common used in practice, which are now usually 

included in statistical quality control software. However. most people look at the value of the capability index calculated 
. from the given sample and then make a conclusion on whether the given process as capable or not which is not a very 

scientific approach. S. W. Cheng [5, 6] was using the estimates of C and C , C and C , respectively, as the 
p ,.,., I' ,,,,, 

test statistics and evaluate the rejection probabtlity or the commonly called p-value to judge whether the process is capable. 
This rejection probability is the probability of wrongly concluding that an incapable process is capable. W. L. Pearn and 

K. S. Chen [ 12] investigated t~e other commonly used index, C,,., and developed a procedure using estimator C,,. for 

practitioners to use in judging whether a process meets the capability requirement. In this paper. we consider process 
capability index CPU or CPL as a quality benchmark propose a sampling plan through submined lots in order to 
assure the process capability. 

PROCESS CAPABILITI' INDICES Al'\D PERCENTAGE NONCONFOR'I\IING 
\\"hen USL or LSL is given. a convenient way to measure process capability is to use CPU or CPL, the process 

capability indices. Under the assumption that the process measurements arise from N(µ. u 2 
). recall that 

CPU = USL - µ (Lower-is-better), (2) 
3a ' 

CPL = µ - LSL (Higher-is-better). (3) 
3a ' -

Generally. both of µ and a are unlm0\\11. Therefore, it is necessary to estimate the CPU and CPL. Let. 

X ,, i = 1. 2, ... , n. be random samples which obey a approximately normal distribution N(µ. a 2 
). When the process 

standard deviation a were known. the estimator CPU,, and CPL(T of process capability indices CPU and CPL 

defined by Equations (2) and (3) as 

CPL. = _U_SL_-_.\_-; and CPL = .f -LSL 
" 3a " --3a--' (4) 

if the process standard deviation a were unkno\\11. the estimator CPU5 and CPL5 of process capability indices 

CPU and CPL defined as 

tfaL· = USL - X and CPL = .Y - LSL 
s 3S s 3S 

(5) 

Also. a "hat'" ( 
4 

) will denote an estimated quantity. 

· R. A. Boyles [2] introduced the CPU and CPL indices are appropriate measures of progress for quality improvement 
paradigms in which redu_ction of variability is the guiding principle and process nonconforming percentage (NC} is the 
primary measure of success. This relationship was described by S. Kotz and C. R. Lovelace [ I OJ for details. Consider the 
unilateral tolerance situation where only a single specification limit USL or LSL is given. CPU and CPL are the 
function of process parameters µ and a . The process percentage NC given by 
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%NC= 

10{ I - Cl>( US~ - µ)] = 100[1 - <1>(3CPU)], (Lower - is - better), 

I 00<!>( LS~ - µ) = IOO<l>(-3CPL ). (Higher - is - better), 

where <l>(y) = [ (2,rfv' exp(- : 2 /2) d=, denotes the standard normal cumulative distribution function. 

EVALUATING PROCESS PERFORMANCE FROM THE FINITE SUBMITTED LOTS 

(b)I 

We will assume a single quality characteristic X measured on a continuous scale and such that the measurements are 
independent and identically normal random variables. Let us suppose that X must conform with a single specification 
limit. Due to the symmetry of the normal distribution. it is immaterial whether we consider an upper or a lower limit 
To be consistent we will always work with an upper limit. 

The Process Standard Deviation Is Known: I-Method 
The acceptance rule is stated as above, it being automatically understood that a process is rejected when the acceptance 
rule is not satisfied. When given a fixed limit USL, and the process has a process capability value CPU. Sucha 
process will be considered capable if the sample mean X of a random sample of n items from the process .is such ~ t 

CPU,, ~ C,,, where Ca is a constant to be determined. Therefore the probability of acceptance is 

P = Pr{cPua ~ Ca l CPU }= <l>(w), (7) 

where 

,- (lJSL-3C,.. -a-,u ) 
l1 ' = ✓ na · . 

a 
(8) 

If we COfl?pute the probability of acc_eptance for difl ferent values of CPU a we obtain the Operating Characteristic (QC) 

curve of the plan. The QC curve will pass through a predetermined point (CPU,, . P) if na and C,, are chosen 

satisfying Equations (7) and (8) simultaneously. From Equations (7) and (8) it follows that 

l\ ' = 3,{;;:- (CPU - ca) , w = <l> -I (P). (9). 

P. Peach and S. B. Linauer [I I] ha\'e pointed out that. "In designing an industrial sampling plan conformable to the 
·Pearson-Ne1man approach. the operating characteristic is made to pass as nearly as possible through two predetennined 
points." .. Now if we want an OC curve passing through two different points ( CPU 

1
• ~ ) and (CPU=, P= ), Equation (9) 

must be satisfied by CPUI' l\ '
1 

and cpr..,· : . l1 ·=. where (CPU,, P, ) is related· to (CPU, , P, ), i = 1, 2, according 

to Equation (9). So we must have 

Solving for n,, and C,, we get 

l ( l1 'i -l\', ]: 

n a = 9l CPU a ! -CPU a: 

CPU ·W -CPU · W 
and C = 1 

: = 1 

a l1 ': - \1'
1 

• 

Selecting two arbitrary points of the OC curve of a given plan, we compute 
l\' = <l> -I ( P, ). i ;::: 1. 2. 

(10) 

(11) 

(12) 

and· the evaluating plan will be given by n,, and C" calculated according to the formulae -in Equation ( 11 ), and 

determini~g the In,, l as the sample size. where In,, l means the least integer greater than or equal to ita. 

The Process Standard De,iation Is Unknown: S-1\tethod 
Let us suppose now that the quality characteristic X has both mean and variance unknown. Now ·a process will be 

considered capable if CPU 5 ~ Cs, and Cs is a benchmark value to be determined. Th~ probability of acceptance can 

be written 
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P = PrlcPu, <!: c,j = Pr{ us~5-X <!: c,} = Pr{:;,~ ~ -3..F, · c, }· (13) 

where Z = Fs ( X - µ)/a is a standard normal random variable, Y = v S =/a= is a chi-square random variable with 

v degrees of freedom, 8 = F; (µ - USL)/a and v = n5 -1. Therefore the probability ofacceptance can be \\Tinen 

f C- j r- ( u- USL)} { ,- I c- ( USL- u)l P=Pr{ $-3.\Jns ·Cs O= ✓ ns \ ' a =Pr T. ~3✓ 11 5 •Cs
1

o=-yn5 • a · j' (14) 

\\·here T. represents a non-central r-distriburion with v degrees of freedom and o represents the non-centrality 
parameter. 

H. C. Hamaker [8] gave an approximation of the non-central t-distribution and show that it is good enough for all practical 
purposes. As mentioned above, if a were known a process would be .accepted if, based on a sample of size n,, . we 

get CPU"~ C", for some constant C". The two cases will have practically the same OC curve ,when n
5 

and C
5 

are adjusted such that CPUs has the same mean and variance as CPU" with sample of n,,. By equality the mean 

and variance of CPUs respectively with the mean and variance of CPU" we get approximately 

C = C . ( 4n s - 4 1 
s · " 4ns - 5 ) ' 

(15) 

( 9n ~·C;) 
ns =n"· l-t-2<ns -i) . (16) 

Equation ( 16) shows that. since a is unknown. the sample size has to be increased by a f~ctor I+ 911_1c; /[2 (ns -1)]. 

----::,-+· 
····--··-·-···- --· ··-- - --- --·· .. - · 

i 
-········ ------- -- ···--••· .. 

·---- ~~=~--.J __ _ 
51-90 

91 -150 

151-280 

28 1-500 

50 1-1200 

1201-3200 

320 1-10000 

Table 1. \1atched a-method samplim, plans for evaluatin~ process capabilitv 

* If n" more than or equal to the for si:e, then gl\'es n" = for sz:e. 
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Table 2. Matched S-method sarnpline plans for evaluatine process capabilitv 
CPL or CPL' 

Lot SIZC ran2e 1.20 1.16 1.0i 1.03 0.9Q 0.94 0.88 0.83 0.78 0.7: 0.65 

2-8 I + ~ 
. 0.2876 

9-15 6 f-
0.3832 

16-25 

26-50 13 t 14 1 
• 05410 't 0.3673 

51-90 Ii t + 19 !g 
1 

• 0.6111 0.4545 0.3431 

91-150 20 t + 26 2s 2T-
1r 0.679:!. 0.5339 0.4:!.91 OJ-496 

151-280 :!.5 t + 33 14 33 40 
O.i40i 0.6072 0.5131 0 4424 036~-l 

281-500 32 t 't 4'7 44 46 65 6: 
~r · o.7989 o.6i:?5 o.5859 osm o.4535 oJsos 

501-1200 1 
40 't 56 63 61 93 89 87 

0.8531 · O.i34 l 0.6543 O.S962 0.5148 0.4699 0.3976 

1201-3200 ~r 43 t + 74 77 78 115 113 Ill 108 
. 0.9063 0.7924 0.7150 0.6612 0.6043 05451 0.4795 0.4138 

3201-10000 
52 t _l_ 86 98 102 153 156 158 161 18= 

' ' • 0.9563 T 0.8480 0.7i62 0.7252 • 0.6727 0.6182 0.5588 0.4997 0.-4289 

10001-35000 
62 t + 104 120 129 196 206 215 225 269 

'~ ; 1.0040 ; 0.9013 0.8318 0.7834 0.7342 0.6835 0.628} · 0.5745 0.5106 

35001-150000 

150001-500000 

50000 I and over 
9i 

1.1::5 

1 .. 

8-J 
1.0943 

t 

73 
1.0507 t + 128 142 156 246 267 283 302 382 , • 

0.9511 0.8861 0.8400 O.i926 0.7453 0.6938 0.643: 0.5854 

t · o.~~5 o.~;~ · o.~!~s o.!~~ o.!~ 1 o ;~~ o_;:s o.!~~ 1 t . ---- -
173 199 221 368 402 453 505 6~J - t·· I 

l.044~ 0.9839 0 Q426 0.8998 0.8571 0.81 12 0 7(,-:.:. 071 68 

* If n 5 more than or equal ro the /or si=e, then gives n 5 = /or sz=e. 

The Iterative Procedure 
The tables of Schilling and Sheesley [15) are used to find the transformed CPU,, CPU. or CPL,, CPL1 by 

Equation (6). responding respectively to probabilities of acceptance 0.95 and 0.10 of the scheme OC of MIL-STD-105E 
and sampling type for normal inspection and inspection level II sampling size code leners. 

Now given n" and C". then n 5 and C5 obtained were readjusted following the iterative procedure similar as P. C. 

Bra\'o and G B. \Vetherill [3]: 
Step 1: Assuming C5 = C", and solves for 11 5 in Equation (16). 

Srep ]: Using the value of n 5 from S1ep 1. the value C~ is again found from Equation ( 15). 

Step 3: The new value of C5 from Step J is then substituted again in Equation ( 16) to find a new value of n5 • 

Step 4: This iterative process from Srep I to 3 is repeated until the value of n5 converges. Finally, determining the 

In 5 7 as the sample size. 

Selection Of Matched Sampling Plans For Evaluating Process Capabilin· 
Table l and 2 are used for the selection of sampling plans fer evaluating process capability for the CT-method and S-method 
of acceptance. respectively. As in MIL-STD-I 05E. the LSL or USL are defined as the minimum values that for the 
purposes of process capability can be considered satisfactory. and the lot size must be specified . . The following steps are 
used for the selection of a matched sampling plan: 

Step 1: Select a LSL or [/SL. 
Step 2: Specified the lot size. 
Step ]:.Whether the process standard deviation is known, then decide the CT-method or S-method win be used. 
Step 4: Enter the appropriate table to find the sampling size and benchmark value. 
For example, when L'SL = 1.07 and the lot size= 35~0, the sampling plan is obtained.as follows: 
Step 1: USL = 1.07. 
Step 2: Lot size= 3500. 
Step 3: CT-method. 

751 



Step 4: By Table 1, gives n,, = 10 and C" = 0.9516. 

CONCLUSIONS 
This paper has presented a set of tables for designing sampling plans for evaluating process capability, when the submined 
lot size is finite. These sampling plans are easy to use and are useful with isolated lots. Tney are matched to ha\'e the 
same OC curves as the plans of MIL-STD-105E. Thus it is now possible to have the same protection offered by the 
standard plans in situations where the switching rule is not practical or not desirable. 
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ABSTRACT 
A new alternative to determine parameter settings and minimize out-of-control situations in injection molding 
process is presented. Injection molding creates a unique challenge for modelers due to its complexity. The 
approach consists of a set of parallel feed forward neural networks. An application at an injection molding facili~·ii 
presented that demonstrates the use of the new method and its ability to generate optimal parameters tor the 
injection molding process. 

INTRODUCTIO~ 
Injection molding has been characterized as one of the most versatile processes with rapid production rates in the 
world of plastics. In the injection molding process, the polymer is continually melted in a heated. traYeling screw 
extruder. Once sufficient polymer has been melted (t~e shot), it is injected into a closed mold where it cools and 
solidifies under an applied packing pressure. Once the part is solidified. the mold is opened. the part ejected, the 
mold closed. and the cycle begins again. Some of the main issues involved in injection molding process are 
reduction of cycle time. lower production cost, and quality improvement of molded parts. A great contributor of 
economic losses in injection molding is producing parts not meeting the required specifications. Controlled and 
uncontrollable parameters play a very important role in affecting the operating process conditions and the product 
quality during a regular production run [I] . 

In manufacturing. once parameters have been set during off-line manufacturing development, part quality must be 
monitored and controlled. Control charts and process capability analysis are common tools to monitor the process 
on-line. Control charts are based on process performance . Control chart theory is based on two sources of variation: 
systemic and attributable. Systemic variation is desirable and then the process's ability to deliver pans that meet 
specifications may be assessed with process capability analysis. Attributable variation is variation that may be 
traced to a specific source. When attributable variation is encountered the process is termed "out of control." 
During on-line process operation. these out-of-control situations have to be solved immediately; a first common step 
is to change process parameter settings associated with these defects . 

Main causes of defects or variations in injection molding emerge from individual or interactions of factors such as 
the machine operator. material. equipment. and environment. The machine operator plays an imponant role during 
the process and is considered a significant cause of problems associated with setting process parameters. In many 
cases. operators set process parameters using trial and error practices, which take several steps towards satisfying the 
desired quality and increase the cost of quality. 

Various analyses have been developed ro determine the optimal process parameters to avoid the traditional trial and 
error methods. Experimental design (DOE) has been used to eliminate or reduce the inherent variations resulting 
from variations in properties of raw materials. process parameter settings. and effects of the environment [2, 3]. An 
example application of determining the optimal settings is present by Blyskal and Meheran [4], who reduced process 
parameter adjustments by 90% during production. 

Geneti'c algorithms have been used to combine genetic model development techniques with regression analysis and 
response surface analysis ( central composite design) to determine the relationship between input variables and 
characteristics values and to derive process conditions where optimal shrinkage was also obtained [5]. Expert 
systems have also been used for searching out the causes of problems from the analysis of defects and also, helping 
operators troubleshoot problems during injection mo_lding without providing the mag,nitude of adjustments [6, 7]. 

Neural networks (ANN's) have also been used to predict and determine optimal melt pressure settings [8]. He, etal 
[9] determined nine optimal parameters using a combination of fuzzy-neuro systems to eliminate or reduce defects 
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by predicting the value of the process parameters. This approach consists of creating fuzzy sets of part defects 
representing their seriousness and fuzzy sets representing the degree of correction of each process parameters. This 
approach also used back propagation neural networks for training. Lau. et al [ l 0) proposed a model based on the 
combination of neuro-fuzzy technologies. It consists of training a neural network in combination with multiple 
input-multiple output technologies to detennine the correlation between input and output data and to provide 
information to generate the fuzzy rules "suggesting more reliable and acceptable" [ I 0) output values by using fuzzy 
logic reasoning mechanism. 

This paper presents a new approach to determine what parameter(s) to change if an out-of-control situation is 
present and to minimize variations on-line described in Figure 1. A design of experiments i_s conducted to both 
determine the .significant parameters that have a direct effect on the quality of a molded part and to provide 
information to collect and prepare sufficient data sets to be used in training the neural networks. The approach 
consists of a set of parallel feed forward neural networks. The inputs of these neural networks are the quality of the 
molded parts. The output of each network is the magnitude of changes in positive or negative direction from the 
settings to produce a good part. 

On-line process 

Production Requirements 
• Pan geometry 
• Materials: type. properties. 

% of punt)'. color. & 
processing conditions 

• Mold; ::. cavities 
- Production requirements 

rur .. parts.'day. and weight 
- Barrei !>IZe 

- Initial parameters 
• Cycle time 

r -
1 

-------------

Output Vector 
- Suggest a cnsp 

'4--
value for a 
machine 
parameter. 

Initial machine 
Injection 
molding 
machine 

Next process 
operation 

Record machine· 
parameter settings 
of good parts 

YES 

Process Good 
control part? 

NO 

Type of defect? 

Resetting Parameters 

onsult the propose mode to tin 

a cnsp suggested value 

Classify the defect 
such as measurable 
or attribute 

Training neural 
networks 

- Identifying input and 
output \'eCtors . 

Fi:o ng data sets in the 
most suttable way lo train 
the neural networks . 

. Testing the model and 
checking data ·.•alidauon 
10 a local site. 

• I 

- - - - - Proposed Model to be 
developed Off-line 

Basic elements to train and test 
neural networks 

• Collection of data sets utilizing 
design of experiments. 

~ 

• Selection of the most appropriate 
neural network to maximize 
performance and minimize the 
error. 

I 
I 
I 
I 
I I _________________ j 

L _________________________________ _ 

Figure 1. Proposed Model. 

A d · d I d · local " 'orld class companv to test the performance of the proposed approach. The case stu v 1s eve ope m a ~ · · . · f 
I - k 1· e sati·sfactori·l\· providina the operator which parameter(s) to change 1f the same type o neura nerwor ·s run on- m . = 

variation is present. 
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PROPOSED MODEL 
The methodology of this alternative approach is described in two main phases: data acquisition and two training ana 
testing the neural networks. Data acquisition phase describes the collection of data based on design of experiments. 
The second phase, training and testing the neural networks, describes the application ofmultiplayer perceptron 
networks to provide optimal crisp values for each output (process parameters changes). The objective of the presem 
model is similar to the first part of Lau et al [IO] model. However, the neural network soucture of the proposed 
model is different, which is based on the information from the experimental design. This data· is input into a series 
of parallel, multiplayer perceprron networks. There will be one network for each output. 

Data Collection Phase 
The objective is to conduct an experiment off-line to determine the significant factors and eliminate the unimportam 
ones in explaining the response (quality characteristics). The steps to conduct the experiment for this research are 
the following: 

Component Selection 
It was necessary to specify a systemfor study, by which it means the component, the modeling machine. the specific 
polymer. and the mold. These details are summarized as (a) Component: a rocker switch (see Figure 2). (b) 
Machine: Toyo 150 H, Plastar TM, (c) Mold: Two-cavity mold, and (d) Polymer: black zytel, nylon 66 lOILNCOI0 
granulated 100% regrind. 

Screening Data Collection 
An initial set of data was needed to use in a statistical analysis to determine which process parameters were 
significant. The steps used were 

a. · Identify the key quality characteristics. which are the outputs of the experiment such as dimensions (see 
Figure 2) and attributes. 

b. ·Identify the parameters involved in manufacturing the selected component. These parameters are the inputs 
of the experiment such, as hold pressure. injection mode hold stroke. all temperatures (mold. barrel, etc.), 
sprue bush. hold time, injection speed, injection speed, and charge speed-back pressure. 

c. Determine the high and low levels for each parameter. Correctly determining the levels is crucial. Thes_e 
Yalues will determine the region of response to get an acceptable part and also io provide sufficient 
information to collect data to train the neural networks. which required defective parts. too. The steps to 

·· determine the range Yalues are investigated the manufacturing parameters ranges of the machine, 
investigate the manufacturing parameters ranges of the plastic material,. and consult with process operators 
to detennine the low and high leveis. 

Conducting the Experiment 
In conducting the experiment. the number of runs depends on the number of factors or parameters to produce the 

outcome. The proposed experiment is the 2K-p standard de:iigns [11] . For this research the number of parameters 
· to produce an outcome is nine (K) and the number of blocks are 4 (p ). and then the suggested number of runs is 32 
runs. Since it is important to find the main effects and perhaps two-factor interactions effects at this point, a 

resolution IV fractional factorial design will be tested. which for a 2 II' 
9

-
4 will require 32 runs per replicate. The 

resulted·blocks will be ±6=2345. ±i=l345. ±8=1245. ::9=1345. and ±102345. Sixteen center points were included 
to test for curvature ( 48 runs x 5 replications= 240 total number of runs). 
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Figure 2. Molded Pan. 

Multilaver l\eural l'-etworks 

The multilayer neural network (Figure 3) consisted of three layers: the input layer, the hidden layer that contains 
sigmoidal functions. and a linear output layer. The input layer is a quality characteristic e.g .. dimension #23 (see 
Figure 2). This input layer has four nodes. three nodes correspond to a quality characteristic in a sample of three and 
the fourth node corresponds to the median of that sample. The output of the multilayer neural network is the process 
parameter. necessary to remedy the molding defect. · 

Multilayer perceptron is trained by applying back propagation to adjust the weights, thus the given inputs can 
produce a desired output. Training is basically presented in two phases: the forward and backward passes through 
enough data sets for bener performance. During the first phase. the input signals propagate from the input to the 
output layer, where an error is calculated and sent back (second phase) through the network to finally adjust the 
weights. This process is done layer by layer until the error is minimized [ I 2]. 

In the current practice. the training set for the multi player neural network consists of 240 samples ( 48 runs x 5 
replications= 240 sets) fixed in a sample size of three elements corresponding to one quality characteristic. The 
neural network was trained off-line with the data from the screening design. The inputs are the difference of 
dimensions of the pan nominal value and the obtained (measured) value from the e~periment. The output is the 
magnitude of changes in positive or negative direction from the senings to produce a good pan. which. were found 
during the experiment (see Table I). 

Table I. Example of Distribution of Data to Train the Neural Network. 

I Dimension r= 23 I INPUT l I f.\PCT 2 I NPUT3 
I 

INP.UT 4 

I 
OUTPUT .I 

1 Quaiirv Ch . = I l (inches ) I (inches) I l inches) (inch·es) (psi.) 
i Runs ;::} i =¢2 i :;:3 

I 
MEDIAN Change in 

I 
i Hold Pressure I 

I 1 ' 0.0005 0.0005 I 0.0000 i 0.0005 LlP1=Po-P1 
I 2 i 0.001 0 0.0005 I 0.0005 I 0.0005 ~P:i=Po~P:? I 

! 3 I 0.0000 : 0.0010 I 0.0015 i 0.0010 LlP:1=Po-P :1 
! 4 i 0.0005 I 0.00 15 ! 0.001 0 I 0.0010 .1P.s=Po-P4 

I : 
I I I 

I 48 I 0.0005 l 0.001 0 I 0.0000 I 0.0005 LlP 4R=Po-P 48 i 

Where P1, ar~ the values of holding pressure to produce a good pan and P1 _ 4 1:; are the values used during the 
expenment. 

Figure 3. Resulted Multilayer Perceptron. 
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RESULTS 
One process parameter was found to significantly effect the dimensional quality characteristics. The results of the 
experimental design show that holding pressure affects dimension # 23 signi~cantly (see Figure 4). 

u~•r~ "••'///·· • ,.,.,/. ,, ,, /h'~., , · .ta1011~ 
tl ~S.-., •,,, I '//, • /,/,1' ,I' j: ,.r/ ' • ' •,;• • , ~ 11119,. 

u-r- , .. · . . , J 473362 

1• 1Mold l ~ . ... ) .23312 
,, ___ I ~==:=:::::==::::====,-"7., 2 IIIM271 

2-, J . · 2 515113 
,,,c-.,_ -,~, 1-
e•DOlllll>t_.. , ' •//", ·•:• ·. / A •t781.S7 

, .. , ~~~;;~=.=_::;-_=-:::~.~:~:.2' 
c--:. ~======//=--· =~=: g;;;:;:~ 5-55 

·- I=:#;;;;:;;~, :.:~:~ 
1 .. , ·, •.359313 

,... ~~~ 35831 lJ 

: ~ _1,1,e;;;,' 

Figure 4. Pareto"Chart for Dimension #23. 

During this research. a large number of neural networks structures were trained based on the data presented in Table 
2. which shows selected data sets utilized to train and test the neural network. The network with the best 
generalization capability was selected and is shown in Figure 3. The resulting neural network has one hidden layer 
with five nodes. the input layer has four nodes. and there is just one node for the output layer. 

STATISTICA Software with toolbox neural networks was used to train and test the neural network. Figure 5 showi 
the comparisons between the ~arget value and the resulted and tested value for each level of the process parameter 
i.e .. holding pressure. This figure shows selected data sets. three different groups of targets ( in red ) and tested 
values (in blue). which are near the target for every data set. In addition. the explanation of the -250, 250, and 0 is 
the zero value corresponds to a value for holding pressure to produce a good part and -250 means a value that the 
operator has to decrease. The value of 250 means the value that the operator has to increase the holding pressure to 
produce a good part during on-line process. 

co~cu;s10~s A~D FUTCRE RESEARCH 
A methodology has been proposed and consisted of nvo phases. a design of experimcn!s for data collection and an 
artificial neural network training and testing phase using the data set from the experimental design. Preliminary 
results show that the proposed model proposes crisp values of holding pressure for the operator to change every time 
he or she observes changes in dimension with the purpose to produce a good part and diminish the variations. 

For further research. all the processing parameters affecting more than one dimension will be considered. The 
proposed neural network is designed to suggest a series of values for the process parameters every time there is a 
defect presented. It is suspected that the type of neural nenvork structure will be different, in the sense that it will be 
one that can be capable to generalize different clusters of data sets. 

T bl .., E a e - · xamo e o f S 1 e ecte dD ata Sets to T ram t h N e k eural Networ ·. 

\ Output \ Hold Pressure I I 

:'JI I N2 N3 Median .Arram!ement, ( 1P) 

Hieh I -250.00000 ·, 0 .001 0 i 0.0010 0.0015 0 .0010 

Hieh I 
-250.00000 i 0.0015 I 0.0015 : 0.0015 0 .0015 I 

Low 250.00000 I 0 .0025 I 0.0015 0.0015 I 0.0015 

Low 250.00000 l . 9 .0025 i 0.0025 0.0020 0.0025 

Medium 0.00000 I 0 .0010 i 0.0005 ! 0.0000 0.0005 

Medium 0.00000 I 0.0010 I 0.0000 I 0.0000 0 .0000 
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~I r~\ 1 

0 r i' ~-?--:?'?-e" I 
-50 r 

-100 r I/ I -150 ; 

-200 i c.._':: I 

-250 , =-=--: ~ 
-300 f -

-350 ------------------l 
Tested 

Target 

Figure 5. Some Tested Values Vs. Targets for Holding Pressure. 

REFERENCES 

I. Taguchi. G .. Elsayed. A. E .. and Hsiang. T. C. (1989). OualitY Engineering in Production Svstems. New 
York: McGraw-Hill Publisher. 

2. Wortberg. J. and Hanning. D. (l 991 ). "SPC and Process Control in · Injection Molding as an Example. 
Opportunities and Limitations." Kunststoffe Vol. 81, No. 10, pp. 965-971. 

3. Dillman. S. H. and Robar. H. ( 1996). "Optimization of the Injection Molding Process ." ANTEC, pp: 754-758. 
4. Blyskal. P. J. and Meheran. P. J. (I 994). "Applying Design of Experiments Analysis Techniques to the 

Injection Molding Process." ANTEC. pp. 729-732 . -
5. Min. B. - H. (1998 ). "A Study on Quality Monitoring oflnjection Molded Pans." ANTEC, pp. 665-669. 
6. Kameoka. S., Haramoto. K, and Sakai. T. ( 1993 ). "Development of an Expert System for Injection Molding 

Operations." Journal of Ad\'ances of Polvmer Technologv, Vol. 12. No. 4. pp. 403-418. 
7. Catie. I.. Slavica. M .. Sercer. M .. and Barie. G. (1996). "Expert System Aided Troubleshooting in Polymer 

Engineering." A:';TEC, pp. 83 7-841. . 
8. Petro\'a, T .. and Kazmer. D. ( 1998). "Development of Hybrid Neural Network for Quality Control of Injection · 

Molding.'' A~TEC. pp. 655-664. 
9. He. W .. Zhang. Y. F .. Lee. K.S.. Fuh. J.Y.H . and >iee. A.Y.C. ( 1998) . "Automated Process ·Parameter 

Resening for Injection Mould ing: a Fuzzy-Neuro Approach." Journal of Intelligent Manufacturing, Vol. 9, pp. 
17-27. 

10. Lau. H.C.W, Wong. T.T.. and Pun. K. F. ( 1999). "Neural-Fuzzy Modeling of Plastic Injection Molding 
Machine for Intelligent Control. " Journal of Expert Svstems with Applications. Vol. 17, pp. 33-43. 

11. Box, G. E .. Hunter. W. G .. and Hunter. J. S. ( 1978). Statistics for Experimenters: An Introduction to Design, 
Data Analvsis. and Model Buildimi. New York: John Wiley & Sons Publisher. · 

12. Tsoukalas, L. H. and Uhrig. R. E. ( 1997). Fuzzy and Neural Approaches in Engineering. New York: John 
\Viley & Sons Publ isher. 

758 



On the Use of SIN in EVOP Experiments 

G. Allen Pugh 

School of Engineering, Technology, & Co~puter Science 
Indiana University-Purdue University Fort Wayne 

2101 East Coliseum Boulevard 
Fort Wayne, IN 46~95-1499 

pugh@ipfw.edu 
219.481.6839 

Summary: Evolutionary Operation is an experimental design methodology for 
impro~ing mature processes. In this paper, it is used in conjunction with signal
to-noise ratio in order to cope with criteria for improving both the process mean 
and reducing variability. 

Track: Quality, Reliability and Maintainability 

Abstract: Evolutionary Operation (EVOP) is a well-established experimental 
design methodology pioneered by Box for improving mature processes. _ It has 
proven useful for several reasons, including relative simplicity and the ability to 
extract data from active production processes. However, in some mature process 
where EVOP would be appropriate it is often not clear how one is to cope with 
multiple response variables. Taguchi has proposed the signal-to-noise ratio (SIN) 
as a method for coping with multiple criteria - specifically improving the process 
mean and reducing variability. · 

Preliminary results are presented in two areas. The first is the proposed use of 
SIN as the response variable in EVOP experimental designs, thus combining the 
twin variables of process mean and variability into a single measure. The second 
is a brief comparison of analysis techniques based upon Bayesian information with 

.. traditional parametric analysis. In both these areas, the primary criteria for 
comparison are ease-of-use and robustness. 
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The Proposed Procedure 

The accepted EVOP procedure is to design the experiment, collect data and . 
perform a traditional parametric analysis on the results at each step. The 
procedure proposed herein substitutes a 2-step analysis for the parametric analysis. 
The two steps are to calculate the signal-to-noise ratio (s/n) and subsequently any 
resulting change in confidence. 

t = -10.*logl0 ( (1./(nl *nl )+ 1./(n2*n2 )+ 1./(n3*n3)) /3. ); 

Consider a Baysian information approach to testing hypotheses. Let: 
Ho: current (base) setup produces the best result 
HA: alternate setup produces the best res~lt (the mean is greater) 

Each hypothesis is associated with a belief in its truth, and this belief is either 
reinforced or reduced as evidence is accumulated, in accordnace with Bayes 
formula: 

. bel" f prior belief in null hypothesis * probability of event given null hypothesis 
postenor 1e = ~ · 

L.J prior belief in hypothesis * probability of event given hypothesis 
all hypotheses 

Applying this to the problem described above yields: 

B = B P( xiµ = µ0 ) 

LB P(xlµ = µj) 
all i 

In this particular application~ the data are known to be Gaussi-a~, so the probability . 
of a particular value x occuring may be estimated using the normal probability 
density function. Note, however, the alternate hypothesis is comprised of all the 
distributions with the mean greater than the null mean, so one must resort· the the 
cumulative normal distribution to determine the appropriate probability. 

This information was imbedded into a simulation, which yield the results shown 
below. 

An Example 

. Box and Draper describe a useful example in the second appendix of their text. A 
process is run while varying 2 parameters as illustrated in the diagram below. 
Point O represents the current production setting. 
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no. parameter 2 ~ 

parameter I 

In the experiment, a majority of participants correctly selected the setting (2) 
which yields the best response by the end of 4 cycles. 

In this case, the sin may be calculated using: 

where i = 1, ... 3 

0.6 

bel ief 

0.4 

0.2 

0 
0 10 

1 
s/ n= -l0logL-.., 

'Vi Y7 

-- ~-:(till~ ➔ 

-- ,~·1111 1:,: ~ 

--~~·ttin~ : 

20 30 
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Some immediate observations might be drawn from this graph. The belief 
· (confidence) in the ~ull hypothesis for data drawn from setting 4 rapidly 

approches zero, as one would expect given the mean is substantially greater. 
Likewise for setting 2, albeit at a somewhat slower rate. The belief in the null 
hypothesis compared to setting 3 quickly soars to nearly unity and remains there. 
That is, there is great confidence that this setting represents no significant 
improvement. Finally, the belief in setting 1 remains unsettled - the difference in 
the means between the null and the alternate is small. 
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ABSTRACT 
This paper examines various issues concerning dimensional stability during the manufacture of RapidSteel 2.0 parts. 
A series of experiments were designed and conducted to study those issues. The principal objective here is to 
identify significant factors that effect the stability along longitudinal, latitudinal. & dia{!onal dimensions of a 
specially designed benchmark part. The RapidSteel 2.0 benchmark part is manufactured through the stages of 
Selective Laser Sintering (SLS), first furnace cycle, and second furnace cycle. Based on experience from past 
studies. a factorial experiment was selected to study potential factors and their interactions. The potential factors 
considered in this study for the two furnace cycles were furnace pre.ssure, ramp rate and amount of infiltrant. 
Dimensional deviations were examined on 24 parts. Two levels were considered for furnace pressure and ramp rates 
while three levels were considered for the amount of infiltrant. Analysis of variance (ANOV AYprocedures were 
used to identify significant factors and their interactions effecting the dimensional variation during the first furnace 
cycle and the second furnace cycle. Tukey's test was used to compare data of similar sizes to investigate the effect 
on dimensional accuracy along three different axes. This study is meant to provide a reference for further accuracy
related studies. It can serve to compare dimensional accuracy of parts made with other rapid prototyping materials 
such as TiB~/Cu, and ZrB:./ Cu. It was demonstrated that this approach is valuable to test similar effects on other new 
materials developed for the rapid manufacturing process . 

INTRODUCTIO~ 
This research employs a design of experiment (DOE) approach to study dimensional stability of RapidSteef 2.0. Its 
purpose is to identify factors that affect the stability along longitudinal. latitudinal. & diagonal dimensions of a 
benchmark part through the stages of SLS. debinding & sintering. and infiltration. It examined the study conducted 
by Muni Malhotra [I] and analyzed the experimental data using appropriate statistical technique. 

RapidSteel is a proprietary metal powder developed by the DTM Corp. It is a dry blend of 316 stainless steel powder 
impact milled with thermoplastic and thennoset binders . It is being used extensively in the metal tooling industry. It 
is highly recommended for fabricating prototype cavity and core inserts. like mold inseFtS for injection molding 
prototype plastic parts. tooling for bridge. pre-production plastic injection molding and diecasting-prototypes for 
non-ferrous metal parts. RapidSteel 2.0 is structurally more stable than the earlier version (RapidSteel 1.0) and is 
highly recommended in the metal tooling industry. RapidSteel 2.0 can be used to produce complex mold _inserts for 
injection molding plastic parts using the SLS process. The SLS process is capable of quickly producing tooling (or 
complex metal parts ). by laser sintering the RapidSteel 2.0 powder mixed with a binder, then sintered and infiltrated 
with bronze. The end result is a fully dense steel/bronze tool. Selective laser sintering is a thermal process that uses a 
laser to sinter (fuse) layers of powdered thermoplastic materials. layer by layer. together to form solid three
dimensional objects. The _SLS technology is known for its ability to process a variety of prototyping materials 
including thermoplastics, investment casting wax, and powdered metal for the production of prototype injection 
molds. This method of rapid tooling offers superior strength and hardness when compared to aluminum tools. 
Although good accuracy can be obtained by the SLS process. the parts often require a finishing process such as 
milling. turning or surface grinding to meet the industry standards. Also the parts manufactured by this process 
exhibit dimensional variations between the actual scaled pan (CAD model) and the final part. 

PROBLE:\1 ST A TE1\1ENT AND OBJECTIVE 
In the production of metal tooling and mold inserts using RapidSteel 2.0, the need to rapidly manufacture parts with 
minimal dimensional distonion is imponant. In this study. the various factors affecting the manufacture of 
RapidSteel are studied. The main focus is tracking the dimensions of the rapidly manufactured parts through all 
stages of production and determining optimal furnace settings to manufacture high quality parts . 

DESIGN OF EXPERIMENT. 
Design of experiments (DOE) is the process of planning experiments so that appropriate data can be collected, 
suitable for further statistical analysis resulting in valid and objective conclusions [2]. Design of experiment (DOE) 

762 



techniques can be effectively employed in this study to analyze the influence of various factors on dimensional 
stability of rapidly manufactured RapidSteel 2.0, thereby determining the optimum furnace parameters. 

Process, Variables and Responses 
Basically, three stages are involved in the manufacture ofRapidSteel 2.0., namely Selective Laser Sintering (SLS), 
first furnace cycle (Fl), and second furnace cycle (F2). The SLS stage involves sintering 31 ~ stainless steel powder 
with polymer binders in a Selective Laser Sintering (SLS) machi~~- The parts produced by the SLS stage are called 
.. green parts". The next step is to process the green parts in a furnace. The furnace process is split into two cycles, 
first being debinding and sintering, wherein the binder is vaporized from the .. green" part and the part is heated 
further to enable sintering amongst the steel powder. In the second furnace cycle. the porous steel part is infiltrated 
with a bronze alloy to form a RapidSteel matrix filled with copper. The bronze melts and infiltrates the part throu~h 
capillary action, resulting in a fully dense part. Based on the number of factors and their chosen levels and also fr~rn 
past studies [3,4) a three factor-factorial experimental design was employed in this research. Two factors were 
considered for first furnace cycle and three factors for the second furnace cycle. The key process parameters or 
variables considered in this study were furnace pressure, ramp rate and amount of infiltrant. Ramp rate is the rate at 
which the temperature of the furnace is increased or decreased. The percentage infiltrant corresponds to the 
percentage of the theoretical estimation of the amount of infiltrant necessary to completely fill all the porosity in the 
sintered steel part before infiltration. Process variables such as laser power, powder layer thickness, part bed 
temperature are kept constant for all the parts during the experiment. Since the objective of this research was to 
study the dimensional stability of RapidSteel 2.0, the response variable chosen. is the different dimensions (x, y, z 
and L) measured along the different axes of the rapidly manufactured parts. The chosen factors and their 
corresponding levels for the two furnace cycles are shown in Table I given below. 

Table I . Factors and associated levels for first and second furnace cYcles 
Factors 

F umace pressure 
Ramp Rate 

Infiltrant percent 

Experimental Design 

Levels I First Furnace Cycle i Second Furnace Cycle 

IO torr. 800 torr I 
2°Cimin, 4°Cmin 

80%. 95%. and 110% 

X 

X 

X 

X 

X 

In this research. the practical aspect. of employing the full factorial experimental design in tracking the dimensional 
variation through different furnace cycles is examined. To study the dimensional stability of RapidSteel 2.0, a 
benchmark pan was designed and manufactured. Test parts used by studies (5-8] that have compared linear and 
geometric accuracy of the more popular Rapid Prototyping techniques were examined. Keeping in mind the 
objec.tive of this study. a benchmark part (see Figure l) was designed. The salient features of the benchmark part 
include: step-up dimensions m all three axes. inside and outside dimensions. and diagonal dimensions. A base was 
also included in the benchmark part to provide easy handling and also to serve as a reference plane for dimensional 
measurements of the part. 

Figure 1 - Benchmark part dimensions 
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The statistic~l model employed in the experiments for the first and second furnace cycle are given below as eq. l and 
eq.2 respectively, . 

Y;p, = µ + '; + P1 + (,P)ij + Eijlc. (Eq.l) 

Yijkl = µ + '; + P1 + rk + (,/3)ij + (rr)ik + (/3r) 11c. + (,Pr)ijlc + cijkl (Eq.2) 

where, 
µ - is the overall mean 
t i - is the effect of pressure. i = 1.2 
P; - is the effect of ramp rate, j = 1.2 
'Yk - is the effect of amount of infiltrant. k = 1,2,3 

An experimental design matrix using coded factor levels is exhibited in Table 2. The table shows pressure at 2 
levels. -1=10 torr and 1=800 torr. ramp rate at 2 levels, -1=2°C/min. and 1=4°Ctmin., and infiltrant percentaize at 3 
levels, -1 =80%, 0=95% and l = 110%. -

Table 1. Desiizn matrix for the first d d fu an seeon mace eve e usmg coded levels 
RunOrde~ Pressure Ramp Rate RunOrder Pressure Ramp RaJe lnfiltrant % 

1 1 -1 1 0 

-1 -1 2 -1 -1 -1 

-1 3 -1 -1 0 

4 -1 4 -1 1 1 

5 1· 1 5 -1 -1 0 

6 1 -1 6 I I 1 

-1 -1 7 1 -1 1 

-I 8 -1 -1 1 

9 -1 9 1 -1 0 

10 - 1 10 l 1 0 

! l -1 11 1 -1 -1 

12 l 12 -1 -1 ! 

13 - 1 -1 13 -1 1 0 

14 14 -1 I 1 

15 15 -1 -1 -1 

16 16 l I -1 

17 17 I -1 1 

18 -1 -1 18 -1 I -1 

19 -1 19 I -1 0 

20 -1 20 l I 0 

21 -1 21 - 1 I -1 

22 -1 
.,., I 1 -1 --

23 -1 23 l I · 1 

24 - l -! 24 I -1 -1 

A total of 24 pans were manufactured. Twenty-eight dimensions were recorded for each pan and deviations in 
various dimensions due to the furnace cycles were referenced from the actual pan dimensions after the SLS process. 
The benchmark pan provides for measuring different dimensional features in all three directions (x, y & z). The 
outside dimensions (3 on each face of the part) x 1 ••.. , x3• y 1 •••• , y3• z, ..... z3 (see figure l ), and the diagonal 
dimension, L (measured at the tips of the pillars) are measured at all three stages: green pan, brown part and final 

infiltrated pan, using digital calipers. 

RESULTS A1"D A1"ALYSES 
From the experiments. a considerable amount of data (dimensions) was collected for analyses through the two 
furnace cycles. An analysis of \'ariance procedure (A);OVA) was performed to examine the dimensional variation 
during the first furnace cycle and the second furnace cycle respectively. The significant factors and their interactions 
\Vere identified. Tukey·s test was perfonned to compare data of similar sizes to investigate the effect on dimensional 

accuracy along three different axes. 

First Furnace Cvcle 
In the first furnace cycle, only two factors, furnace pressure and ramp rate were considered. ANOVA was performed 
to identify the presence of significant factors or their interactions, if any. The ANOV A results for the first furnace 
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cycle (Fl) are shown in Table 2. It can be observed that pressure and the pressure-ramp rate interaction are 

significant factors since their p-values are both less than 0.05. The .. pressure" factor was found to be consistent for 

all other dimensions during the first furnace cycle (see Table 5). 

Source 
pressure 
ramprate 
pressure *ramprate 
Error 
Total 

Table 2. Analysis of Variance for X3 between SLS and first furnace cvcle (Fl) 
DF Seq SS Adj SS Adj MS 

0.0007323 0.0007323 0.0007323 

0.0000049 0.0000049 0.0000049 

0.0000148 0.0000148 0.0000148 

44 0.0000583 0.0000583 0.0000013 

47 0.00◊8103 

F p 

55:?.20 0.000 
3.67 0.062 
11.18 0.002 

To illustrate this. the main effects plot for the x3 dimension during the first furnace cycles is shown in Figure 2. 
Since there is no "infiltrant" factor in the first furnace cycle, only two factors are considered. The dimensional 
deviatio11 during the first furnace cycle is lower at the higher-pressure runs. 

Pit 

0.013 OD13 
OD12 
OD11 
OD10 

,-------------- , m 

~ 0.011 
C: 
0 

~ O.OCE 
Q.) 

0.007 

0.005 ..__ ________ ..__~--------.--' 

pressure ramprate 

i ODOQ 
~ ODDS 

OD07 
·oD06 

OD05 

OD04 

---- --

ramprete 

Figure 2 - Mai.n effects and interaction plots fqr X3 dimensions between SLS and Fl 

, !00 

- - _ . . • 

It is believed that the high pressure acted to reduce the rate of binder removal from the part and this improved the 
dimensional stability. Rapid binder removal produces high internal pressure from trapped vapor and causes pans to 
swell or crack. The results also indicated a smaller variance at the 1°Clmin. ramp rate during the first furnace cycle. 
Overall. the ideal furnace sening for the first furnace cycle was found to be pressure at higher level and ramp rate at 
lower --level. A comprehensive table listing the significant factors for other dimensions considered in this study is 
given in Table 5. 

Second Furnace Cvcle 
In the second furnace cycle. bronze is infiltrated into the steel matrix and hence all three factors. furnace pressure, 
ramp rate and infiltrant percentage was considered. ANOY A was performed to identify significant factors or 
interactions. From Table 4. it can be observed that ramp rate, infiltrant percentage. pressure & ramp rate interaction 

· · and all three interactions were found to be the significant. 

Table 4. Anal vs is of Variance for X, between first (Fl) and second furnace cvcle (F2) 
Source DF Seq SS Ad_i SS Adj MS F p 

pressure 0.0000003 0.0000003 0.0000003 0.18 0.674 

ramprate 1 0.0000197 0.0000 197 0.0000197 . 2.08 0.001 

infiltra 2 0.0001140 0.0001140 0.0000570 35.00 0.000 

pressure• rampra te 0.0000106 0.0000106 0.0000106 6.52 . 0.015 

pressure*infiltra 1 0.0000073 0.0000073 0.0000036 2.23 0.122 

ramprate*infiltra ~ 0.0000105 0.0000105 0.0000052 3.21 0.052 

pressure*ramprate• 
infiltra ., 

0.0000,1_37 0.0000137 0.0000068 4.19 0.023 

Error 36 0.0000586 0.0000586 0.0000016 
Total 47 0.0002346 
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Figure 4 - Interaction plot for dimension between F 1 and F2 

From the main effects plot for x3 during the second furnace cycle as shown in Figure 3. it can be inferred that 
"pressure" is not significant. while "ramp rate" and "infi ltrant percentage'' are significact. But overall (all 
dimensions). pressure and infi ltrant percentage were found to be the most significant factors during the second 
furnace cycle ( see Table 5). With increasing amount of infiltrant percent. the pan dimensions increase in all three 
directions . In the case of x3, the dimension increased by rougnly 0.0016", 0.0046" and 0.0056" for 80, 95 and 110 
infiltrant percent respecti\'ely ( see figure 3 ). The optimal second furnace setting recommended for minimal 
dimensional deviation is pressure at higher le\'el and infi ltrant percentage at lower level. A comprehensive table 
listing the significant factors for other dimensions considered in this study is given in Table 5. . 

Multi-direction Dimensional Comparison 
Tlikey 's test was conducted to compare the treatment means for each of the dimensions along three different axes 
for both furnace cycles. From the test results. tabulated in Table 6. it was found that 2 3 was significantly different 
from other dimensions in both furnace cycles. The difference in z direction could be attributed to the nature of the 
manufacturing process. It could be due to the incremental deposition of layer as the pan is built along the z
direction. 

SlJ:\ll\lARY A~D CONCLUSIO~ 
In th is sn.idy. a design of experiment approach (DOE) was employed to studying the· dimensional stability of 
Rap1dSteel 2.0 pans produced by a rapid manufacturing process. Significant factors affecting the dimensional 
stability were identified and optimal furnace settings were determined for minimum dimensional variation. Twenty
four benchmark parts were manufactured with different dimensions measured on each part. From the analyses, it can 
be inferred that the higher-pressure level was found to cause least dimensional deviations along three different axes 
during both furnace cycles. Ramp rate and amount of infiltrant were found to be significant along some dimensions 
of ·the benchmark pan. Experience and results obtained from this study will assist the experimental design and 
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analysis work involving other material processes. It is believed that this research project could become a valuable 
resource for future academic and industrial endeavors. 

Table 5. Comprehensive table listing dimensions and Significant factors during the first and second furnace cycles 

Dimensions 

Significant factors 

First furnace cycle 

A.A•B 
A. B.A•B 
A.A•B 
A,B 
A 

A,A•B 
A,A•B 
A,A•B 
A,A•B 
A,B 

Second furnace cycle 

A.B.A*B,A•B•C 
A.B,C 
B. C. A*B. A*B*C 
A 

A.B.C 
A.B.C.A*C 
A*B 
A.C.A*C 
A,C,A*C.A*B*C 
B.C 

Here, A- Pressure, B- Ramp Rate. C- lnfiltrant Percentage 

Table 6. Comparison of treatment means of dimensions (three axes) during first and second furnace cycle 

Dimensions 

X,. Y,.Z , 

X 2, Y 2• Z1 

X;. Y3.Z3 

Dimensions 

X1.Y 1.Z 1 

X 2• Y2• Z1 

X3.Y3.Z3 

Inference (first furnace cycle) 

No Significant difference among them 

Z2 is significantly different from others 

Z3 is significantly different from others 

Inference (second furnace cycle) 

X I is significantly different from others 

No Significant d_ifference among them 

Z1 is significantly different from others 
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ABSTRACT 
Thi~ research a_ddresses the development of a simulation model of the assembly sequence for the Iaternational Space 
Station. There 1s a high dependency between individual flights within the assembly sequence. The simulation was 
developed based on a netw~rk perspective. and emphasizes the logistical aspects of the workflow, primarily at 
Kennedy S~ace ~e~ter. MaJor orbital replacement units for Flights 2-A through 7 A. I, were investigated as a basis 
for developing this integrated network model. The research is linked to such events as KSC processing, Shuttle 
launch wmdows. and ground development activities. . · ' 

INTRODUCTIO:!'. 
The International Space St~tion (ISS) is a cooperative development effort involving most of the world's spacefaring 
nations. The ISS is currently being designed and manufactured by a diverse group of organizations. and will be 
launched in a defined series of launch packages. from both the Kennedy Space Center and the Baikonur 
Cosmodrome, for subsequent assembly in space [ 1]. The ISS project encompasses three distinct phases .[2]. Phase I 
provided flight experience through a coordinated series of joint Shunle-Mir missions intended to reduce ISS 
assembly and operations risks. Phase will construct a core space station in orbit. The core station will be 
incrementally expanded in Phase 3. as ISS assembly continues. Upon completion. the ISS will be the most 
expensi\'e international space project. with present estimates of more than S 100 billion for launch. c.onstruction, and 
operation O\·er a ten year period [2]. It will be the largest man-made structure in orbit. with a span of l 09 meters, 
and an estimated weight of 423.000 kg. 

Proiect Risk Analvsis 
The traditional approach to project risk analysis in space system applications encompasses a \"ariety of algorithmic 
techniques. For example. we ighted Bayesian probabilit ies may be used in data assessment .for the estimation of 
accident probabil ities. wh iie ~onte Carlo simulation techniques may be applied to generate realistic accident 
profi les [3). 

However. many problems are so complex that they cannot be solved by such analytical models [4]. Long-duration 
spacecraft operations pro\'ide one such example. Successful completion of such operations is predicated on a · 
sequence of uninterrupted events. ISS on-orbit assembly will be a complicated process of long duration, lasting five 
to six years. The necessary interstage operational and logistical planning to insure this successful completion. is 
both uncenain and equally complex. Co~tingent failure scenarios and responses may have far reaching impacts. A 
proactive risk management approach is required. 

Computer Simulation 
The utilization of computer-based simulation is a long-accepted means of modeling such complex systems and 
activities [5] . A simulation model is large ly mathematica l in nature. Rather than directly describing ~he overall 
behavior of the svstem under investi2at1on. the simulation model anempts to "duplicate" this behavior by studying 
the interrelations· among its compon;nts. The system is divided into elements whose behavior can be predicted in 
terms of probability distributions, for each of the various possible states of the system and its inputs [ 4]. Model 
output then is normally presented in terms of selected statistical measures that reflect the performance of the system. 

Simulation has manv ad\·antaees . It is an a1rnreeate of many si~ple relationships, and allows for the inclusion of 
"real life" complexiiies ( e.g. e-quipment fail;res: temporal relationships). Sin:iulation depicts the ac~al _co~petition 
for limited resources ( e.g. launch capacity) that other methods cannot. Ea_r~y ma spacecraft pr~gram s hfe,_ tt can be 
used as a capacity analysis too l in order to determine the types and quantities of labor and equipment required to 
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achieve a flight schedule. Simulation models can be used to evaluate recovery plans in the event that a flight falls 
behind schedule. They may provide a complete view of the total launch and assembly flow, and thus eliminate the 
"ripple effects" on subsequent launches, as well as time-sensitive hardware ( e.g. impact of limited "shelf-life"). 
Perhaps the most important advantage of simulation is that it provides the opportunity for what-if analysis. It can 
project the resources required under a variety of conditions. The various decision alternatives can then be evaluated 
economically without disrupting existing operations, or incurring unnecessary costs. 

The Application of Simulation in Aerospace 
Review of the literature indicated that simulation is currently being applied in a wide variety of decision-makii:ig 
functions. e.g. project planning, production scheduling and control. computer integrated manufacturing design, 
material handling equipment evaluation. risk analysis, logistics analysis, inventory policy setting. reliability, 
assessment. and quality control [ 6]. Since simulation predicts the behavior of complex systems. organizations are 
turning increasingly to it as a vehicle for dynamic analysis prior to any implementation. 

Review of the literature has also noted the successful application of simulation modeling in a wide variety of 
aerospace problem domains (7). At Boeing, simulation has been used for spare parts control and inventory planning 
for the company's commercial aircraft division [8). Boeing has also used simulation to better understand the 
complex interactions within the aircraft assembly process [9]. A similar application of simulation was cot:tducted at 
the then McDonnell Douglas Aerospace Company [ l OJ. 

Considerable simulation analyses were conducted during the 1980s with regard to operational planning for the 
Space Shuttle [ e.g. 11]. At that point in time. NASA had encountered many delays due to budget cuts and 
redirection in design configuration. Effective project scheduling became even more critical regarding resources 
allocation. A simulation model was developed to address overall ground processing operations that shared common 
resources [ 11 ]. This analysis was used to evaluate alternative strategies for scheduling space shuttle flights. and 
demonstrated that earlier estimates of shuttle processing rates were overly optimistic. Rockwell International. in 
association with the University of Central Florida. developed a system ref err.ed to as the Space Transportation 
Activities and Resource Simula_tion (STARSIM). also for simul~ting space shuttle ground processing operations. It's 
primary objective was to determine facilities requirements to support proposed flight schedule alternatives [12]. 
Heilman et al. [13] also used simulation to model a Cargo Transfer and Return Vehicle (CTRY)and Personnel 
Launch System (PLS) for the International Space Station program. Although these previously-cited simulation 
models considered.multiple shuttles in the processing queue. they did not consider the interdependability of the 
flights. The models thus provide the basis for this research project. 

DEVELOPMENT APPROACH 
The continued operation of any spacecraft is dependent on the availability of various critical functions. Between 
stages, some of these critical functions may fail. This failure may be represented as a stochastic model. Subsequent 
interstage replacement/repair of ISS elements is dependent on a variety of issues ( e.g. spare/crew availability, 
shuttle readiness). A miscue on any of these issues will have a cascading effect due to ISS stage interdependence. 

· · A preliminary simulation study. previously conducted by the University of Alabama. focused on orbital replaceable 
unit (ORU) reliability. The ·preliminary study provided proof-of-concept regarding the application of simulation 
modeling to on-orbit activities. The research identified in this paper provides a more comprehensive model by 
addressing such events as KSC processing. Shunle launch w:ndows. and ground development activities. For each 
ORU, the model may be used to predict spares demand over time. By comparing this prediction with spares 
procurement and inventory plans. a risk quantification may be established. This will determine if more spares or 
faster ~epair cycles are needed. or if on-board spares should be considered. Similarly, for each subsystem, the 
simulation model may be used to determine the ri~k of function non-availability over time with the current spares 
plan. F~r each assembly stage. the expected demand on Shuttle resources to carry out maintenance work prior to 
the stan of the next stage may be identified. given that all subsystems are functioning nominally at the start of the 
stage. Finally, aggregating over all subsystems and ISS stages, the simulation may be used to quantify the expected 
demand over time for Shuttle resources to conduct ip_terstage qynamics. · 
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MODEL DEVELOPMENT 
Ac~epte~ simulatio~ de_velopment methodology identifies four primary phases: data acquisition, model building, 
venficat1on and vahdat1on and experimentatio d 1 · D · h · · · · . . •. . n an ana ys1s. unng t e data acqu1s1t1on and representation phase. 
the _simulation model n_otation was established. This included the definition of notation for all variables. random 
vanables. and stochast1c processes. Data required to represent or describe the distributions of random variables was 
be _col~ected. Pre-existing ISS model~ ( e.g. ~eliability, safety) were reviewed for assimilation. An important 
obJecttve of the research was to provide an integrated model on a consistent hardwareisoftware platform. 

The_ ~light 2A model ~·as cons~dered_to be the pathfinder for this project. Subsequent launch models were 
e_nv1s1oned to be variations o~ Its bas1~ flow. Launch-specific data was obtained through review of the open 
htera~re, NASA documentation, and interviews with NASA personnel. Central to this initial phase was the 
establishment of a plan that would provide a template for the later models: 

I) Simulate the static logistics flow for each launch (2A-7 A). 
a) Identify launch resources, precedence of operations and their durations. 
b) Develop a simulation specification with accompanying flowchart. . , 
c) Translate the data from steps la and 1 b into AweSim simulation code· ( e.g .. entities. attributes). 
d) Program model interactions. 

· e) Identify and incorporate any projected statistical variability. 
f) Verify and validate the individual launch simulation. 

2) Progressively link the individual launch models into an inteQrated network. 
3) Verify and validate the integrated model. -

Flight 3A follows the delivery and integration of the Russian Service Module during Flight IR. as well as the 
American resupply fl ight to the ISS (as pan offlight2A.2). The puf1)ose of Flight 3A is to deliver to orbit, and 
assemble to Node 1. the Zl Integrated Truss Segment and Pressurized Mating Adapter 3 (PMA-<3). It also conveys 
the Ku-band Communications System. and the Control Moment Gyros (CMGs). Sim1lar1t·, Flight 4A will deliver 
the P6 Truss for assembly to the existing ISS structure. Additional ISS components delivered by Flight 4A will 
include the Photovoltaic tvlodule and radiators. AweSim simulation models for Flii!hts 3A .and.4A were then 
constructed in accordance with the general template established for Flight 2A. - · 

The model formulation and construction phase included the establishment of the static ~scription of the system 
( e.g. number of servers. maximum capaciry of system), as well as the dynamic description of system ( e.g. 
combining the variable definit ions and the static descriptions to produce mathematical logical relations). Model 
coding uti iized the AweSim simulation softwa:-e tool. dis:ussed later in this report. Data was gathered from NASA 
web-sites and Agency hardcopy documentation regarding these flights . The data was then used to code AweSim 
simulation models consistent with those of earlier launches. Initial data gathering and model development was also 
conducted for Flights 7 A l carrying the Joint Airlock) and 7 A. l. Currently 7 A. I is planne·d to be a logistics support 
flight. 

Verification is the process of ensuring that the model performs as the analyst expects. It involved correcting any 
programming errors as well as examining the output to determine if it is performing as designed. Accepted 
verification techniques were applied, as discussed by Sargent [ 14 ]. including the use of on-line debugging tools, 
observation of the movement of entities throueh the model. visual examination of the code. and the monitoring of 
kev statistics and variables. Validation substa;tiates that the models reflect the acrual behavior of the system being 
in~estiQated. The conventional method. i.e. to validate bv observation. is precluded by the fact rhat the ISS is still in 
the pla~ning stage. Sargent [ 14) identified that the valid~tion of a model can be accomplished b~ comparing its 

. output to the outputs of previously validated models. A "roliing validation" , i.e. comparing the simulated out-put 
with actual durations as thev become available. was proposed as a validation strategy. Output of the 2A model 
would be compared to the documented history of actual 2A operations. This comparison_ would provide insight into 
any model modifications required to bener reflect reality. A block update would be apphed to all models created by 
that point in time. 

Simulations are statistical experiments. Unlike many algorithmic models. a si~ulation does _not provide an o~timum. 
The results of a simulation are observations subject to experimental error. This means that inferences regarding the 
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performance of the simulated system must be based on the statistical analysis of multiple executions [4) . A proiect 
phase devoted to detailed experimentation and analysis of results was planned. Implementation of the simulati.on 
model at JSC, as well as the development of user documentation. were also b~ accomplished during the final phase 

of the research. 

Facilities and Equipment . 
The AweSim simulation software package, developed by Pritsker .Corporation, was recommended for this research 
project. Due to the complexity of the problem domain, a general purpose software is considered to be appropriate. 
AweSim includes the Visual SLAM simulation language, which is capable of building network. discrete event. and 
continuous models. A second requirement of the software is to integrate pre-existing models. AweSim provides the 
capability of linking Visual Basic, C, or Visual c~ programs using object-oriented technology. AweSim is 
available for a Windows 95-based microcomputer platform, consistent with existing NASA JSC hardware and 
software assets [ 15). 

SYSTEM DEVELOPMENT 
The overall purpose of this research is to investigate the dependency between individual flights within the assembly 
sequence. and their impact on the logistical aspects of the workflow. Initially 2, a prototype Visual Basic (YB) 
framework was developed in order to integrate the three ISS flight simulations developed at that point. This VB 
interface. now referred to as the Orbiter Launch Activity Scheduler System. was extended and refined. ·It now 
integrates all of the U.S. launches supporting ISS ass·embly, through Flight 7 A. I. 

Entry to the system is via the system banner screen and subsequent main menu. The user interacts with the system 
primarily via a mouse-driven, graphical user interface . Explanatory messages are available for specific facts. or to 
heip navigate the system. This is intended to provide further clarification to the user. Error boxes may be 
automatically invoked upon a false action by the user. In this way. the system efficiently guides the user through the 
consultation process. Upon selection of the appropriate option. a pop-up screen will be displayed. providing 
guidance to the user on the identification and usage of the correct files for subsequent processing. 

VERIFICATIO~ AND VALIDATION 
Conventional software verification techniques were used to evaluate the integrity of the system, utilizing a library of 
pre-determined tests. Each of the subordinate programs was verified indiYidually . On-line debugging tools, resident 
in both Visual Basic and AweSim. were also used during this phase. Modules were ernluated individually by 
similarly running a series of tests. The complete system was then verified to insure that the integrated modules 
behaved as expected. 

Validation substantiated that the models reflected the behavior of the actual ground processing activities. The 
conventional procedure is to validate by direct obser..-ation. This was precluded by the fact that many of the ground 
processing tasks , particularly for the later flights, have not been initiated yet. Flight 2A was launched on December 
3, 1998. An initial validation of the integrated models was conducted by comparing the system output with the 
actual 2A durations. as well as the current schedule for future launches. (These were obtained from the ISS 
Integrated Program Schedule, provided by Boeing. and dated December 28, 1999.) The simulation output compared 
favorably to the actual 2A schedule. as well as the operations already conducted for planned future launches. 

Following validation. the integrated simulation's output was examined in detail. A series of sensitivity and statistical 
analyses were conducted. Statistics, for equipment utilization and transaction time in the system. were closely 
examined. The simulation output compares favorably to the actual 2A schedule as well a~ the planned future 
lauQches. It is noted that there is a slight but increasing slippage in the later flights . Although the resource utilization 
levels for the ground processing equipment are. low. the timing of their availability is the critical issue. Also, the 
contention for ground processing resources. by the other logistical suppon flights ( e.g. 2A. l, 2A.2 ), has not been 
included in this analysis. A subsequent series of what-if analyses were initiated. 

The system was then implemented at Johnson Space Center. This field validation y;as accomplished by reviewing 
the cpmpleted system, and its associated documentation with NASA personnel. Actual data were applied to the 
system. Based on subsequent user recommendation and feedback. some programming was reformulated and 
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res~ctured. The sys~em was fully implemented at JSC, in accordance with the original phased schedule. and 
continues to be used m suppon of the lntemauonal Space Station project. 

CONCLUSIONS 
P~oject risk analy~is is an iterative process for identifying. quantifying. and managing the uncertainties associated 
with complex_ des1~, development, and operational programs such as the ISS. Options are then developed in order 
to reduce proJect nsk to levels ~eemed acceptable by the organization. A number of algorithmic techniques have 
been developed to support the nsk analysis process. 

Computer simulatio~ provides a viable alternative to these conventional algorithmic approaches. Simulation has 
many advantages. It 1s an aggregate of many simple relationships. and allows for the inclusion of "real life" 
complexities (e.g. equipment failures. temporal relationships). Simulation depicts the actual competition for limited 
resources ( e.g. Space Shunle launch capacity) that other methods cannot. Perhaps the most important advantage of 
simulation is that it provides the opportunity for what-if analysis. It can project the resources required under a 
variety of conditions. The various decision alternatives can then be-evaluated economically without disrupting 
existing operations, or incurring unnecessary costs. 

Ke\' Benefits of This Project 
The continued operation of any spacecraft is dependent on the availability of various critical functions. During the 
course of spacecraft ground processing and/or on-orbit activities. some of these critical functions may fail. This 
failure may be represented as a stochastic simulation model. Subsequent replacement/repair is dependent on a 
variety of issues (e.g. sparetcrew availability. launch readiness). A miscue on any of these issues will have a 
cascading effect due to the interdependence of spacecraft missions and resources. 

The simulation addresses a number of imponant ISS program objectives. Early in the program's life. it cari .be used 
as a capacity analysis tool in order to detennine the types and quantities of labor and equipment required to achieve 
the flight schedule. Simulation models can be used to evaluate recovery plans in the event that a flight falls behind 
schedule. They may provide a complete view of the total launch and assembly flow. and thus evaluate the "ripple 
effects" on subsequent launches, as well as time-sensitive hardware (e.g .. impact of limited shelf-life). 

The simulation can provide measures of effecti,·eness that ,vould precisely locate where problems in the process 
might occur (i .e. bonlenecks). This identifies high-leverage areas where resources could be applied in order to. 
impro,·e the overall efficiency and throughput of the launch and assembly process. Simul.ation also provides the 
capability for "what-if' analysis. by projecting the effects of chJnges in selected variables on the overall work flow. 
This aspect is vital in the suppon of repiannin~ act ivities . · 
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ABSTRACT 
The objective of this paper is to simulate three heuristic methods and verifving the ~esults of minimizing the 
pro?uction time or cycle time by determining the best sequence. The three ~ethods are: Campbell. Dudek and 
~mtth. CDS; Palm~r: and Kattan Method. Applying these three methods to practical scheduling problem with ten 
Jobs and five machmes. and get several alternatives of sequence. then use it as an input to the simulation program. 
corr~pare and ~na~yze t_he results. The ~esults from simulation present more detail such as the number of parts at each 
station. machme idle times. and work-m-process. Analyzing is expanding the output of.the simulation to include the 
comparison of those alternatives for different performance criteria. - ' 

INTRODUCTION 
There are many schedulin_g algorithms such as integer and dynamic programming. neural networks, graph theory, 
and many heuristic approaches. Regardless of which methods are used. the main objective is to determine the 
sequence that minimizes the cycle time. Determining the best sequence seems easy; just enumerate all sequences 
and pick the one that optimizes given the measure of performance. The job shops are difficult to schedule. There 
are (n!)m possible schedules for n-job. m-machine job shop without any technological restriction. Even for very 
smal l values of n and m. this number is immense, which is impossible to solve in a reasonable amount of time. 
Another approach is to use heuristic algorithms. which give usually good. but not necessarily optimal. solutions[ l ]. 
This paper 1s divided into two main parts. First is scheduling usmg three heuristic method_s, and second is 
simulating the result using Arena. 

Scheduling 
Job scheduling is essential for machine selection and machine utilization. One of the objectives in manufacturing 
optimization is to allocate a limited amount of resources to a set of tasks such that cost functions are minimized and 
to increase the overal l flexibil ity and performance of the systems operation. The idle ti~e of job scheduling effects 
the fac il ities iayout des ign. the fl ow of parts. the machine ut ilization . and overall manufacturing costs. The 
industrial experience of job scheduling has shown that grouping similar part into family and corresponding- machines 
into a Group Technology (GT ) ce il. tends to reduce the complexity of scheduling problem. The performance of GT 
cells can be improved by transferring and balancing the workloads from a congest (bottleneck) machine in one cell 
to an alternative one (less coneested machine) in another cells. This could be utilized to form a Multi:-Group
Technology (MGT) center. M;chine util ization in a MGT center is essential for production system in which the 
parts are made into fina l product as the unit progresses from workstation to the next one. We need to maintain the 
flexibil ity of the center. simu ltaneous!~: considering the sequence of the processes of each family part. Grouping the 
machines and balancing the workload is the main criteria. which can be solve by balancing the assigned set-up times 
and machine processing times. Minimize the number of movements from machine to machine. 

Simulation 
In the late 1950s and I 960s, simulat ion was \'ery expensi,·e and specialized tool that was ~enerally used only by 
large corporations that required large capital in\'estment [2]. During 1970s and early_ 1980s. _simu'lation becan:ie t~e 
tool of choice for many companies. most notably in the automotive and heavy mdusmes and 1t began to establish its 
real roots in business. Simulation real ly began to mature during the early l 990s. Even smaller firms embraced the 
tool. and started to use it at very early stage of their produciions. 

PROPOSED METHOD 

Campbell. Dudek. and Smith. CDS's ,tethod 
This method is a multistage Johnson · s algorithm [I]. The following procedure were use to obtain the solution. 
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I. Generate the two machines (A and B), by converting them into (m-1) pairs. 
2. Implement Johnson's algorithm on each (m-1) pairs to obtain sequences. 
3. Select the best sequence with the minimum flow time among all options_. 

Palmer's Method 
This Method is based on a slope index (SJ The priority is given to jobs having the strongest tendency to progresi 
starting with short times to long times sequence [3]. . 
1. Calculate the slop (Si) for each job using the following equation, where Pij is the processing time for job-i and 

machine-j. 

Si = (m-l)Pi.m + (m-J)Pi.m-1 + ... - (m-J)Pu - (m-l)Pi,1 

2. Construct the sequence based on the slop starting from the largest to the smallest 

Kattan 's Method 
The method using for this project is a part of Kanan 's method (ST AGE 1: Scheduling the family of parts of each 
cell[4]) 
1. Calculate the mean of processing times (tJ. Standard deviations S, and coefficient of variance CY for each job. 
2. Calculate a,, and b,. 

m 

a
1
• = ~t .. L- I ,} 

;=l 

and b. = 't .. 
I L- I,) 

J=[(m-+1)12] 

3. Generate a new 2-machine problem, where a, , and bi are multiplied by CY,. 

4. If CV s 0.2 then marked it by *, and if there are more than one job with CV s 0.2. then use STP to find their 
schedule S. One schedule should be made by sening S0-at the beginning. and the alternative schedule should be 
made by sening S0 within unfilled scheduled jobs using the Johnson·s rule[4] . 

5. The application of the proposed methods will be demonstrated through the following example from industrial 
application: The processing time for this example is given in Table 1. 

JOB ! PROCESSI!'-G Tl\1E 0~ MACHINES (~11Nl.:TES) 

I ,11 1:m l !\13 i M4 i '.\15 
1 ; 5 ! 12 i 15 j 4 I 13 

2 I 10 ! 8 16 !9 \ 4 
3 I 13 I 17 I 5 i 8 I 10 

4 j 21 13 \ 18 I 14 17 

5 I 1s 6 19 I 14 13 

6 I 14 10 ! 3 I 7 
.,., --

7 I 12 : 5 1 6 ! 9 14 
8 I 13 17 i -l i 8 ~ 
9 I 10 I 14 I 13 j 20 5 i 

10 1 6 I 1-9 I 14 
1 13 I 18 

TABLE I-Processing time for given example (five-machines and ten-jobs) 

775 



I I -:-
I 
I 

min 
10 

ANALYSIS OF THREE METHODS 
CDS's Method 

Job Processing Time( min) Staoe1 Staoe2 staae3 
m1 m2 m3 m4 m5 A B C D E 

1 5 12 15 4 13 5 13 17 17 32 
2 10 8 6 9 4 10 4 18 13 24 
3 13 17 5 8 10 13 10 30 18 35 
4 21 13 18 14 17 21 17 34 31 52 
5 15 6 9 4 13 15 13 21 17 30 

6 14 . 10 3 7 22 14 22 24 29 27 
7 12 5 6 9 14 12 14 17 23 23 
8 13 7 4 8 3 13 3 20 11 24 
9 10 14 13 20 5 10 5 24 25 37 
10 6 19 14 13 18 6 18 25 31 · 39 

TABLE 2. Processing times and Stages using CDS 's method 

Using Johnson's rule to obtain job sequence from each stage. 

Stage 1: Scos.1 = 1. 10, 7, 6. 4. 5. 3. 9, 2. 8 
Stage 2: Scos.2 = 1. 7, 9. 6. 10. 4, 3, 5, 2, 8 
Scos.3 = -:. 1. 9. 6, 10, 4. 3. 5. 2. 8 
Stage 3: Scos~ = 7. 6. 1, 9. 10. 4. 3. 5. 2. 8 
Scos.s = 7.6.9, 10.4.1.5,3.2,8 

flow time: 170 minutes 
flow time: 168 minutes . 
flow time: 171 minutes 
flow time: 174 minutes 
flow time: 175 minutes 

Scos.2 is selected for simulation using Arena software. 

Gann Chart for Scos.2 = {l, 7, 9, 6. 10, 4, 3. 5. 2, 8} 

F 
32 
19 
23 
49 
26 
32 
29 
15 
38 
45 

9 6 
1

10 I 4 I 3 5 2 8 Ml 

I 

9 6 10 
I 

4 3 5 2 8 

7 9 I 
10 4 

.., 
5 2 

7 9 6 10 4 3 5 

7 9 6 10 4 

M2 

M3 

2 

I I I 120 130 
20 30 40 50 60 70 80 90 100 110 

8 M4 

5 

140 150 

Figure l The result from G~nn Chart. The minimum completion time using CDS 168 minutes 

Palmer's ,1ethod 
Using slope index SJ in descending order to obtain job sequence. 

Spalmer. l = I 0, 6. 1. 7. 9. 5, 4. 3. 2. 8 Flow Time: 171 minutes 
Spalmer.1 = 10. 6. 7, 1. 9, 5. 4. 3. 2. 8 Flow Time: 171 minutes 
Both Spalmrr.1 and Spalmrr.2 are selected to be simulate by Arena. 

Gantt Chart for Spalmrr.1 = ( 1 o. 6. 1, 7. 9, 5, 4. 2, 3, 8) 
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Machine 

10 6 7 9 5 4 2 3 8 Ml 

10 6 7 9 4 2 3 M2 

10 7 9 5 4 2 3 8 M3 

10 7 9 4 2 3 M4 

IO 6 5 4 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 

Figure 2 The result from Gann Chart. The minimum completion time using Palmer = 171 minutes 

Kattan's Method 

Job Processine Time (minutes) Mean 
l~TD 

CV= S I M 
ml lrn2 lm3 m4 m5 M 

1 5 I 12 I 1s 4 13 9.8 14.970 0.507 
2 10 18 16 9 4 7.4 12 .408 0.325 
3 13 I I 7 15 8 10 110.6 !4.615 0.435 
4 121 113 I 18 14 17 16.6 i3.209 0.193 
5 ! 15 16 19 4 13 9.4 14.615 0.491 
6 14 110 13 7 .,., 11.2 17.259 0.648 
'; 12 15 16 9 14 9.2 13 .834 0.417 
8 13 17 14 8 13 7 13.937 0.562 
9 10 114 I 13 20 5 12.4 15.505 0.444 
10 16 I 19 114 13 18 14 15.148 0.368 

T.-\.BLE 3. Processing Time with calculation of Mean, Standard Deviation. STD and Coefficient of variance, CV 

Job :\ B 
m(1~2-3) • CV m(3~4-5) • C\' 

I 16.228 16.22S 
2 7.811 6.184 
3 15.239 10.01 4 
4 • * 
5 14.729 12.767 
6 17.501 20 .741 
-; 9.585 12.086 
8 13.498 8.436 
9 16.425 I 16.869 
10 ll -U40 16.547 

TABLE 4. Modeling of two machines 

Using Johnson's rule on Table 4 to obtain the sequence of jobs. 
Skanan1= 7, 10, 6, 1, 9. 5. 3, 4, 8. 2 . . Flow Time = 169 minutes 
S1,;.,;.n.2= 7, 10. 6, 9, 1. 5. 3.4, 8, 2 Flow Time = 164 minutes 
Skanan.2 schedule is selected to be simulate by Arena. 
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Result from Gantt Chart. 
By making a Gann chart for each obtained schedule it is possible to determine the cycle times. 

Method i Schedule Sequence I Flow Time 
, (minutes) 

CDS I Scm,1 1. 7.9.6, 10.4.3.5.2.8 168 
Palmer I Snalmer I 10. 6. 1. 7. 9. 5. 4. 3. 2. 8 171 
Palmer ,' 

Soalmer 1 10. 6. 7. L 9. 5. 4. 3. 2. 8 171 i 
Kanan I Skanan l 7. 10. 6. 9. 1. 5. 3.4. 8. 2 164 

! 
i 

TABLE 5_. Comparison of different approaches. 

THE SIMULATION MODEL 
Simulation modeling is the imitation of the operation of a real system, such as the day-to-day operation of a 
production line in a factory, or the value of work in process over a time period. or the labor, and the machine 
assignment. Instead of building extensive mathematical models by experts, the readily available simulation software 
has made it possible to model and analyze the operation of a real system by non-experts. A simulation is the 
execution of a model, represented by a computer program that gives information abo.ut the behavior of the system 
being investigated. The simulation approach of analyzing a model is opposed to the analytical approach. where the 
method of analyzing the system is purely theoretical. As this approach is more reliable. the simulation approach 
gives more flexibility and convenience. The activities of the model consist of events. which are activated at certain 
points in time and in this way affect the overall state of the system. The points in tir.~-: that an event is activated are 
randomized, so no input from outside the system is required. Events exist auto~omously and they are discrete so 
between the execution of two events nothing happened [2]. The practical example is to use the scheduling result of 
ten jobs on fi\'e machines for three different methods. The Arena software used to demonstrate the detail of the 
results. For every job an arri\'al entity used . For every machine a server was created. To dispose every cotnpletedjob 
a depan entity was used. 

Figure 3 shows the simulation model using Arena software. 

Anive ·-1. 
Arnve 1 

Anive · Server ·--1 Arnve 2 
M1 • Anive 

Arnve 3 · Server 
Amve ·--1 Amve 4 

M4 

• Anive -~ 
Arnve 5 • Server Depart 1 

Anive M2 - ·--1-. Arnve 6 

Anive ·--1 -~ Arnve 7 -Server 

Anive M5 
Arnve 8 · Server 

Anive M3 
Amve 9 • 

Anive Sets Expressi ans Sim.JI ate 
Amve 10 ~·r Palmer S2 

-"> 1me 192 j 1me 
+1me 5 ,me 
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DISCUSSION OF THE RESULT 
Result from Simulation 

I 

Method/ Job Cycle Time (minutes) Flow 
Schedule 1 2 3 4 5 6 I 7 8 9 I 10 Time 

CDS I Scos:i 49 165 148 138 161 105 63 168 79 I 121 168 

Palmer / Soalmer I 105 158 168 154 137 92 
" 

I 19 171 124 ·1 70 I 171 

I Palmer / Soalme: :? 119 158 168 154 137 92 106 171 124 ! 70 ! 171 

I Kanan / Skanan I 101 164 132 149 124 88 46 I 151 106 ! 64 i 164 
TABLE 6. Comparison of different approaches with determmat1on of Job Cycle Time from Arena. 

From Table 5 and 6, the results in the flow times obtained by different job sequences are identical. In additional. the 
result from simulation gives us more detail such as average number of part at each machine, %machine utilization, 
WIP. and average queue time on each machine. 
For example, the following tables are the additional details obtained from simulation of job scheduling using CDS's 
method (Sens.:? = { 1, 7, 9, 6, 10,4, 3. 5, 2, 8} ) 
The Average Percentage of machine utilization can be summarized from ARENA simulation Results at M#_R Busy. 
(Where # are 1.2.3,4, and 5) For 192 minutes Replication. The average percentage of machine utilization is constant 
with the length of replication time. · 

I Machine 1 I Machine 2 I Machine 3 Machine 4 I Machine 5 
I Average Queue Time , 44.3 11.2 11.9 . , 4.7 

I 
9.1 

I (minutes) 
i Avera~e ..j of Queue I 2.307 I o.625 I 0.099 ff 

! (WJP)- I 
I Average 0

10 of machme I .62% 1 58°10 148% 
1 utilization• 

Table 7. Addition Information from simulation on Scos.:i scheduling. 

REMARKS AND CO~(LUSIO~ 
Advantaoe of using simulation in scheduling 

0.245 I. 0.474 

50% i 62% 
I 

• ·Simulation saves lot of time in caiculating the optimum flow time for large data compared to drawing Gantt 
chart. which is done manually. 

• Can a\·oid lot of human errors by using simulation especially when the data is large. So efficiency is more in 
simulation . 

• Simulation is more flexible in assigning the sequence of jobs at any stage which is not possible in Gantt chart. 
• Simulation can provides us more detaiis of jobs and machines on each scheduling, such as; number of part in 

WIP at each stage: machine utilization; and average queue time at each station. · 
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ABSTRACT 
A_ usual ~pp~oach t? part assignment. machine loading. part routing, partioperation scheduling and vehicle 
di~patchm~ m fle~1ble manufacturi~g systems (FMS) has been to tackle reduced search spaces hierarchically. In 
this work. mteracnve parallel genenc algorithms are designed in order to generate solutions for the original search 
space concurrently. The experimental results are favorable. 

INTRODUCTIO~ 
A flexible manufacturing s_ystem is a fully automated. computer controlled manufacturing system that contains: (a) 
computer-co_ntrolled machme centers capable of being programmed to change tools or heads and capable of stand
alo~e op_erauons. (~) automated multi-functional material handling systems which autpinaticaHy move parts between 
stations m a short ume. controlled by a computer, sometimes with the ability to loadlunload. ( c) machine tools with 
high reliability. and fixtures and pallets, (d) flexible, robust. automated decision making technology for planning and 
operational decisions. ( e) real-time executive computer that stores part programs for uploading to machines. and that 
handles the scheduling of parts to machines. 

In FMS, workpieces are placed on fixtures usually automatically and fixtures are circulated on automated guided 
vehicles. Manufactured workpieces are unloaded usuallv automaticallv and tools are allocated to machines 
according to their magazine capacity and shared when n~eded. · 
Management of FMS include the following activities: 
i. Part assignment is the assignment of operations of all pans to the machines in the system. 
ii . Tool allocation is the allocation of required tools onto the machines in the system. 
iii. Part routing is the machine visitation sequence of a part until its completion. 
i\·. Part releasing is a sequence scheme for releasing the parts into the system for their first operation, 
\'. Part sequencing is an ordering of parts for visiting machines. 
v1. Veh icle disparchmg is a priority assignment scheme for parts or tools waiting for transportation to another 

machine or loading/Unloading station. 
Most researches treat each subproblem of managing FMS from (i) to (vi) independently: Such treatments promise a · 
tract:ible problem \\'ith a reduced search space . In this research. howe\'er. a genetic model is build for assigning 
parts to machines (part assignment ) with an order ~pan sequencing). Once parts are assigned to machines with an 
ordering: then genetic models are evaluated for tooiing requirements. part routing. part releasing. and vehicle 
requirements by simulating solutions . Overali fitnesses of solutions are calculated ba~ed on their relative 
achievements in each subproblem from (i ) to (vi) by assigned weights. 

PROBLE:\1 DESCRIPTIO~ 
The managerial problems of an FMS as listed above from (i) to (vi) can be solved effectively by choosing among 
different policies and operating rules with respect to the part types of a batch. Different compositions of batches 
should be operated on according to the policies and rules that are justified for themselves. Different set of policies 
and rules can be justified for different batch contents. The justification process requires a robust FMS management 
technique. The challenge lies in addressing each problem simultaneously so that their impacts on the solution can be 
accounted. Figure. I illustrates the multi-level planning and operational problems of an FMS. Tool requirements are 
determined by selecting one tool for each operation of a r,art based on availability and tooling cost. Then tools are 
loaded onto machines with respect to their compatibility and tool magazine capacity. The method of tool loading 
applied may result in pam movements between machines . Then transportation time and setup time occurs. 
Otherwise. tool migration may be requ ired . Due to the possibility of tool duplicates or alternative tools, parts may 
have alternative routes for some operations. All moves require dispatching a vehicle, an AGV. In this study, a 
concurrent genetic algorithm is proposed. In an FMS. operations of a part can be processed by one mac~ine by 
using a set of cutting tools. This policy may require tool sharing. If tools are not shared, then one machme may not 
carry all the tools required by operations. In this case, parts are moved from one machine to another. Once parts are 
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assigned to machines, operations sequences must be determined. Sequencing pans or operations must be solved in 
an integrated manner with vehicle dispatching that can significantly restrict the solution space. Otherwise any 
proposed sequence can not be as efficient as expected. The efficiency of solutions can be evaluated for different 
measures such as makespan, due dates, machine utilizations, vehicle utilization, part waiting times, setup times, 
transportation times. Most of the time, a shop-floor engineer must take each of these measures into consideration 
somehow before a solution is adopted. 

The problem as studied in this research is defined as assigning pans to machines for operations with a processing 
order based on their operability. This is called a solution. Each solution determines machine loads. part routes, 
required tool allocations, part/operation scheduling and vehicle dispatching. Then solutions are evaluated for its 
makespan, due dates, machine utilizations, vehicle utilization, part waiting times, setup times, transportation times. 
Solving FMS problem this way will pose an alternative approach that can be compared to the sum of optimal 
solutions of reduced ·subproblems in a hierarchical manner. 

MATERIAL HANDLING 
SYSTEM 

0 

~ 
SEQUENCING 

OPERATIONS OF PART 

Figure 1 Multi-level planning and operational 
roblems of a flexible manufacturine: svstem 

LITERATURE REVIEW 
The analysis of heuristic scheduling rules for FMS 
has been subject to many studies. Choi and 
Malstrom (1992) have used a physical simulatorto 
evaluate work scheduling rules in an FMS. The 
performance of seven part selection rules anc;l four 
machine center selection rules has been 
investigated. Six performance criteria, including 
work-in-process inventory, throughput time, and 
production lateness. have been used to evaluate the 
performance of decision rules. Prakash and Chen 
( 1995) performed a simulation analysis on an FMS 
and claimed that there · is no single scheduling rule 
that is ahvays superior to others. They also 
indicated that speed of automated guided vehicles 
is an important factor to consider in designing 
FMSs. 

Leung. Maheshwari and l'iiller ( 1993) developed a 
scheme for concurrent part assignment and tool 
allocation with explicit considerations given to 
material handling issues. Concurrency was realized 
by adapting an interactive multi-pass scheme 
between a mixed integer model and a simulation 
model until con\'ergence is reached. 
Syswarda ( 1991) applied genetic algorithms to a 
real-world schedule optimization problem with 
resource constraints, time constraints, setup times, 
and priority and precedence constraints. This 
research dealt with a 90-task scheduling problem 
that makes it impossible to solve by any other 

(90!= 10 138
.) 

optimization technique due to large search space 
He also introduced some problem-specific operators. 

Whitley, Starkwheather and Fuquay ( 1991) solved the traveling salesman problem for sequence scheduling by using 
an edge recombination technique for crossover operator. The technique has been tested on 30 city and I 05 city 
traveling salesman problems. They have shown that sometimes simpler genetic schemes may -produce better results 
than complex schemes. The crossover operators for sequencing problems have been studied by Fox and McMahon 
( 1991) in some detail. The performance analysi~ .of the following crossover operators were presented based on a 30· 
city traveling salesman problem with no mutations: random, panially matched, inverted, intersection, spliced, union, 
swap, and edge recombination. 
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Rubin and Ragatz (1995) studied the scheduling ofn-jobs, I-machine problems in a sequence dependent setup 
environment by using the total tardiness in the objective function. They compared their results with branch-and~ 
bound algorithm and a pure random search. Poon and Caner ( 1995) analyzed crossover operators for ordering 
problems. They have shown that problem-specific information may be useful in increasing the efficiency of genetic 
algorithms they developed. Chen, Vempati and Aljaber (1995) worked on use of genetic algorithms for flow-shop 
problems. They employed makespan as the objective function, and presented a comparison between genetic 
algorithms and some heuristics. 

Aytug, Koehler and Snowdown ( 1994) developed a genetic learning model for dynamic scheduling. Intelligent 
objects (dispatchers) were incorporated in the simulation environment that permits dynamic change of dispatching 
rules. The analysis was based on the comparison of intelligent and static dispatching. . 
Subramaniam ( 1995) tested genetic algorithms for 6x6 and 1Ox10 static and dynamic benchmark job shop problems. 
The results compared favorably with the optimal solutions for static benchmark problems. In the dynamic 
scheduling environment. GA produced better performances than the common heuristics and the fuzzy logic 
approach. 

Herman. Lee and Hinchman ( 1995) described a global job shop scheduling procedure th.at utiliz~s a genetic 
algorithm to find a good schedule for meeting due dates and increasing throughput times. The proposed genetic 
algorithm searched over combinations of dispatching rules. The output of the genetic algorithm was a list of 
dispatching rules that will be applied to each machining center. 
Researches on the parallel-:distributed genetic algorithms have reported improved overall performances c1nd time
efficient solutions to the problems. Different approaches have been proposed for the design of parallel genetic 
algorithms (Muhlenbein 1989; Gorges-Schleuter 1989: Tanese 1989: Goldberg 1989; Cohoon. Hegde, Martin and 
Richards 1991.) · 

PROPOSED PARALLEL GE:\'ETIC ALGORITHM 
The ger.etic algorithm proposed works based on caste-based parallelism as depicted in Figure:!. The initial 
population is sorted according to their fimess in descending order. Then subpopulat~ons are for:med from top to 
bonom so that individuals with similar fitnesses are grouped together. In the following generations. each 
subpopulation is sorted by the same way. and inferior chromosomes (solutio~s) are disca~ded within tiers. The_ 
communication between subpopulations are restricted to the one-way promotton of the elne of each subpopulation to 
the upper tier (caste) . Therefore. currently poor solutions are protected against the dominance of higher castes. 

IN ITIAL 
POPULATION 

SORTED 
POPULATION ⇒ 

·· .. ······•• ................ . 

figure 2 An illustration of caste-based parallelism 
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Parallel l?enetic alQorithms (GA) treat subpopulations concurrently and independently. Eac~ genetic algodrithli:11 is_ 
· - - b d . order-based mutation a ranking based selection operator, up 1cat1on 

designed to have an order- ase crosso\ er, an . ' d ( A symbolic genetic model is 
of elite chromosomes. insertion of n~w chromosomes, a restni;;~ r::1 ~;:~an~n!ber of machines times total number 
adopted where a chromosome contains the number of genes t q . h t to i·ts locus An allele corresponds to 

· ·bl operation sequence wit respec • of operations. A gene represents one poss1 e 
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a job number where a job is defined as any operation of a part. The initial population is divided between the 
subpopulations equally. A copy of the best of each tier (the elite) is promoted to the next upper tier. This promotion 
was designed to protect the sub-tiers from being dominated by their upper tiers. and hence maintain variety in the 
meantime by keeping the inferior-so-far solutions in the same tiers. · 

The fitness function was designed to incorporate system utilization, makespan, part waiting times, machine setup 
times, transportation times, due dates and part completion times .. as follows: 

F=C . . cllLtuk 
1 

adJ CMMS + Cw L, WT,+ Cs LkSTk +C/T + P0 {FT, -DDJyi 

where CadJ is the adjustment coefficient; Cu is a coefficient for the system utilization; U.: is the utilization of machine 
k; CM is a coefficient for the makespan; MS is the makespan; Cw is a coefficient for the part waiting times: \\'Ti is 
the waiting time of part i in the system; Cs is a coefficient for machine setup times: ST k is the setup time occurred on 
machine k due to changeovers; TI is the time spent by transporting parts from loading/unloading stations to 

machines. and between machines; Po is a penalty charged due to the violations of scheduled and/or contracted 
delivery times; DD, is the due date of part i; FTi is the completion time of part i; Yi = 1 when FT, ~DD, and Yi= o 
otherwise. 

The evaluation of each chromosome is depicted in figure 3. Genetic model of the problem maintains a feasible set 
of solutions where infeasibility may occur as deadlocks and/or violation of constraints. Therefore, simulation-based 
evaluation of chromosomes was designed to detect deadlocks and violation of constraints. The real-time feasibilitv . 
and efficiency of solutions are observed before they are accepted into the population. · 

THE EXPERIME!'.TS 
For exploring the potential superiority of parallel genetic algorithms as described above. the sequential genetic 
algorithms with four different parameter senings were compared to the parallel genetic algorithms ·with three 
different senings. An evolutionary program and a random search were run in benchmarking the significant 
contribution of genetic algorithms. The designed genetic algorithms for FMS experiments are shown in Table I. 

Table 1 Designed genetic algorithms for FMS experiments 

Algorithm I No. of Processors/ I Selection 
I Population Size Parameter. k 

GA-1 1 , 10 None 
GA-2 1 / 30 2.0 
GA-3 1 ., 60 2.5 
GA-4 I , 120 3.0 

PGA-5 4 I 20 4.0 
PGA-6 8 I 10 4.0 
PGA-7 16 !4 4.0 

GA: Sequential GA 
PGA: Parallel GA 

Reproduction 
·scheme 

~one 
Insertion 

Reqrderinl! Parameters 
Crossover Rate Mutation Rate 

20% 5% 
50% 5% 
70% 5% 

G~netic algorithms that have been presented in Table I were run 5 times for IO different problems for 
T*= 1 ]000/Popularion_Si=e where r• is defined as number of generations to be allowed for a fair comparison. The 
performance of each technique is presented in Table 2. In the performance of GA-1. average fitness oscillated due · 
tQ the scheme of the insertion of new chromosomes. Best fitness of the initial population was 0.545, and improved 
to 0. 70 I in 800 generations. In the performa!}Ce of GA-2. owing to the relatively larger population, the fewer . 
co~vergence lags were observed in the fitnesses. GA-3 lost the diversity of its population likely due to the selection 
scheme and the reproduction scheme. Similar results were obtained in the performance of GA-4 as well. 
In parallel GA 's (PGA-5 thru PGA-7) maintained the diversity through generations and best fitnesses were 
improved significantly. The preservative nature of PGA 's were displayed in the significant differences betwe~n the 
best and average. Based on the analyses, the following ·conclusions were made 'for the concurrent FMS planning 
and scheduling problems: 

783 



A 

Part#1 has four operations Part#2 has five operations 

B C D E F G H 

A feasible chromosome: 

D E F G C H 

Workload for machine 1 Workload for machine 2 

Tools for the assigned operations are loaded onto machines 

I Machine1 I 
I 

D E F G 

Transporter 

I Machine2 I 
I 

A B C H 

Simulation of the. system for the given schedule and collect 
information about the real-time makespan. machine and transportati bn . 
utilizations, waiting times. setup times, transportation times, due datt s 

et::: . that will be used in fitness formula 

FITNESS 

Figure 3 Evaluation of chromosomes for fitness 
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• The algorithms with the scheme of O insertion of new chromosomes" were found to be superior to the scheme 
of"duplication of elite chromosomes" 

• Caste-based parallel GA 's were found to be significantly superior to seq~enti-al GA 's. 
• GA's and PGA's were significantly found to be superior to the random search and the evolutionary program, 
• When the stopping criterion of the algorithms is set to proportional to the size of the population. the algorithms 

with smaller populations are as efficient as those with larger populations. Therefore, the allele coverage of 
initial populations is less important than the overall coverage, of the algorithm throughout run-times. 

CONCLUSION 
Planning and scheduling of FMS, that include part assignment, machine loading, tool allocation. part relea's1ng and 
scheduling, vehicle dispatching. have been a set ·of challenging problems. Therefore, the problems were tackled by 
the techniques that are based on hierarchical decomposition. This research makes use of parallel genetic algorith~s 
that are supported with system simulation to effectively address this set of multi-criteria problems concurrently. 
Proposed parallel genetic algorithms outperformed sequential genetic algorithms. random search. and evolutional\' 
program. The research will be extended to compare the efficienc_ies of parallel genetic algorithms and hierarchic~! 
methods. 
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. ABSTRACT 
The Department of Energy initiated a program to assess alternative strategies for the long-term management or use 
of depleted uranium hexafluoride UF 6 stored in cylinders at Paducah. Kentucky: Ponsmouth. Ohio; and Oak Ridge. 
Tennessee. A computer-based cost model (DUF6CM) was developed to provide comparative cost data for the 
management strategy alternatives being examined. The cost model calculates cost estimates for each of the 
management strategy alternatives. 

INTRODUCTION 
The Department of Energy (DOE) owns about 560,000 metric tons ( over a billion pounds) of depleted uranium 
hexafluoride (UF 6 ). This material is contained in steel cylinders located in storage yards near Paducah. Kentucky. 
and Portsmouth. Ohio. and at the East Tennessee Technology Park (formerly the K-25 Site) in Oak Ridge. 
Tennessee. 

With the publication of a Request for Recommendations and Advance Notice ·of Intent in November I 0, 1994. 
Federal Register. the Department of Energy (DOE ) initiated a program to assess alternative strategies for the long
term management or use of depleted uranium hexafluoride The current management strategy entails handling, 
inspection. monitoring, and maintenance activities to ensure safe storage of the d~pleted UF 

0
. 

:\tANAGBIE~T STR.\ TEGIES 
Six long-term management strategy alternati\·es were analyzed. These alternatives include: 

1. The current management strategy. the "~o Action" alternative. DOE would continue to store its 
inventory of full depleted Uf t- cylinders at the three existing sites indefinitely. 

:. Long-term storage as UF,:. in buildings or a mined ca\·ity. 
3. Lon12-term stora12e as uranium oxide in buildin12s. vaults. or a mined cavitv. 
4. Use - as uranium -dioxide in DLTCRETErn for shielding applications. · 
5. Use as uranium metal for shielding applications. 
6. Disposal as oxide in shallow earthen structures. vaults. or mined cavity. 

Complete management strategies may also involve transportation and. in many cases. conversion to another 
. chemical form. Fi12ure 1 shows the modules (Level 2) and the options (Level 3) that are the building blocks for the 
· management strat;gy alternatives. In most cases. a complete management strategy will combine two or more of the 
six modules: transportation. conversion. use. long-term storage. disposal. and continued cylinder storage/current 
management. For example. continued cylinder storage1current management is the first step in all management 
strate2ies. Conversion of the depleted UF n to another 6 chemical form is involved in the use and disposal 
altern;tives and in one of the long-term storage altemati\·es . Transpcrtation of materials o~curs in all strategies 
except the No Action alternative. 
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ceramic fuel cvcles trench 

1.2.3 l.3.3 1.4.3 1.5.3 
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1.3.4 1.5 .4 

Radiation Mine 
shieldimr 

Figure 1. Depleted UF6 Cost Breakdown Structure, Showing 
Modules (Level 2) and Options (Level 3) 

As shown in Figure 1, Level 3. there are various options within each module. For example. in the 
long-term storage module there are three different options for the type of facility in which the 

1.6 
Continued 
storae 
current 

depleted uranium could be stored: building. vault. and mine. The next level of detail after options is called 
suboptions. For example. the long-term storage facility types are further broken down by the forms of depleted 
uranium which might be stored in each. The suboptions for each option are shown in Table 1. 

The cost breakdown structure closely follows the work breakdown structure used in the engineering analysis report 
[ 1]. Figure 2 gives a close-up of the cost breakdown structure to Level 6 for one conversion suboption. Level 2 is 
the module (conversion): Level 3 is the option (U3 0 6 ): Level 4 is the technology suboption (dry process with AHF 
by-product): and Level 5 breaks out seven major elements, from .. technology development" to "decontamination 
and decommissioning" of the facility after operations are finished. Level 6 shows cost categories such as 
engineering. construction. materials. and labor for the Level 5 elements. 
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Transponation Conversion I Use Module Long-Term I Disposal Module 
Module Module Stora2e Module 

· Options Suboptions Options Suboptions Options Subootions Options Subootions Options Suboouom 
Cylinder - Current - Dry -Light - C; o~ 
preparatio cylinders U3 Os process water - U fti cemented 
n - Over powder with AHF reactor -Reenrich Buildin - U; Oi- Preparatio -U 0: 
for container - Dry fuel ment g - U 0: n cemented 
shipment - Transfer process for - L:~ Os 

facility with HF -Advanced Breeders & disposal bulk 
reactor other fast - ll 0: 

neutralization fuel reactors bulk 
Emptied Cylinder - Dry -lhOs 
cylinder treatment process cemented 
treatment facilitv with AHF 
Truck - U F6 in - Dry - Existing - U 0: 

new process applications , cemented 
cylinders with HF Dense munitions, Engineered - U3 Os 

or Material armor, - l.i3 Os trench bulk 
over - u 01, neutralization application ballasts Vault - U 0: -u 01 

container ceramic -Wet s bulk ---- Depleted process 
uranium (gelation) - U3 Os 
conversion with AHF cemented 

products Vault -UO: 
cemented 

Ra ii - Metals or - New - U3 Os 
oxides Batch applications bulk 
shields reduction -u 02 
- By- bulk 

products --- ---
chemical~ L - U3 Os 
& wastes metal cemented 

Mine - U Ft, 
Barge - L F6 in Continuous Radiation - U 0: - U; Os Mine -u 02 . 

new reduction shielding - U metal -u 01 cemented 
cylinders - U3 Os 

or bulk 
over - -U01 

container bulk 

Table 1. Options and Suboptions for the Various Modules 
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Figure :?. Cost Breakdown Stru_cture to Level 6 for Conversion to 
l,;3 0 8 {.;sing the Dry Process ,-.·ith Anhydrous HF Production 

l f' 1.2.1.1.7 it econtami~ati 
decomnuss. 

All of the management strategy alternatives were evaluated in terms of the net present value of all money outlays 
and returns. from technology development through decontamination and decommissioning. A discount rate of seven 
percent pe!" annum was used for the reported costs. For each management strategy alternative, there is a range of 
costs, depending on the costs of the pamcular options and suboptions which might be chosen to carry out the 
alternative. 

So t~at the results for the many different options and suboptions could be compared. cost estimates were based on a 
sample case, or .. reference case." Some of the major assumptions for the reference case are listed below: 
·_ Totai'amount of depleted UF6 : 560.000 MT (over a billion pounds) 
- Tqtal number of cylinders in current storage : 46.422 cylinders 
- Annual throughput: 28.000 MT (60 million pounds) of depleted UF6 per year 
- Dis.count rate : seven percent per annum · 
- Number of nonconforming cylinders requiring special preparation for shipment: 29,083 cylinders 
- Transportation distance: 1000 km (620 miles) per trip 
- By-products (AHF and Ca F:: ) would be sold. 
- Pot~ntial revenue from sale of shielding casks is· considered separately. 

COMPUTER MODEL 
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A computer-based cost model (DUF6CM) using Excel [3], was developed to provide comparative cost data for the 
management strategy alternatives being examined. The cost model calculates cost estimates for each of the 
management strategy alternatives and estimates the primary capital and orerating costs for the different alternatives . 
The costs are estimated based on a scoping or preconceprual design level and are intended to assist decision makers 
in comparing alternatives. The focus is on identifying relative differences in the costs of alternatives for purposes of 
comparison, not on developing absolute costs for project budgets or bid-documents. 

The cost model is made up of sixteen modules. The first seven modules are: Input/output. Transportation. 
Conversion. Use. Storage. Disposal. Continued Storage. They are considered the main modules and are necessary 
for all calculations. The other nine modules are: Parametric Output. Parametric Conversion - 25. Parametric 
Conversion - 50, Parametric Use - 25. Parametric Use - 50. Parametric Storage - 25. Parametric Storage - 50. 
Parametric Disposal - 25. Parametric Disposal - 50. These modules are used for calculating the values needed when 
performing parametric analysis for 25% or 50% throughput. 

The Input /output module serves as the model interface. It allows the user to input the cost data and presents the 
output results . This module is linked to all other modules so that when the input data is changed, the data in the 
other modules is automatically updated. The Transportation module calculates all costs incurred as a result of 
transporting materials between facilities that are involved in various alternative managemen{ strategies. The 
conversion module calculates all costs relevant to convening depleted uranium hexafluoride into other chemical 
forms. There is a potential use for depleted uranium in radiation shielding applications. The Use module calculates 
all costs relevant to manufacturing oxide and uranium metal shielding from depleted uranium. The Storage module 
calculates all costs relevant to storing some chemical form of depleted uranium. The type of storage facilities 
analyzed include buildings, vaults. and mined cavities. Disposal options and suboptions are defined by the type of 
disposal facility and the nature of the waste fonn . The disposal module calculates all costs relevant to disposing of 
triuranium octaoxide and uranium dioxide m bulk or grouted form in trenches. vaults. and mined cavities. The 
Continued Storage module calculates all costs re le\·ant to continuing the current management strategy for storing 
depleted uranium hexafluoride at existing sites. 

To run the cost model the computer used should be at least a PowerPC or ::i Pentium with Windows .and at least 20 
MB of free RAM. 

COST ESTI'.\1ATIO~ OF !\IA~AGEI\IENT STR.\ TEGIES 
The estimated costs of manaQement srrate£!v alternatives are obtained bv addinQ toQether the costs of the options 
which make up the strategie; [2]. Table 2 p.resents the cost ranges for the altem-ati\-~~s analyzed in the Programmatic 
Em·ironmental Impact Statement PEIS (4]. The costs in Table: are median estimates (that is. there is a 50 percent 
chance that the costs will be higher and a 50 percent chance that costs will be lower than the estimates).Two cost 
ranges are given for the four alternatives im·olving con\'ersion to reflect the cost differences between conversion 
suboptions. 

In Table 2. the lower cost estimates in the ranges assume the following: 
( l ) Transportation is by rail. 
(2) Cylinder preparation for shipment uses the overcontainer suboption. 
(3) Long-term storage of depleted UF t- • C 3 o~. and U 02 is in a bui lding 
( 4) Disposal of U3 0 8 and U 0 2 is in the bu lk form in an engineered trench. 
The higher cost estimates in the ranges assume the fol lowing : 
( l ) Transportation is by truck. 
(2) Cylinder preparation for shipment uses the transfer fac ility suboption. 
(3) Long-term storage of depleted Uf t-. L Ok, and U 0: is in a mine . 
(4) Disposal of U] o~ and U 0 2 is in the cemented form in a mine. . . 
When comparing the costs of alternatiYes m T::ib le :. the following should be ke~t m mm~. . . 
_ The alternati\'eS have different end points . Only the disposal alternative results m final d1spos1t1on of the depleted 
uranium. 
_ With the exception of the No Action alternative, all alternatives have sign~~cant tran~po~ation costs. The size_of 
this cost depends primarily on whether the overcontainer or the transfer facility subopuon 1s selected for ptepanng 

nonconforming cylinders for shipment. 
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- With the exception of the No Action alternative and the long-term storage as depleted UF6 alternative. all 
alternatives include significant costs for the construction and operation of new facilities to convert depleted UFt 10 
an oxide or a metal form. 
- With the exception of the No Action alternative, all alternatives include significant costs for the construction and 
operation of facilities for storage, manufacture, or disposal. 

-Alternative DiscoJJnted Cost (in S million) 
1. No action 327 
2. Lon1?-Tenn Storaee as UF6 583-1518 
3. Long-Tenn Storage as Oxide 
- Using dry process (U3 0 8) with AHF 880-1897 

production 
- Using wet process U 0 2) with AHF 1356-2203 

production 
4. Use as Oxide (U 0 2 ) in Shielding Casks 
- Using dry process with AHF production 1600-2112 
- UsinQ wet process with AHF production 2075-2585 
5. Use as Metal in Shielding Casks 
- Using continuous process with AHF 

production 1780-2290 
- Usini! batch process with AHF production 1953-2463 
6. Disposal as Oxide 
- Dry process (U 3 0 8) with AHF production 810-2561 
- Wet process (ll ()~ ) with AHF production 1332-2550 

Table 2. Summary of Cost Estimates for Alternatives 
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SUMMARY 
We described two methodologies to implement On-line GOS with terminating svstems. One methodologv treats 
each replication as if it were a collection of n segments. one for each of then ;eplications of a simulation-~n. The 

second methodology stops the model to check the results after a subset of p replications (p c n) have been executed. 
Both approaches yielded significant savings in execution time; however. the second approacp proved a lot easier to 
implement. 

INTRODUCTION 
On-line goal driven simulation (GOS) is an area of study within simulation and operations research that is recently 
emerging. In fact. it is only within the last couple of years that its feasibility has been considered and put to the test 
(Reyes. I 998 ). Recent computer hard\1.are and software technological improvements have enabled the integration 
of simulation software with other applications: thus. allowing for algorithms. heuristics. and expert knowledge to be 
embedded within the simulation model. These heuristics enable the implementation of on-line GOS. 

The key advantage of on-line GDS is the ability to check the model at intermediate points within the simulation run 
to determine if the targeted goals will be met. If it appears as though the targets are not going to be met, the input 
parameters are changed automatically. and the simulation run continues . Thus. on-line GDS eliminates the need to 
complete simulation runs that will not yield adequate results. 

This paper extends the heuristic developed by Reyes ( 1998) for application to a manufacturing system, operating as 
a terminating system. Reyes tested the heuristic on an emergency room facility where conditions were assumed to 
be continuous. i.e . non-terminating system. Forrest ( 1999) ported Reyes' heuristic to a manufacturing system 
operating 24 hours a day. It was important that the heuristic be tested on other types of systems. such as terminating 
systems. Section 2 describes what motivated these studies . Section 3 exo iains two methods to assess intermediate 
results . Section 4 gives the experimentation done . Finally. section 5 summarizes our conclusions. 

BACKGROU~D 
Computer simulation has evolved dramatically over the past 40 years (Kelton. Sadowski. and Sadowski, 'I 998). 
Along with this evolution has come the desire to produce more user-friendly simulation packages with the ability to 
create models that can be reused when the requirements or goals change. In fact. it has been predicted that several 
of the most researched topics of simuiation m the near future would include optimization. output analysis, and 
interface of simulation packages to other software applications (Banks. 1997). Thus. one of the major areas of 
interest is the development of GOS environments . 

In conventional simulation. a model ing expert bu ilds a model based upon certain input paramet_ers and constraints. 
The modeler then develops what-if scenarios and one-by-one rur.s the model for each scenario. The output from the 
various executions is analyzed and compared until the modeler determines that either the suggested changes or 
improvements tor goals ) originally set are achieved or that the goal is infeasible. This is tedious, time-consuming 
and often an expensive process . In GDS. the user specifies a set of target values to achieve and the model drives 
itself towards reaching those goals (Shannon and Prakash,_ 1990). GOS incorporates the use of a knowledge-based 
expert system (KBES) in conjunction with a simulation language to achieve the goals specified by the user (Molina, 
Gandarillas. and Centeno, 1996). The KBES is a back end, which emulates an expert analyst. Once the KBES 
determines that the goals have not been achieved. it must decide which parameters are affecting the response, and it 
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must modify them. Hence, the KBES must know how to modify them and by how much (Shannon and Prakash. 
1990). This may be achieved through rule-based knowledge depicting the system's behavior and its reaction to the 
parameter changes (Umpress and Pooch, 1987), or by implementing a series o~heuristics representing conditional 
decision-making. 

Previous efforts (Prakash (1991), Klahr (1980), Alsugair and Chang (1994)) have proven that GOS is feasible in 
assisting the user to achieve their goals. However, these past GOS studies were all performed at the end of the 
simulation execution, resulting in wasted time and effort if the go111s were not reached. The on-line goal driven 
simulation research performed by Reyes (1998) focused on improving the at-end GOS approach by using a heuristic 
to assess the simulation outputs at intermediate points in the execution to determine if current model inputs would 
yield the targeted output. If it appears as though the targets are not going to be met, the execution is stopped. the 
input parameters are changed automatically. and the simulation run re-started. Reyes ( 1998) used a heuristic to 
assess the simulation outputs to determine if current model inputs would yield the targeted output. Reyes tested the 
heuristic on an emergency room facility operating as a non-terminating system. An important issue then was how 
would this heuristic work on a terminating system. In developing an on-line GOS environment, there are five 
principai questions to answer (Reyes and Centeno, 1999): 1) Is the goal set feasible? 2) When should the simulation 
execution be halted to check the direction of the results?, 3) How to assess the direction of the results:, 4) If the 
results are going in the wrong direction, how should the inputs be changed?. and 5) Where in the time line should 
the simulation be restarted? 

A critical question to answer. for terminating systems, was: how do we stop at an intermediate point? Modeling a 
terminating system usually involves simulating the system over many replications. so that statistically independent 
output can be obtained. The initial conditions and statistics are turned back to time zero at the beginning of each 
replication. Once all the replications have been run. the averages for the performance measures are calculated and 
analyzed. However. with the main point of on-line GOS being to intennediacely assess the outputs with respect to 
achie\·ing the targeted values. and change the input parameters if necessary. the challenging questions are: Will the 
simulation be run long enough before checking partial results? How can we stop each replication at ·intennediate 
points? How can the first replication be continued for the next time interval? With current simulation packages. it 
is not possible to run a replication. stop it at an intermediate point to check the values. and before continuing with 
the first replication. start the second replication and stop it and check it at the same intermediate point, and so on. 

ASSESSIJ'-G INTERl\lEDIATE RESULTS OF TERMINATING SYSTEMS 
With a non-terminating system. one long replication is typically run: hence. stopping at intermediate points to check 
if the goals are being approached. and either continuing on. under the current conditions. or changing parameters, 
and starting over is straightforward. However. with a termating system. a different approach is required. Modeling 
a tenninating system usually involves simulating the system over many replications. so that statistically independent 
output can be obtained. The initial conditions and statistics are turned back io ti:ne zero at the beginning of each 
replication. Once all the replications have been run. the averages for the performance measures are calculated and 
analyzed. There are two approaches that could be used for on-line GDS for terminating systems. One approach 

would require the assessment to be done at intennediate points ( R/ m ) within the length of a replication ( R ). The 

second approach assesses results after P ( P = n/ m) replications of the simulation run (n replications) have run. 

For the first approach. a methodology had to be developed to stop at intermediate points within each replication, 
clear the system of entities. turn the statistics back to time zero and continue on as if it were the 2nd replication for 
the .particular time interval being studied. The following example describes the requirements of this approach. Let 

. us ass1,1me a manufacturing system is being modeled to achieve an average time in the system W for a part. The 
facility operates for 12 hours a day for a replication length of 720 time units. and it has been determined that 40 
replications are sufficient for statistical significance. Reyes ( I 998) suggested checking the partial results at 10% 
intervals. This results in 10 intervals _with the first stoppage at time 72. the second at 144, and so on. Since it is a 
terminating system, and we are seeking statistically independent results. we want to collect the data for the first 
interval (0. 72] of each one of the 40 replications. obtain the average time in the system (W) for the part, and 
determine if the goal is being approached by using Reyes' (1998) heuristic. If it is not. the appropriate parameters 
are modified within the limits specified by the u~~r P. and_ the simulation begins again at time O with the new 
parameters. If the goal 0 is being approached. it is nec·essary to continue with the 2nd time interval [72, 144] for 
each of the replications. After the data for both segments is collected across the replications, the same steps are 
followed as in the first to determine if the goal is being approached or not. Figure I shows how each replication 
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must be segmented. At each stoppage point, the confidence interval around W is built using: 

1 " 
W=-'°'w. L- IJ 

n J=l 

where W = average flowtime across replications 

w ij = average flO\vtime at the end of segment i for replication}. 

n = number of replications 
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Figure I. Segmentation of Replications 
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Achieving the approach just described was not a simple maner. Current simulation packages. including ARENA, do 
not have the capability of clearing the statistics and storing them. along with the status of all the entities within the 
system in an easy way. ~or do they have the capability of bringing the stored entities and statistics back when 
needed. Thus, it was necessary to develop several algorithms to dump to ASCII files the status of the system at the 
end of each segment and bring it back in at the beginning of the next segment as required by this approach of On
line GDS for terminating systems (Figure 2) . 

The second approach considered requires stopping at intermediate points ( P, = n/ IO ). within the total simulation 

length SL( n replications ). Using the same example as before. stopping at 10% intervals, the simulation would be 
stopped every 4 replications. and the heuristic would determine if the goal is being reached. The simulation would 
either continue. or the parameters changed and the simulation staned again at replication l. This approach does not 
require the segmentation of each replicat ion. It simply requires a decision rule that i? checked at the end of each 
replication. 

EXPERIJ\IE~TA TIO~ 
· The purpose of this research was twofold. First. a methodology was to be developed for On-Line GDS for 

tenninating systems to determine if Reyes · ( 1998) heuristic was ponable across systems. Additionally, determining 
the appropriate stoppage interval was a major issue . Although Reyes ( 1998) suggested that 10% was the best 
percentage to establish the stoppage point for a non-terminating system. this may not be appropriate for terminating 
systems. With this in mind. three experiments were conducted: I) Determine the best stoppage interval for the On
line GDS; 2) Compare performance of At-End GOS and segmented On-Line GDS: and 3) Co~pare At-End GDS 
to non-segmented On-Line GOS. 
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Figure 2: Implementation of Segmented On-Line GDS for Terminating Systems 

For experiment I. two stoppage intervals were considered. I 0%. as suggested by Reyes' ( 1998) and 70%. The 70% 
inter\'al was chosen due to the nature of terminating systems. Terminating systems rarely reach steady state: if they 
do, they do it almost at the end of the replication length: hence. 70% was thought to be a happy medium. This 
experiment set out to test if a larger stoppage percentage would reduce the execution time over the 10% interval 
proposed by Reyes. Thus. the null hypothesis was: 

Ho : r10 = r7o 

Where -r 10 = average total simulation execution time to reach the goal stopping at 10% intervals 

t 1o = average total simulation execution time to reach the goal stopping at 70% intervals 

The experiment was conducted by obtaining ten independent simulation execution valu~s (T) for each of the 
intervals. The parameters and goals were selected such that it would require the resources to pe increased at least 
three times in order to reach the goa) . A 95%. confidence interval is used to establish the rejection regions. If the 
confidence interval does not contain zero, then the null hypothesis is rejected. If the null hypothesis is rejected. 
there are two possibilities: -r 10 < t 1o or -r 10 > -r-.0 . t 10 < t1o occurs when (a~ o ~ b) < 0. whereas -r 10 > t70 occurs 
when (a~ 8 ~ b) > 0. Therefore, in this case, the second case is highlv desirable. Figure 3 shows the results of the 
test. Not only is the confidence interval greater: .than 0. the mean e;e;ution time js ck:arly significantly less when 
utilizing the 70% stoppage interval. Based on this test, the 70% percentage yields an improvement of about 30%. 
Hence, for terminati'ng systems, using the segmented approach. it is recommended that a percentage higher than . 
I 0% be used. 70% proves to be significantly bener than I 0%; however, 50% and 60% may also prove worthwhile. 
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t-test for eoualitv of means 
95% Cl on Difference 

t df 
Sig. Mean Std Error 

(2-tailed) Difference Difference 
Lower Upper 

Experiment I 74.337 18 0.00 2.378 0.0319 2.3108 2.4452 
Experiment II 98.526 18 0.00 1.366 0.0138 1.3369 1.395 1 

Exoeriment III 151.259 18 0.00 7.890 0.0521 7.7804 7.9996 
Figure 3: Paired t-test: All Experiments 

The second ex~erimen~ compared the simulation execution time of At-End GDS versus the Segmented On-Line 
Approach. This expenme~t se_t out to prove that On-Line GDS for terminating systems would yield better results 
than At-End GDS for termmatmg systems. This experiment built on the previous one; hence, it used a stoppage 
point of 70%. Thus, the null hypothesis was: 

Ho : r A£ = r oL-s 

Where rAE = average total simulation execution time to reach the goal with at-end Gos · 

roL-S = average total simulation execution time to reach the goal with on-line GDS 

If the null hypothesis is rejected, there are two possibilities: rAE < roL-s or rAE > roL-S· rAE < roL-s occurs when (a 
~ 8 ~ b) < 0, whereas -rAE > -roL-s occurs when (a~ 8 ~ b) > 0. Thus, in this case the second case is highly 
desirable. Figure 3 shows the results of the experiment. Not only is the confidence interval greater than 0, the mean 
execution time is clearly less when utilizing the On-Line GDS as opposed to At-End GOS. Based on these results, 
the use of On-Line GDS yields about a 20% improvement over At-End GDS. Hence. as proved to be the case with 
On-Line GDS for non-terminating systems. it is equally effective when applied to terminating systems. -

The third experiment compared At-End GDS against the second approach developed for On-Line GDS, referred to 
here as Non-Segmented On-Line GOS. Under this approach, it made more sense to go back to Reyes' (1998) 
percentage (10%). For this approach, the simulation length is considered as the number of replications and not the 
length of each replication. In other words, if the model needs to be run for 60 replications. 10% of the simulation 
length will be 6 replications. Hence, the stoppage points will be every 6 replications. 

The null hypothesis was: 

Ho : r .. 1£ = r oL - ,,·s 

Where t AE = average total simulation execution time to reach the goal with at-end GDS. 

-roL-NS = average total simulation execution time to reach the goal with on-line G-DS Non Segmented . . 

If the null hypothesis is rejected, there are two possibilities: -rAE < 'toL-\ S or 'tAE > toL-~S· 'tAE < toL-NS occurs 
when (a~ 8 ~ b) < O, whereas -rAE > -roL>,s occurs when (a~ 8 :Sb)> 0. Therefore. in this case the second case is 
highly desirable. Figure 3 shows the results of the experiment. Not only is the confidence interval greater than 0, 
the mean execution time is clearly Jess when utilizing the non-segmented On-Line GDS as opposed to At-End GDS. 
Based on these results non-se t?mented On-Line GDS vields about a 66% improvement over At-End GDS. These 
results are a significan't impro\':'ement over the segmented approach , which yielded only an 18% improvement over 

At-End GDS. 
CONCLUSIONS 

In this paper. we have demonstrated that Reyes' heuristic is applicable and effect~ve ~or terminating systems'. and we 
describe two methodologies for implementing segmented On-Line GDS for terrnmatm~ systems. Our expenments 
show that On-Line GDS vields savings in simulation execution time of at least 18%, with the second methodology 

yielding even greater red~ction in si~ulation execmion time: 66%. 
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ABSTRACT 
We present a fram_e~ork for traffic systems simulation, in which entities are capable of making their own decisions 
based _on the condmons of th~ traffi_c syst~m, and of using a wristwatch to handle their own private events. 
Expenments were created usmg obJect oriented modeling, Java, and.Silk. 

BACKGROUND 
In real systems. there are two main behaviors for entities: autonomous and subordinate . . in the first case the entities 
make decisions regarding how they will traverse the system based on system's condit.ions and their own 'evaluation 
of those cond~tions. These entities are autonomous entities. In the second case, the do not have to decide anything, 
and they are literally sent f~om one place to another. Hence, these entities are considered dumb. 

Traditional discrete simulation tools model both behaviors in the same manner; thus, they fail to properly represent 
systems with autonomous entities. These misrepresentations create a big difference between how the simulation 
environment reacts compared to how it should have reacted in real life. In current tools the entities are ;,sent" from 
one place to another by receiving orders from a central body. the model logic. This model logic bases the decisions 
on a common clock, where all future activities are scheduled. The simulation clock jumps discretely to these 
predefined points in time to execute these activities. Therefore, nothing can happen between the current time and 
the next scheduled event. taking away the unpredictability that many systems inherently posses. In real -systems, 
when we are dealing with intelligent entities such as customers in a bank facility or drivers on a street, each entity 
bases its decisions on its own de facto clock (Okashah and Rogers, 1994). Furthermore, they have the ability to 
change their goal. By giving a reasoning mechanism to the entities. the modeling becomes more realistic and the 
behavior of the entities becomes an output of the simulation model rather than an input. The latter is a radical 
departure from traditional discrete event simulation. 

Some of the limitations of the traditional simulation approach include l) Arc and Node Limitations, 2) Pre-:defined 
entity goals. beha\'iors and interactions 3) Variable Frame of Reference. and 4) Spatial Template. But, to move 
away from the traditional approach it is necessary to take into account a) Object Orientation. b) Decision~Making, c) 
Machine Leammg. and d) Space and time awareness. Obj ect Orientation enables the pcogramming of tasks required 
to represent objects. An object possesses properties that describe the object, and methods that direct its behavior; 
hence. object orientation is suitable to enable autonomy in an entity. Furthennore. with a higher level of abstraction, 
a closer relation of the simulated and the real world can be achieved. Objects belong to different classes that are 
organized in a hierarchical tree structure. Objects can communicate with each other by message passing, so that 
only certain objects of interest receive the messages and act upon them (Ozden, 1994). Decision-Making is what 
allows individual entities to make decisions and minimizes the interaction with the central body. Decisions must be 
based on the entity's perception of the system, which is limited. When a central body makes the decisions, it may 
have some infonnation that even though it creates a better and more knowledgeable decision, it is not realistic 
because entities should be able to handle incomplete or erroneous information. Entities exposed to repeated stimuli 
should show a certain degree of /earning in order for them to be truly intelligent. Autonomous entities should know 
at any point in time during the simulation. where they are, how much the_y still_ ne~d to_ travel to reach a desti?~tion, 
and how that length compares to the time limit that it may have to reach its obJect1ve; 1~ othe~ words, _the_enttt1es 
must be aware of space and time. Knowledge of the environment can make them modify their behavior tfthey see 

that the time limit to get to the goal is too close. 

Researchers have pursued various avenues to address these issues. An exam~le of this is the approach used by 
Gollu and Varaiya ( 1998) in the model SmartAHS created in Shift programmmg language. To control the space 
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representation they had four different reference frames in a coordinate system: the vehicle, the road, the global. and 
the visualization. To achieve a higher level of abstraction than procedural simulation packages, researchers have 
used object-oriented programming (Ozden, 1994). In the context of simulation., SIMULA was created entirely as an 
object oriented language where the users had to program the simulation. At that time, it was not widely appreciated 
because all the other languages such as GPSS, SLAM, and SIMAN were procedural (Joines and Roberts, 1999). 
Marti's effort ( 1990) utilized object oriented programming to model high-level interactions among objects such as 
tactical maneuvers, command and control. Researchers have trieclto give decision-making capabilities to entities bv 
using Knowledge Based Expert Systems (KBES). A shortcoming of the KBES used is that they fail to interact with 
sensors and actuators in most of the cases (Zeigler, 1990). An expert system can be imbedded within an object 
oriented simulation environment by modularizing the KBES in such a way that expert systems classes are created 
(Zeigler, 1990). These classes would contain both knowledge as well as inference capabilities. Thus, the integrity 
and capabilities of a KBES are maintained, while enabling the interaction of these classes with other model classes. 
According to Dreiseitl and Jacak ( 1997), the two main components of intelligent agents are a learning based action 
planner and reactive behavior. The learning methodology is .used to collect information about the environment, 
while the. reactive behavior performs the actions in a changing environment. Researchers have tried to implement 
these components by using neural networks. The problem with this approach is that the neural network has to be 
trained extensively before giving a satisfactory answer, and typically there is only a limited number of experiments 
that can be done to train the network. 

In order for an object to be truly autonomous and have the capability of making intelligent decision it is necessary 
they be aware of their position in the system and their position with respect to others. Efforts to keep the entities 
informed through sensors often failed to do an accurate representation of real life sensors. Simulated sensors are 
updated all at the same time, whereas real life sensors are only updated·on an as-needed basis . Updating all sensors 
at once is computationally inefficient since all those updates of all the variables consume computer time; 
furthermore, it is not realistic since entities. such as drivers. do not update all the variables at the same time. It is 
impossible to update some sensors concurrently: for example, a driver cannot look backwards and forward at the 
same time. Usually. there is a frequency associated with the update of the different sensors. going back to the driver 
example, the front visual sens9rs are updated almost continually, but the rear visual sensors are updated only 
sporadically. · 

. MAKING ENTITIES AUTONOMOUS 
There are several issues that must be adaressed to achieve entity's autonomy. These issues include 1) Entity 
creation. 2) Space awareness. 3) Vehicle's movement, 4) Communication betv.1een objects, 5) Independent decision 
making, and 6) Animation . 

Entitv Creation 
In object oriented modeling. there are no clear-cut rules of how to configure the classes to minimize coding. Part of 
this dilemma is to determine what constitute a different object completely (requiring a distinct class) and when to 
use instantiation so that one class extends another (i .e. the actual object is an instance of the extended class creating 
an is-a relationship) . Another challenge was to clearly define the has-a type of relation that would constitute 
characteristics of the vehicles. An example of this dilemma is found in a manufacturing environment, where parts 
are similar but differed in the sequence followed. Assume that there are three different types of parts, yet with the 
same characteristics. Then the questions become I) Is there one class called part. with an attribute called type?, 
or2) Are these three classes. one of each t)pe?. 

for a traffic system, there is a static component and a dynamic component (Figure 1 ). The dynamic component has 
two main objects in it: customer and driver. The customer objects are the cars: hence, the main class is vehicle, but 
the behavior of this class is dictated in part by the driver class. The dynamic components interact with the rest of 
the system (static components) by utilizing computational. A desirable hierarchy for the traffic system is the one in 
Figure I. However, to simplify the experimentation. a compacted version of it was used, where there is only one 
class called Car. 

Space Awareness 
In order for the entities to be aware of the space, the area of the simulated system is assigned a coordinate system. 
Each entity that enters· has location attributes (xPos and yPos) and travels through the system at a certain speed and 
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Figure 1: Traffic System. 

acceleration . Entities know their entrance point. exit point (goal), and a time limit to get there; in other" words, the 
car knows where it wants to go and if it is in a hurry or not. Based on these parameters, the entity decides how fast 
to go, and what route to take. The only thing that the entity needs is information from the svstem and its own 
methods to process the information and make decisions. To provide information about the ~ystem, the simulated 
traffic system (traffic area from now on) was subdivided in lanes to determine relevant neighboring entities, as 
suggested by Gollu and Varaiya ( 1998). Those lanes could be further subdivided into sectors in further research. 
The anributes that entities must possess to achieve space awareness are: 
1) Global position with respect to the traffic area. The entire traffic area is represented ·by a Windows' window. 

On this window, the coordinate system is defined as (x, y). with the top left comer of the window being (0,0), 
and the X coordinate being positive in the right direction, whereas the Y coordinate is positive going down. The 
anributes determining the entity's position are xPos and yPos. 

2) Size. Every entity must know its own size using the scale of the traffic area. so that it becomes aware of how 
much space it will actually occupy. Since the traffic area is two dimensional. on!)~ two anributes; length and 
width define the size of the vehicle. A standard vehicle size with a width of 2 meters and length of 5 meters is 
used in these experiments. 

3) Speed and Acceleration. Entities must have their own speed and rate of acceleration. so that they can portray 
unique behavior depending on the type of driver. The speed is represented by vel whereas the acceleration is 

represented by accel. . 
The space itself was broken down into cells . These cells can be represented by an array where information about the 
cells being occupied or vacant is stored. The location in the array is arbitrarily set as the first index representing the 
columns (x-axis), and the second index representing the rows (y-axis). It must be point out that a cell position will 
not be cited as (x, y) as in a coordinate system, but rather as (i. j). where i and j are the index in the array. The 
contents in the array are coded as a 1 (one) representing cell occupied and a O (zero) representing cell vacant. The 
two dimensronal array has as many rows as lanes there are in a segment of the traffic area. Even though the 
representation of space assumes that a car covers one or more entire cells, the exact position of the car is determined 
by the position of the absolute middle of the car: which is located at xPos, yPos. 

The actual representation of the roads created a series of dilemmas. The whole system could be represented as a big 
grid composed of an array of two dimensions where the whole area. even pieces that are not part of the street, have 
memory space allocated (Figure 2. cell ( 17. 17)). Under this approach, the cells that the vehicles can occupy are 
difficult to restrict. and determining the direction of the flow of traffic is cumbersome. An improvement is achieved 
by sectoring the grid as done in the SmartAHS model (Gollu and Yaraiya, 1998). Sectoring allows to define the 
direction on which entities can flow and against which sectors or cells should the entity evaluate. An example of a 
small network constructed using this approach is represented in Figure 2 where an entity in cell (17, 8) is moving 
from right to left. The gray area is the possible transition cells to reach the destination. 
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Another approach is to model each lane as ~n individual one-dimensional array. This modeling approach would 
have the advantage that for each array that is evaluated. direction movement can be implemented. To change lanes. 
entities would have to assess the entities of relevance in the side lane, once those entities are identified, check if · 
there might be a conflict when changing arrays. In addition, the intersection itse.lf can be modeled as a new array 
composed of a few cells, or it can be modeled as shared arrays, meaning that the two arrays would have a value of 1 
( occupied) at the same time, and they would represent the same entity. This might be confusing. but the memory 
required for this approach would probably be less. · · 

The Car entity is aware of the space by knowing exactly where it is at any point in time. The coordinate (x, y) 
should not be confused with the pixels in the graphical interface. The coordinates represent meters in the traffic 
area; thus, xPos and y Pos represent the exact location of the center of the vehicle in the traffic area. Once the 
coordinates are known. ihe cells occupied in the grid are determined based on the length and width of the vehicle. 
The transformation from the (xPos, yPos) position to a cell position is done by multiplying the coordinate position 
by the number of cells that fit in one meter ( 4 in this experiment), and then rounding up the number to the nearest 
integer. w_ ith that transformation, a center cell is calculated, from where the cell representing the back left part of 
the car is determined subtracting half of the length and half of the width of the car. Once that is known, the car can 
occupy the needed cells by executing a method ( occupyO) that sets the cell state to 1 ( occupied). This algorithm is 
used when the entity is moving either at 0 = 0 °, at 0 = 90 °, 0 = 180 c, or at 0 = 2 70 ~ The calculation of the cells 
occupied by a vehicle traveling at any other angle, as when turning at an intersection, is much more comp1ex. An 
approximate front, back and side cells can be obtained, but to set cells to the occupied status is more difficult. 
Examples of the three possible scenarios are displayed in Figure 3. 
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Figure 2: One grid representing the complete system 
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Figure 3: Cells Occupied by a Vehicle 

For a vehicle to move, it has to possess set of characteristics (attributes) that will determine its movement. These 
characteristics include. but are not limited to, dimension of the vehicle (width and length), speed, acceleration, 
direction, position, and driver behavior. 

The dimension of the vehicle determines how much space is occupied. and it varies for each vehicle. The speed will 
vary. and it is dependent on the acceleration of the vehicle. and a limit set by traffic laws. The acceleration also has 
a maximum. and it depends on the decision of the driver, based on the condition of the system. Fqr example, if the 
driver sees that there is another car in front, and that it is not moving, the driver has to decelerate, or change .lanes, to 
avoid c.olliding with the other entity. 

The movement of the vehicle could have a velocity ~n the X direction. and a velocity in the Y direction. Combining 
both giyes us the total forward velocity as well as the direction. The exact angle of the direction may be obtained if 
both velocities in the X and Y direction are known using the algorithm in Figure 4. Application of this algorithm 
enables each car object to know where it is going, and it sets them ready to share this information with other cars. 
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The rotational direction of the angle shown in Figure 4 is totally arbitrary. But it must be ·clearly 'established before 
any implementation is done. If the rotational direction is changed from counterclockwise to clockwise, for instance, 
it will be necessary to make minor adjustments to the algorithm's equation. An aspect of vehicle movement that has 
to be discussed and understood is the difference between valid (legal) moves and feasible but not valid moves. For 
example, going in the wrong direction in a street is not legal, but it is feasible. Another example is a car crossing 
over the median where it says police vehicles onzr (not valid but feasible). This behavior of the object car is related 
to the driver, which dictates the movements it wishes to make even though they may not be valid. 

A dilemma is encountered when updating the entity is sensors and systems variables. Traditional simulations can be 
either event driven or time driven, both approaches having adnntages and disadvantages but these approaches 
determine how the simulation clock is updated. These two approaches may also be used to update the sensors. 
The velocity and acceleration should be computed periodically to evaluate future motion. One way to do it is to 
update them at equal time steps . At time I the direction, position. velocity, and acceleration are known, the next 
evaluation occurs after the time step ( lit , Time Between Update or TBU) has elapsed. This !1t was arbitrarily set 
to 0.1 seconds in this effort. Further studies are needed to assess the impact of a different At . The new parameters 
are obtained based on the preYious one using standard physics equations. 

The direction is updated based on the entity's need to change its course by invoking the method setDirection; the 
method modifies the direction property by adding or subtracting the required amount of turn. Then, the position of 
the (xPos, yPos) is updated by getting the magnitude of the movement in the x and y-axis. 

An alternate approach to the previous two is to give each vehicle object its own linked li"st of events. The events in 
this case could be events exogenous to the object, or endogenous events. Under this approach, each entity has its 
own calendar; hence, it updat~s its sensors when it decides. and not when a global clock tells it to do so. The private 
events are activated periodically to check the system's status. 

The entity's private calendar is implemented using an approach similar to ~he methodology used by s_imul~tion 
software to create new entities: each activated method schedules the next time that the same method 1s activated 
using a random Time Betwee·n Updates (TBU). Therefore. different methods will have distinct TBUs, for example 
lookforward() method has a smaller TBU than lookBack() . So the linked list basically gives eac~ entity its own 

wristwatch . 

Besides those random updates, a method could be activated by an action l~stener: e~~tionListener(honk). ~f ~ . 
vehicle honks, surrounding vehicles may activate their methods to determine the ongm o_f the message, and tf 1t ts 
targeted to it; i.e. methods could be activated by messages as well. Of co~rse. as the ve~1~le move_s through spac~, 
the actual TBU may change. The update will be more frequent as the veh1_cle has c~nfl1ctmg car~•~ the su1:oundmg 
than if it is cruising alone on the road . Update will also b~ more frequ~nt 1f t~e ~ar 1~ closer to the mters_ect!on. ~ 
Hence, the randomness of the TBU is not limited to sampling from a smgle d1stnbut10n, but rather the d1stnbut1on 
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for TBU changes depending on the conditions of the system and the behavior of the driver. 

For a vehicle to advance forward in the road, it will use the goForwardQ.method that checks for other vehicles to 
determine the speed and acceleration of the vehicle. If no one is ahead the vehicle accelerate until its maximum 
velocity is acquired or until an obstacle enters its path. If there is an intersection the vehicle should detennine the 
type of signal on it, if the signal on is static (no change of state) the vehicle should start reacting to obey the signal. 
If the signal is dynamic, such as a light, the status of the light has to _pe assessed, and to stop is needed. otherwise 
keep going and while checking if the signal changes its state. If the object in front of the vehicle is another vehicle 
then the decision will require more data including the location and the speed. The car uses one of two methods to ' 
communicate and get the position and speed of the object of interest: getPos0 and getSpeed0. And by using an 
algorithm it determines if it could accelerate or if it ·needs to decelerate. In summary. movement characteristics of 
an object are achieved by constantly checking the status of relevant vehicles or static elements, and detennining a 
course of action that will be kept until the next evaluation of the system. ~ 

CONCLUSIONS 
In the real ·world, autonomous entities guide their behaviors and decisions by checking a central calendar (activities 
that may affect the entire system) and by reconciling it with their own personal calendar (activities of importance to 
the entity only). The former (central calendar) has always been part of simulation through the simulation clock. The 
latter (personal calendar) has never been there until now. A framework for independent time advancing was created, 
using linked lists, which combines event driven and time driven approaches to give the entities autonomy. Time . 
driven approach is used to schedule internal methods to update the entity's perception of the system; furthermore. the 
entity has the ability to create an external events based on the outcome of an internal methods. The creation of truly 
independent entities is completed by enabling entities to base their decisions on infonnation obtained from 
communicating with other objects. Decisions that vary from entity to entity were modeled with more ease and 
flexibility since an entity is a real object for the programming language. which has ·its own thread of execution. 
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ABSTRACT 
This c?ntribution presents the results of a research project related to the development of an access-control 
supervisory system to assure the protection and the safety of personnel in a safetv-critical installation. The 
specification and design of the supervisory system are based on a system approach, ~sing the Object Modeling 
Technique (OMT) and colored Petri nets to capture the structural and the dynamic knowledge, respectively. The 
system was implemented with the help of Design-CPN tool. 

BACKGROUND . 
Software control in safety-critical systems and installations such as aerospace. military, nuclear power plant, and 
medical applications has become increasingly common in recent years. Should ·emergency or critical situations 
occur, the safety system is required to initiate emergency shutdown procedures while maintaining the plant in a safe 
state. When software is used to control or to supervise the operations of these systems and install~tions, safety 
becomes a paramount concern. In the worst case. malfunctions can result in serious and unacceptable consequences 
such as death, injury, or environmental damage. In order to ensure safety requirements. developers of safety-critical 
systems should design a model and analyze its behavior before the system is actually developed. 

In this paper, we present the results of a research project related to the development of an access-control supervisory 
system to assure the protection and the safety of personnel in a safety-critical installation. The installation comprises 
five sub-zones, each of which is divided into a number of operational sections. The nature of the different activities 
to be perfonned entails a variety of risks. mainly related to X-radiation, to high-power laser, and to pyrotechnic 
firing. The access to a section therefore requires one or many accreditations that are attributed to the authorized 
persons (via personal badges) according to the illegible activities of the section, during the current functioning 
phase. The set of illegible activities is updated after each of the functioning phases of the system. Two types of 
doorways are used for the circulation between the adjacent sub-zones and sections. Controlled-access doorways use 
badge readers to determine the identity, the accreditation level and other information related to the movement of 
individuals across the door. On the other hand. uncontrolled-access doorways cannot determine the identity and the · 
number of persons passing through the door. 

The encountered difficulties are mainly related to the complexity of the installation. which comprises 5 sub-zones, 
13 sections, and up to 75 persons excluding the visitors, and also to the controllabil~ty and observability problems 
related to the uncontrolled-access doorways . In fact, the global state of the installation cannot be directly observed at 
a given instant since it is impossible to detennine the exact number. the identity and the accreditations of persons 
crossing the uncontrolled-access doorways. The supervisory system to develop was therefore required to solve the 
problem of partial observability and partial controllability, and to guarantee the absence of unauthorized persons in 
the unauthorized sections when certain activities are likely to be executed. Formal verification and control synthesis 
methods (Benders. 1999), (Rasmussen er al., 1996). (Ramadge et al, 1989), (Makungu er al., 1999) are therefore 
required to guarantee the avoidance of critical situations, and to generate pertinent scenarios to force the system to a 

safe and controllable state when required. 

MODELING 
The specification and design of the supervisory system are bas~d on a system approach. using the Object_ Modeling 
Technique (OMT) (Rumbaugh et al .. 1991 ) and colored Petrt nets (Jensen., 1990) to capture the static and the 
dynamic knowledge. respectively. The object model of_ OMT is used _to represent the_ structural and info~ation~l 
aspects of the system. It provides the framework in which th~ dynamic knowl_edge, given by colore~ Petri nets, 1s 
encapsulated. Colored Petri nets are used to derive the dyna~1c m~del ~f the different_ classes ~nd their sub-classes. 
This choice was motivated by the existence of many behavioral mvanants for the different mstances of the each 
class, which can be easily captured by colors without complicating the Petri net structure. 
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Static modeling 
OMT is a widely used software-engineering technique that is based on three complementary models to represent the 
different views of the modeled system. The object model of OMT was used to represent the structural and 
informational aspects of the system. This model is based on the definition of classes with attributes and operations 
as well as the relationships between classes (inheritance. aggregation, association, ... ). The attributes give the dat~ 
structure . of the instances of the class, while operations correspond to actions or transformations that an object 
performs or is subject to. 

A simplified OMT object-model of the installation is depicted in figure 1. It is mainly composed of the following 3 
super-classes: .. 
- Safety operator, which embodies a number of methods specifying the interaction of the safety operator, via events 

exchange, with the other classes, 
- Organization , which captures the functional abstraction hierarchy: the installation has two main missions, each of 

which is decomposed into a sequence of phases that involve a number of sequential or parallel tasks. A number of 
illegible activities are associated to each task, 

- Topologi, which gives the relationships between the different types of doorways, the sub-zones and sections and 
also the individual presence in the installation; it is therefore given by 3 sub-classes: door, individual and section. 
The state of the doors and the individuals present in the different sections of the installation contribute to the 
enabling of an activity. 

This model represents in a clear and concise way all the relationships existing between the classes and sub-classes. 
For example, the relations between the class Topology and Organi:ation expresses the different elements that 
contribute to enabling an activity. 

Tables. modeled as attributes of relationships, are used to identify the related instances of the corresponding objects. 
For example, table 3 gives the set of phases required for each mission. These tables allow the designer to conserve a 
simplified modeling structure and to improve the maintainability of the design when changes in the functioning 
procedures or safety protocol are required (adding an activity or a section for examplel 
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Dvnamic modeling 
Petri nets (Peterson, 81) have been extensively studied since its invention in the early 1960s and have proven to be 
effective in modeling and analyzing the behavior of concurrent and asynchronous systems. Various analysis 
techniques for Petri nets have been developed and they include forward reachability, invariants and performance 
analysis. Several methods for analyzing safety-critical systems employ a backward analysis of a Petri net, where a 
hazard is assumed to have occurred and the events and conditions of the system which might lead to the hazard are 
identified (Leveson and Stolzy, 87). 

For the past few years, colored Petri nets (CPN) has been extensively studied and it is generally accepted that CPN 
provides significantly enhanced expressiveness enough for real world applications while providing formal semantics 
and analysis power (Jensen., 1990). Several analysis methods have also been proposed for CPN. Cho et al. ( 1996) 
propose a safety analysis method using CPN to determine whether a system is free from a hazard, i.e .. all the states 
of the system cannot reach a hazard. When the system is not free from a hazard, this method a!so identifies the 
events and conditions that can lead to the hazard. The basic procedure is to assume that the hazardous status has 
occurred and then to work backwards to determine the set of possible causes for the status to occur. 

In our modeling framework , CPN are used to provide the formal and behavioral backbone for the structural 
knowledge captured by the object model. The dynamic evolution of the installation is- initiated as a response to 
events issued by the Safety operator or events related to the movement of individuals ·within the installation. The 
global dynamic model can therefore be viewed as a composition of two dynamic sub-models. cooperati~g via 
information exchange. The first sub-model represents the dynamic behavior of the class Organi=ation, while the 
second is related to the class Topology. 

fiQure 2 Qives the "flat" CPN model obtained by the aggregation of the CPNs underlying the different sub-classes of 
th; class .... Organi:ation. The left-hand side of the model reflects the dynamic aspects of the functioning hierarchy, 
while the ri1rht-hand side Qives the behavior of the activities. Each place corresponds to a distinct state for one of the 
sub-classes ~of Organi:ari~n. the colored tokens are associated to the instances of the sub-classes. _The_ transiJ~~ns of 
this model are triggered by the supervision events issued by the safety operator (supxy). Their firmg 1s cond1t1oned 
by the information contained in the tables. ' 
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Figure 2. Simplified dynamic CPN model for the class Organi=arion 

The dynamic behavior of the class Topology is represented by a second CPN, where the places correspond to the 
· · different zones and sections of the installation, the transitions correspond to the crossing of doorways, and the tokens 

represent the individuals 'in a given section. This dynamic model is rather complex because the behavior of 
individuals relevant to the uncontrolled-access doorways is unobservable. In fact, when such a doorway is open, the 
individuals on both sides can freely move between the two adjacent sections, and it is impossible to detennine the 
identity and the number of individuals who have effectively crossed. Uncertain-type tokens are therefore used 
together ·with a token duplication mechanism to indicate that a given person may potentially be in either of the two 
adjac~nt sections. This redundancy can be used to warn the safety operator about the potential risks. The crossing of 
a controlled-access doorway enables the localization of an individual with certitude, and hence the re-actualization 
of the ~arking of PN by removing the redundant' tokens relative to the individual in question. 

ll\1PLEJ\1ENTATION AND ANALYSIS 
The Design-CPN tool (Meta Software. 1992: Design, 2000) was used to implement and simulate the resulting CPN 
model.. In order to enhance the user-interface du;i'ng simuiations, we constructed 'a graphic animation utility. The 
CP-net animates graphic objects while the user can feed the CP-net with input, based on selections. Hereby, a more 
user-friendly simulation is obtained since the user does not have to inspect the CP-net, but can concentrate on how 
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the net responds graphically to his actions In s ·t f ·t d th · · · . . . . . . . · pt e o 1 s a vantages, e s1mulat1on cannot evaluate all the possible 
executton ~cena_nos, and so It 1~ msuffic1e~t for certifying the absence of critical situations. Furthermore, off-line 
formal venficat~on of the resu_ltm? dynamic model was unfeasible due to its complexity and its non-autonomous 
natu_re. An on-hne formal vahdat1on proce~ure was therefore developed on the basis of reachability analysis of 
partial models related to the c~rre~t execution context. This procedure is executed in real time when the safety 
oper~tor reques~ a context switching. The request is granted if the on-line verification modules indicate that the 
reqmr~d ~xecutton context (potential presenc~ of individuals in the different sectors, open doorways, name and 
a~cre?ita~mn_ lev~ls of the persons present, ... ) ts hazard-free. Otherwise, the scenario leading to the potential critical 
situation 1s htghhghted, and context switching is not granted. 
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Figure 3. Architecture of the access-control supervisory system 
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The developed super,isory system (figure 3) comprises a database. derived from the conceptual object OMT model, 
the CPN model representing the execution engine, an on-line analysis module, and a graphical interface. This 
interface visualizes a synopt ic of the installation and informs the safety operator abcn.n the state of the system, 
including the potential risks related to the requested activities and to the presence of individuals. An alami is 
generated if the requested acti\'i ty entails a potential risk relatively to the current situation, and the supervisor 
visualizes the sequence of actions required to bring the system to a situation that guarantees a risk-free execution of 
the activity. The visualized information represents a conservative approximation of the actual state of the system to 
cater for uncertainties due to non-observable events. The underlying Petri-nets model provides the execution motor 
of the supervisor. The interface also allows the user to control the simulation and the validation procedures. The 
system is directly connected to supervis~ the safety-critical installation. 

The verification procedure has been successfully applied to the analysis of degraded modes, intrusions, history of 
the evolution of the system, and also to the prediction and evaluation of the consequences of some pertinent 
execution scenarios before actually allowing the system to execute them. 

CO~CLUSION 
This paper has presented a system-approach to the specification and design of an access control supervisory system, 
which is currently used in a safety-critical installation . The use of the object model of OMT was proved successful 
in establishing communications with the safety operators of the installation, and in capturing the structural and 
informational-knowledge related to the safety system. This project has also demonstrated the applicability and the 
value of the simulation ~and analysis methods associated with C_PN when designing industrial systems. 

Our current work is related to the development of an on-line synthesis method to maintain the system within a 
controllable non-critical functioning domain. or to generate pertinent scenarios to force the system to a safe and 

controllable state when required. 
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ABSTRACT 
What is the relative combat effectiveness of tanks and attack helicopters in battlefield? Our aim is to make a 
qualitative comparison of AH-1 W attack helicopter and M60 A3 battle tank by using Analytic Hierarchy Process. 
Firstly, we determined comparison factors. Experts evaluated comparison factors and sub-factors and then compared 
M60 A3 tank and AH I W helicopters by giving them superiority according to sub-factors. Finally we calculated the 
relative combat effectiveness. 

INTRODUCTION 
There has long been a question about if joint force commanders should r~place conv~ntional tanks by employing 
attack helicopters. 1 

. 

Since the dawn of history men have been comparing the power of their weapons and making predictions about the 
chances of success in a future combat/war. But most of the comparisons are qualitative and subjective. There are 
some quantitative comparisons such ~as the Quantified Judgment Method of Analysis (QJMA) of Historical Combat 
Data of Colonel Trevor N. DUPUY. - He compares the relative combat effectiveness of two opposing forces - from 
a rifle to an Army - in historical combat by determining the influence of environmental and operational variables on 
the force strengths of the two opponents. 

But some respected and respectable modern military operations research analysts believe that the changes in 
weapons and technology of the past few decades have made all military history- even that as recent as World War 
II - irre levant. They find very difficult to accept the possibility that a model based on history can be reliable in 
proj ecting the future . Only contemporary data can be used in projecting the near future . 
DUPUY totally rejects this belief in his method and assens that all military history is relevant to modem combat. as 
long as due allowances are made for the significant impact of changing weapons and technology - particularly in the 
fields of communications. observation. and transportation. 

HELICOPTERS AND TANKS 
The effectiveness of a weapon in the battle field is affected by many variables. such as t(:!rrain, weather, morale of 
the users , the extent of their training. the effectiveness of the user's leaders, and so on. · 

Helicopters are ideally suited for rapid reaction in close. deep, and rear operations. 3 Dominant maneuver calls for 
"decisive speed and tempo" to apply overwhelming force to enemy centers of gravity. Transporting tanks to a 
contingency takes a lot of time, and once there , they don't move very quickly. 

But, unlike helicopters. tanks .have the ability to operate in bad weather conditions. High winds, severe turbulence, 
extremely low clouds. poor visibility, and freezing rain may slow down tanks. These conditions, however, may 
render hundreds of helicopters throughout the theater completely ineffective . Like these, tanks and.attack 
helicopters have different superiorities on each other. But most of all are qualitative. 

Stud,· 
In this study. our aim is to find the relative combat effectiveness of tanks and ~ttack helicopters. . . 
First of all. we searched factors that we would use in comparison. After a detailed search we found mam companson 
factors . But these factors were not suffic ient for our research. We divided each main factor into sub-factors and 

some of them were divided into sub-factors again. 
1. MOBILITY: 
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a) Strategic mobility (to go to battlefield (deployment) or to send the weapon (carrying) to a long distance war 
zone) 

b) Tactical mobility (to change location in the battlefield) It can be measured by; 
i) Speed, · 
ii) Dependence on terrain obstacles, 
iii) Mobility in bad weather conditions, 
iv) Night mobility. 

2. FIRE POWER: 
a) Fire control systems I targeting (day and night), 
b) Weapon systems. 

3. SURVIVABILITY: 
a) Armor capability, 
b) NBC Protection, 
c) Electronic warfare / threat warning and precaution 
d) Ca~ouflage and cover 

4. COMMAND, CONTROL, COMMUNICATION AND INFORMATION SYSTEMS (C31): 
a) Target acquisition capability, 
b) Positioning and navigation systems, 
c) Communication: 

i) Communication security, 
ii) Communication range, 
iii) Communication kit. 

5. MAINTENACE AND REPAIR CONDITIONS 
a) . Maintenance, 
b) Repair Conditions. 

6. CREW: 
a) Training, 

i) Training quality, 
ii) Training time, 
iii) Training opportunities. 

b) Qualification, 
c) Strength / Endurance limits, 
d) Ease of replacement. 

After finding out main and sub-factors, we selected the expert group. Once we determined the specifications for 
being an expert. They should: 
I) be an officer who is from tank or army aviation branches. 
2) have an experience more than IO years in the Army and mostly with the our compared weapons, 
3) be a staff officer or have been employed in various planning studies about tanks and attack helicopters, 
4) know these compared weapons well. 

Despite comparing tanks and helicopters generally, we decided to compare specific models to get more realistic 
results. We choice M60 A3 .tank and AH-I W helicopter models, because the main battle tank of Turkey is M60 A3 
and AH- I W is the most powerful attack helicopter in Turkey. Many people who know these weapons very well can 
be find as expert. 

ANALYTIC HIERARCHY PROCESS 
Since we have multiple objectives / criteria in comparison we used Analytic Hierarchy Proc~ss (AHP). 
Firstly; our experts evaluated our main comparison factors and sub-factors by making pairwise comparisons for each 
criterion I factor. We support this comparison by giving them prepared comparison matrix. An example of pairwise 
comparison matrix for main factor set is presented at Table- I. Comparisons are made by each expert one by one. 
We explained the meanings of main factors and sub-factors. Experts made these pairwise comparjsons by assigning 
rating (an importance degree or ranking) from 1 to 9 for according to below scale: 
Rating Description 

1 . Equally pref erred 
3 Moderately preferred 
5 Strongly preferred 
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7 Very strongly preferred 
9 Extremely strongly preferred 

After we got the resulting matrix from every expert for each comparison factor set we normalized the resulting 
matrixes. Then we checked the consistency ratio. Only the comparisons that made by consistently are taken into the 
evaluation and we found out average importance rating for each criterion (factors and sub-factors). These ratings are 
also called as factor weights. 
After making comparisons of factors , the experts considered AH-I Wand M60 A3 according to each sub-factor. 
They gave one of them a superiority degree at every sub-factor. 
After the experts gave superiority to the weapons we calculated average of each comparison I superiority and then 
we found out average superiority of weapons for each sub-factor. 
At the end, we calculated the general weighted average superiority. Our study showed us the relative combat 
effectiveness value of an AH-1 W helicopter is 5,383 according to M60 A3 tank. · 

RELIABILITY 
When a military analyst tried out the same data with a major Pentagon computerized war-game, the correspondence 
of theoretical with the actual results was only 68 percent. DUPUY says the theoretical results of the Quantified 
Judgment Method (QJM) conformed between 92 and 95 percent with historical outcomes.~ 
According to DUPUY's QJM, Operational Lethality Index (OU) points are 484.42 for M.60 A3 tank, 6310.08 for 
AH-I W Helicopter (with 8 TOW and 20 mm. Gun)5. The OU value of AH-1 Wis 13 times greater than M60 A3. 
So, we can say that the lethal effectiveness of AH-lW is 13 relative to M60 A3 . 
When we turn back to our study results, we found that the combat effectiveness of AH-1 W is 5.383 relative to M60 
A3. With more experts and/or more sub-factors, our reliability can be increased. . 
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RESULTS AND EYALUATION 
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Our results show that AH-lW has a very great superiority relative to M60 A3 'tank {5,3 83). The greatest superiority 
occurs on the mobility ( I 0,488 ). This is caused of being not challenged geographically ( 16,929) and the high level of 
strategic mobility (11 ,5) (to go to very long distance in a short time relative to tanks) of helicopters. 
This study can be made for different types of banlefield such as mountainous, rugged area or flat area. And also 
cost-profit analysis can be made. 

REFERENCES 

1 Major John W. BLUMENTRITT, "Will Airpower, Specifically Helicopters, Replace Tanks in 2010?", ARMOR, 
(September-October 1998) 
:i Trevor N. DUPUY, "Numbers, Predictions & War"; HERO Books, ( 1985) 
3 Department of the U.S. Army, Operations.(Field Manual 100-5) (Washington D.C. ; 14 June 1993), p.2-23 
4 DUPUY. (back flap) . . 
5 KKYY: 190-7 (Birlik Etkinliklerinin begerlendirilmesinde Harekat Etkinligi Metodu), Turkish Land Forces Press, 
(1999) 

813 



bl 2 C F Ta e- : omparison actors and weights 

MAIN COMPARISON FACTORS SUB-FACTORS 

A. STRATEGIC MOBILITY (0,678) 

I. SPEED (0.178) 

1. MOBILITY (0,259) II. DEPENDENCE ON TERRAIN 
B. TACTICAL MOBILITY OBSTACLES (0.345) 

(0,322) III. MOBILITY IN BAD WEATHER 
CONDITIONS (0.221) 

IV. NIGHT MOBILITY (0.256) 

2. FIRE POWER (0.311) 
A. FIRE CONTROL SYSTEMS (0,552) 

B. WEAPON SYSTEMS (0,448) r 

A. ARMOR CAPABILITY (0.289) 

3. SURVIVABILITY (0 ,147) 
B. NBC PROTECTION (0.199) 

C. ELECTRONIC WARF ARE (0,367) 

D. CAMOUFLAGE AND COVER (0,145) 

A. TARGET ACQUISITION CAPABILITY (0.327) 

4. COMMA~D. CONTROL, 
B. POSITIONING AND NAVIGATION SYSTEMS (0.456) 

COMMUNICATION AND I. COMMUNICATION SECURITY(0,556) 
INFORMATION SYSTEMS (0 , 140) C. COMMUNICATION 

II. COMMUNICATION RANGE (0, 185) (0,21 7) 

III . COMMUNICATION KIT (0,259) 

5. MAINTENANCE AND REPAIR jA. MAINTENANCE (0,:!54) 

CO?\DITIONS (0.079) Is. REPAIR CONDITIONS (0,746) 

I I. TRAINING QUALITY (0,321) 

IA. TRAINING (0,485) II. TRAINING 'TIME (0, 189) 

III. TRAINING OPPORTUNITIES (0,489) 
6.CREW (0,065) 

B. QUALIFICATION (0.268) 

C. STRENGTH I ENDURANCE LIMITS (0. 13 7) 

ID. EASE OF REPLACEMENT 
i 

(0.110) 
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ABSTRACT 
Difficulties arise as business and industry managers attempt to identify who wili be the best bidder for a project. A 
contract is often awarded to the lowest bidder, however steps must be taken to detennine contractor capabilit\· and 
seriousness. A project must be delivered according to the specifications. with high quality performance. · 
In this paper, a quantitative method was developed to help a project engineer decide how to select the contractor. 
and to whai extent his bid is balanced using the prices he submitted for each major type of work. 

INTRODUCTION 
Usually bringing the contractor under a filtration system reduces the risk of bad selection. Such a filtration system 
consists of tv.10 major stages. The first stage is prequalification of the contractor, which occurs before the contractor 
is invited to submit his bid. A project manager will review and analyze his contractor documents by taking into 
consideration financial technical criteria of the contractor, and his history in the construction arena. 

The second stage begins after a contractor submits his bid. This part of qualification is used to detennine the best bid 
and contractor among those who have been qualified. Many approaches have been developed and the literature has 
been published to enhance and modify this stage. A comprehensive contractor selection methodology, which 
consists of a quantitative approach, involves two primary tasks: ( l) initial screening (prequalification) and (2) final 
selection (analysis of shortlist contractors prior to awarding the construction contract) [ 1 ]. The objective in using this 
approach is to select the capable_ construction contractor in order to achieve successful project outcomes. 

Alsugair [2] developed a framework to evaluate bids of lump contracts using post qualification of a contractor, 
identifying the factors involved in bid evaluation. and getting their score after weighting them. These factors are 
related to behavior and technical criterions. 
Holt [3] reviewed several decisional methodologies. which are being .applied. or show potential for application, to 
the contractor evaluation and selection task. He concludes that the evaluation of a contractor passing through two 
stages as mentioned before, uses all contractor organizational criteria for the first stage. and all possible experiences 
the contractor has had in addition to his office location with respect to a project: 

The challenge is in the second stage. Experienced project managers lay their bid evaluation in a fashion that matches 
the degree of their understanding of construction market conditions and their knowledge about factors that play as 
important roll in pricing construction bids. 

In the U.S.A, contracts that -involved public projects are awarded to the lowest bidder, as a baseline to select the 
contractor. In European countries a different system is used where, the average of the bids is the reference to select 
the best bid [4]. 

It should be noted that these bid evaluation methods do not using prices submitted by contractors through a 
microanalysis technique. Microanalysis helps a project manager to predict the most serious contractor who 
understands the project and the market situation. 

THE PROBLEM 
A project engineer does not always have sufficient experience or knowledge to select the best bid when the project 
involves a private organization, uses competitive unit price bidding, and all the bids are higher than the engineer's 
estimate. At the very least, a project engineer needs ,to know the degree of seriousness of each bidder to complete the 
project according to contract specifications. This is accomplished by analyzing the prices of each bid as is 
demonstrated in this article. 
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SOLUTION APPROACH 
Each unit price contract is in to different major type of works (MTW), as listed below 
• Earth work 

• Structural work 

• Plumbing & HV AC 

• Fire protection 

• Electrical 

• Roofing 

• Finishing, etc . 

Risk and opportunity play a strong roll in leading the bidder to submit bids that vary in unit prices of construction 
items. and in subtotals of the different MTW bills. The approach to formulation of the mathematical model for this 
technique is based on the following rational assumptions: 

I. Each bidder is hopeful of winning a bid at a conformable price that covers all foreseen costs and risks with a 
satisfactory profit margin. In the heat of competition, a bidder may·be motinated to accept a lower price that 
provides for a reasonable profit margin although less than the margin he would consider comfortable. 

2. A bidder is persuaded the prospect of opportunities to be more competitive and is dis~uaded from competition 
by risks. 

3. Opportunities and risks create fields of opposite forces where persuasion and dissuasion move a bidder in 
different direction with varying speeds according to their ability to manage finance and resource services, labor, 
and material. · 

A bidder's perception of opportunities and risk is reflected by his pricing performance and is indicated by his 
readiness to panially lower his price for some MTW bills less than others. We call this the lowest pricing share for 
bidder i and indicate its subtotal by the abbreviation L (i). A bidder's perception of risk is indicated by his tendency 
to price some MTW bills higher than others and is shown by the abbreviation H (i) . It is clear that more a -
competitive bidder will contribute a larger share of extreme low pricing while a less competitive bidder will 
contribute mainly the extreme high pricing. In some rare instances, a bidder may exhibit more consistency by either 
not pric ing extremely or demonstrate very low participation in extreme pricing. 
The performer the implemented microanalysis technique a viev.· steps should be done as presented in the next steps 
also is illustrative by figure 1. 

Step I : Identify all contractor data 
Step 2: For each contractor determine his extreme high values against the other contractors· 
Step 3: For each contractor determine his extreme low values among the others contractors 
Step 4 : The net panicipation ratio (NPR) shall be taken as an indication measure for each bidder's seriousness; 

Where: · 
The Seriousness Index shall be taken as an indication measure for each bidder's performance; SI (i) is defined as 

SI (i) = [H (i) - L (i )] I T (i) 
T (i) is the total bid price for bidder i 
H (i) is bidder's i share of extreme highs 
L (i). is bidder's i share of extreme lows 

The value of SI(i) will range between -1 and 1. A value of -1 in very rare ~ase repres~nt serio~sly comp~titi~e . 
bidder whose bid includes all the lowest prices among bidders for all the different maJor type of works bills 1.e. T (1) 

= L (i). 

In addition. SI will take the value + J for a bidder whose bid includes all the highest prices for all the different major 
type of works bills (i.e.) T (i) = H (i ). 
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Receive the Bids 

l 
For each item 
determine the 

: highest & the lowest · 
bidder 

1 

l 
For each contractor 
get the sum of his 

extrem~ high 
' prices& his extreme 

low rces 

, Divide the deference 
by the total value of 

contractor bid 

l 
The contractor who 
is most close to (-1) 
is the most serious 

one 

Figure 1: Analytical Method Sequences 

The previous micro analytic technique can be also illustrative by a process flow chart (figure -2) capable to translate 
easily to a computer program if there is will be need for that. 
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Hsum (j) = 
Hsum (j)-t-VMTW(j) 

Lsum U) = 
Lsum U)+VMTW(j ) 

Receive the bids 

MTW(i) =l,n n = the total number of major type of works 

YES 
IS i = n+ 1 >------, 

NO 

Bid(j) =l,m 

YES is bidU) the 
highest 

NO 

YES is bidU) the NO 

lowest 

Index of Seriousness for 
each contractor= 

[Hsum (j)-Lsum(j )]/(Total 
Bid(j)) 

More close to (-1) is the 
most serious bid 

Figure 2: Proposed flow chart 

818 

m = the total number of bids 



ILLUSTRATIVE EXAMPLES 
The following example is provided to show how the contractor seriousness of the contractor is calculated. After 
advertising for bids, the owner of a construction project receives four interested bidders. His engineers assign an 
estimated cost for each MTW of the project as presented in column 2 of table l. The next columns specify prices for 
the four contractors. The lowest bid is contractor D, the second is contractor A, the third is contractor B and the last 
contractor is C. From the table, it is clear that all of the contractors are close to each other in total cost of project. and 
higher than the owner estimate. 

T bl I C a e · ontractors B'd (I 1 S nput D ata 

MTW Owner Contractor A Contractor B Contractor C Contractor D · · 
XYZ 

1) Site earthwork 220000 260000 300000 320000 400000 
2) Structural & yard concrete 650000 700000 660000 720000 700000 

3) Special floors 550000 600000 650000 630000 600000 
4 ) Stnictural steel 900000 950000 1000000 980000 951000 
5) Precast walls 600000 610000 650000 700000 620000 

6) Plumbing & HYAC 500000 570000 520000 540000 350000 
7) Fire protection 300000 350000 330000 400000 33500b 

8)EL. :ncal 400000 500000 510000 540000 520000 
9) Ro0fing 250000 350000 300000 320000 310000 

10) Building finish 650000 750000 730000 710000 715000 
Total s 5020000 5640000 5650000 5860000 5501000 

The next step is to determine the highest contractor in each row. as represented in Table #2 by the bold numbers. and 
determine the lowest contractor in each row. as represented by italic numbers. Subsequently by summing the bold 
numbers in each column and subtr~cting the sum of italic numbers from them for each column ( contractor), we can 
determine the seriousness factor for each contractor by di\'iding the deference by total value of bed as presented in 
Table 2. 

Table 2: Contractors Seriousness after analysis (Results) 

MTW Owner XYZ Contractor A Contractor B Contractor C Contractor D 

1) Site earthwork 220000 260000 300000 320000 400000 
2) Structural & yard concrete 650000 700000 660000 720000 700000 
3) Special floors 550000 600000 650000 630000 600000 
4) Structural steel 900000 950000 1000000 980000 951000 
5) Precast walls 600000 610000 650000 700000 620000 
6) Plumbing & HV AC 500000 570000 520000 540000 350000 
7) Fire protection 300000 350000 330000 400000 335000 
8) Electrical 400000 500000 510000 540000 520000 
9) Roofing 250000 350000 300000 320000 310000 
10) Building finish 650000 750000 730000 710000 715000 

Total s 5020000 5640000 5650000 5860000 5501000 
Seriousness of Contractor -0.222 0.064 0.282 -0.1 

ANALYSIS OF RESULTS 
The most serious contractor is contractor A but he is not the lowest one. While Contractor D, which is the lowest, is 
not the most serious contractor because of submining unbalanced bid. At the Site earth~ork his price is to much 
high respect to the other contractor, in other side, he makes the price of Plumbing & HY AC item to be much less 
than the market price as a result of shifting the difference in the cost of this item to item No. 1 planning to gain as 
much of cash as he can in the beginning of contract. With this case, the risk will be high with the owner. 
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But if the contract is awarded to the most serious contractor who is contractor A the risk will be low with the owner 
and with the contractor, because the contractor has a balanced prices and the over-run expected to be less in this 
case. 

CONCLUSION 
Bidder seriousness is a complex problem, which requires careful scrutiny if a project manager wishes to address 
unforeseen costs and delays before construction begins. While some project complications cannot be avoided, this 
examination process of contractor bid methodologies can enhance the precision, with which an engineer manages 
short or long-term projects. This process can help to reduce time and cost, hence consequences. 
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ABSTRACT 
Industries look toward computer vision as a mean to automate labor-intense and monotonous applications such as 
materials handling. To make this choice more appealing, vision developers must explore and expand more useful 
and feasible applications. However, illuminance variation in the factory.environment can undermine the capability 
and applicability of vision-based control systems. The purposes of this study were to: (a) design and develop a 
vision-based robot material sorting system, (b) determine the optimal senings for this system under fluorescent and 
incandescent lighting for two different color parts (white and red dominos) on a moving conveyor, and (c) detennine 
the sorting performance of this system under each light source. This study explored two color-sorting methods. 
Method A used the difference in object descriptors to separate the parts. Method Bused the difference in the 
observed "saturation" response of the charge coupled device camera to separate the parts. A detailed explanation of 
both methods is given and analyses of their performances are discussed. 

INTRODUCTION 
Computer vision is the science that automates the process of extracting. analyzing, and manipulating information 
from an observed image or a set of images. Application areas of computer vision in industry range from vision
guided robot assembly to automated visual inspection. Most of these applications are monotonous and labor 
intensive. The development of a vision-based robot color sorting application addresses one of the industry's main 
needs to automate the material handling process. Sorting is concerned with the identification and recognition of 
parts that are usually placed on a conveyor. Object illumination plays a key role in the vision system' s ability to 
identify and classify the moYing objects. 111umination is the amount of light measured at a specific location and 
time. Lighting was identified as one of the more influential variables in machine vision systems [1]. The 
organization of this paper is as follows. First, a brief introduction of the vision-based material handling system is 
given, followed by a discussion of the system variables that affects its performance. followed by image acquisition 
and representation. The two colored sorting methods and their _experimental setup are presented and discussed. 
·Finally, the conclusions drawn out of this study are given. 

VISION-BASED MATERIAL HANDLING SYSTEM EXPERIMENTAL SETUP 
A vision-based material handling system was an experimental set-up constructed to perform "pick and place" 
operations of objects from a moving conveyor. The main components of this experimental system are a vision 
system, a robot system with a speed-controlled conveyor, two light sources, and two computers. The main 
components of the system are shown in Figure 1. The vision system is equipped with a Charge Coupled Device 

. (CCD) camera. One computer was used to host the vision software. The other computer performed on-line control 
and monitoring of illumination. The robot picks up parts from a gravity feeder and placed them on the conveyor. 
The vision system scanned the conveyor to identify the color of the loaded objects, and to provide the coordinates 
necessary for the robot to pick up the object. Based on the system identification of the object's color, the robot 
placed the object into one of the destination gravity feeders . In this experiment, the parts consisted of black and red 
dominos placed with their undoned sides up. The system performed the sorting operation under the incandescent and 
fluorescent light sources simultaneously. The light intensity level of the incandescent light source was adjusted to 
match that of the fluorescent light source. The main ingredient of.the vision system was the vision feedback. The 
vision system performed identification and control operations on real time, hence enabled on-the-fly ·material 
handling operations of multiple parts. The system included data collection routines to automate the process of 
collecting data for analysis. 
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Figure 1: Block Diagram of the main components in the material handling system 

~any variab_les ~ffect the perf~rmance of_vision-based material handling systems. The most important variables 
. mclude the hghtm~, the reflective properties of the object. and the object surface orientation with respect to the light 
~ourc_e, th~ resolution and response spectrum of the CCD camera, image filters, vision algorithms, vision 
idenuficauon tolerance, and the computer processing speed. A brief evaluation of the effect of some cf these factors 
on the system will be given . The main focus of this research concentrated on studying the effect of various lighting 
sources on the performance of the system. . 

RES UL TS AND DISCUSSION 
Svstem Variables 

1. The conv~yor belt: The conveyor belt was the background for the material handling ~pplication developed. If 
the reflective property of the conveyor belt was similar to loaded parts, then the vision system could not 
separate the parts from the belt. Also, if the belt surface contained areas of varying reflectance due to uneven 
surface texture. error in identification might occur. In the developed system. the color of the conveyor belt was 
orange. which has different reflective properties than that of the parts, white and red. 

2. The frame grabber: The speed of the frame grabber should be fast enough to capture the image from the 
moving conveyor in real time. If the speed of the conveyor belt was high with respect to that of the frame 
grabber, higher image distortion may occur. Also, if the frame grabber increased, then the image distortion 
caused by the moving conveyor would decrease. because the displacement of the reflected light on the CCD 
camera will be less. Furthermore, the speed of the frame grabber influenced the maximum speed of the 
conveyor, because the duration of the object located in the FOY of the camera was inversely related to the speed 
of the conYeyor. 

3. Camera resolution: Higher camera resolution would require higher frame grabber. A higher resolution also 
provides more detailed image and better accuracy. 

4 . Image Filters: Image filters change the acquired images in a predefined way; using appropriate filters could 
reduce the variations caused by the unstable illumination source. However, the type of filter applied to the 
image may cause changes in the processing time. accuracy. and hence the system usefuI·ness. 

5. Vision Identification Algorithm: Vision identification algorithms identify an object by searching through the 
database for matching object parameter descriptions based on pre-defined sequences. Increasing the number of 
object parameters used in the identification process reduced the chance of false identification (Type I error), at 
the cost of increasing the process time and false rejection (Type II error). Reducing t~e number of parameters 
increased the processing speed and decreased the false rejection error at the expense of more identification· 
error. 

6. Vision Identification tolerance: Tolerance sening of the parameters used in the vision identification algorithm 
affects whether a match may occur or not. Tolerances specify the degree of matching between the object 
parameters and database objects parameters. If tolerance was set at ± 10% then a match will occur when the 

measured parameters of the object fall within ± I 0% from the database parameters. Higher tolerances reduced 

the chance of false identification at the expense of increased false rejection. Lower tolerances have a reverse 

effect. · 
7. Processing speed: Insufficient processing speed reduces the overall system performance. However. lncreasin_g 

the processing speed above a certain limit will not imp~ove the overall performance because the bottleneck will 
be at the mechanical end of the vision-based robot sortmg system. 

Image Acquisition and Representation . . . . . . 
A CCD camera was the primary image acquisition input devic~ used for machme vision. A CCD cam~ra contat~s a 
matrix (x by y) of CCD elements (sensors). Each sensor contai~s a ~CD cell ~nd a s~~ple and _hold umt. A ~•cal 
cc·o cell , sample and hold circuit and AID converter is shown m Figure 2. Light stnkmg the hght transducers m the 
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CCD cells generates a leakage current that is proportional to the light intensity. If the camera's sensors are exposed 
to an intense light, then the excess charge carriers spread into adjacent sensors and cause light to be registered there 
also. A sample and hold circuit stored current in a capacitor for a pre-set time interval. The charges are read out 
from the cells throughout a scanning process that resembles reading material from a 'page. The AID convener 
converts the electrical voltage output from the sample and hold-circuit into digital signals for the computer. If a pixel 
in an image acquired by the CCD camera is represented by f ( x, y) , then the intensity level of the _gray value of the 

f (x, y) depends on the intensity of the light striking the CCD cell [5]. -This intensity is a function of the 

illuminance of the scene and the reflective propenies of the various objects in the scene. If r(x,y) equaled the 

reflectance component and i(x,y) equaled the illumination component, then the equation for f(x,y) is 

f(x, y) ~ [i(x, .v)!(x, y)] 
Thus, the image is acquired.by an x by y matrix of f(x, y). The gray value of the f(x,y) equals the product of 

r(x,y) and i(x,y). 

Light 
~l= /n~ 

- Storage Capacitor 

Figure 2: A Typical CCD Cell with AJD converter 

The most important characteristics of a machine vision camera are resolution. sensitivity and transfer linearity [1], 
and spectral sensitivity. The camera resolution is the number of number of total pixels (x by y) in an image frame 
the camera could discriminate. The higher the resolution of the camera. the better the quality of the captured image. 
The camera sensitivity and transfer:, linearity describes the relationship between input light distribution (the 
illumination of the object) and the output current or voltage. The spectral sensitivity is a function of how the sensor 
converted various wavelengths of the incident light. 

Color Sorting Method . 
The quality of a grayscale image acquired by a CCD camera depends on the light source spectrum distribution, 
reflective properties of the object. and the relative response of the camera [ 4]. The spei.:trum of the illuminance in 
the camera's field of view (F OV) determines the amount of available light to be reflected. The illuminance into the 
camera from the FOY depends on the amount of light incident on the object (illumination) and the reflective 
properties of that object. The reflective property of an object depends on many factors including the color of its 
pigments; the color of light absorbed by a pigment is the complementary of that pigment and reflects all other 
colors. Each color has a specific frequency and hence a specific wavelength. The visible light consists of a 
spectrum of wavelengths, which range from approximately 700 nanometers (the red color) to approximately 400 
nanometers (the violet color). A white light indicates the presence of the entire spectrum of visible light and a white 
object reflects the entire spectrum of visible light. A red object only reflects the red light. Given the same 
illuminance, a white object reflects more light. Also, given the same reflectivity, the reflected illuminance from a 
white object will be greater than that of a red object. Because a white objects is brighter to the CCD camera, the 
CCD cell' will produce a higher grayvalue and the vision system. assigns it a larger value. 

The Lighting Sources 
Fluorescent and incandescent lamps are the most common light sources [3]. The incandescent bulb is probably the 
simplest source of light (2]. It is cost-effective and can be easily adjusted for light intensity. Incandescent light 
sources provide predictable spectral distributions. which enables accurate predication of the reflected light spectrum. 
However, because it provides directional illumination. incandescent bulbs cast strong shadows that cause problems 
for the machine vision software. In addition, incandescent bulbs emit considerable infrared radiation. A light 
intensity controller for the incandescent light source was constructed using a rotary dimmer, a stepper motor, and the 
Microbot's Motor Mover. It provided closed loop control using a DX-200 digital illumination meter. The CCD 
cameras are sensitive to these radiations; visual data can be washed out by the reflected infrared rays. 

823 



Diffuse sources of light are the most suitable for most machine vision applications. Diffuse lighting is non
directional and hence produces a minimum amount of shadow. Fluorescent lighting is the most common and the 
simplest method of obtaining a diffuse illumination. In the manufacturing environment, fluorescent lamps provide · 
the majority of shop floor lighting. However, the spectral distribution of fluorescent lighting contains regions of 
sharply varying power levels. These variations in power level cause objects that reflect light wavelength in the 
higher power ranges to reflect more light than objects that reflect light wavelength in the lower power ranges. In 
addition to their uneven spectral distribution, fluorescent lamps are very temperature sensitive, so varying 
temperature causes varying illumination. The fluorescent lamps requires warm up time of about 20 minutes to 
stabilize. 

A common problem with illumination quality of AC powered light sources was the fluctuation of their luminous 
flux. The 60 Hz AC power introduces a "flicker" effect to the illumination. This effect could cause a change in the 
image acquired by the vision system. The main AC power grid also exhibits voltage fluctuations due to load 
variations. 

During this experiment, Fluorescent and incandescent lamps produced ·different illumination variations. The 
fluorescent illumination appeared more stable than the incandescent when measurements were taken from a SX-200 
Light meter's LED panel and when 200 measurements were averaged by the illumination ~easuri~g program. The 
AID readings indicated differently. When using the ND converter readings, fluorescent readings showed an 
oscillation, while the incandescent did not. Figure 3 shows the illumination versus time plot for both light sources 
during 2 separate eight-hour periods at night. Each illumination point was averaged over 200 AID readings and 
converted into lux. Plots for the incandescent and fluorescent lighting had similar ranges (510-540 lux). 
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readings taken over a 0.1 second period at 540 lux 

Readings from the LCD display of the D~-200 light meter gave a misleading idea t~at flu?rescent light~ng is_mo~e 
stable, because the LCD illumination readings for the fluorescent appear stable, while the incandescent 1llummat1on 
readings tend to fluctuate. Figure 4 dispels this notion. As shown i~ the ~gu~es 3 a~d 4, the incandescent . 
illumination was stable in a 0.1 second period, while the fluorescent 11lummat1on vaned. There were 12 peaks m 
the 0.1 second ·scan plot, which supported the theory that AC line voltag_e_ caused a illuminanc~ fluctuation. The 60 
HZ AC voltage created I 20 pulses of electric discharge ( one for the pos1t1ve and one for negative). 

Both types of lamps had showed trends of decreasing .illumination over time. The_ incanfd~scenTt 1h·11urrii~an~fie varied 
more than the fluorescent illuminance over a long penod, but less over a short penod o t1m~. ese s1gm 1cant 
variations in illumination for both light sources may explain why applications developed usmg the ~rst app~oach, 
Method A, were not successful. Furthermore. these illumination variations demonstrated that, even ma penod of 
relatively low power usage (night) , the illumination would vary. . . 

The Sorting Procedure . . . . . b · · · 1 
The steps taken in the development of this sorting apphcat1on were: (a) Char~ctenzmg the ro ot v1s~on mat~na. 
handling system, (b) Positioning components, ( c) Analyzing methods of sortmg colors, ( d) Developing apphcat1on 
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software, and (e) Analyzing performance. A flow chart of the research procedure and steps used is shown in Figure 
4. The flow chart provided a general structure to follow in the system development process. Two methods, A and 
B, were developed for the sorting applications. Method A was developed using the principles described by Hom 
[4]. This method separates the colors based on the principle that objects with higher'reflectance appear larger to a 
vision system than objects with lower reflectance. Method B separates colors based on the difference in the gray 
values generated by the CCD camera. A description of both methods follows. 
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Figure 4: Flowchart of the p~ocedure ~nd steps taken to develop the sorting Application 

Sortino Method A 
Method A sorted colored objects by comparing their object descriptors. Some object descriptors include length of a 
contour. diameter of a boundary, shape of a boundary, axis of a boundary, area of a region, perimeter of a region, 
principle a.xis of a region, and connected components. Once. a s·et of descriptors was extracted from an image, the 
vision system identified the object by matching the object descriptor against a database of reference object 
descriptors. The matching approaches employed were structural and quantitative. The structural approach 
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• compares th~ interrelationship of the descriptors to each other. The quantitative approach compares the quantitative 
data of descnptors. The system produces a match if the value of the current object's descriptor fall within the range 
set by the stored values of a descriptor and pre-set, user-specified tolerances. 

· In the beginning, Method A appeared to favor fluorescent lighting because greater changes in the object descriptors 
acquired there were for incandescent lighting. However, after controlling the illumination and adjusting the camera 
position, the developed sorting applications for both light sources were only working properly in a small range of 
identification tolerances and illuminations. Because of the difficulties associated with the illumination control, the 
sorting application using method A cannot be economically reliably applied in the factory environment (varying AC 
line voltage, varying temperature, shadows, etc.). 

Sorting Method B 

Method B was developed after method A failed to achieve an acceptable performance level. Method Bused the 
difference in the observed "saturation response of the CCD camera to separate the objects. The ··saturation .. 
response region described the interval of illuminance where changes in illuminance did not produce a corresponding 
change in the object ' s measured gray value. The change in the gray val~es of the dominos and the background 
stabilized and leveled off after 300 lux. The region where the gray values are relatively stable (unchanged) was 
designated as the "saturation" region. This region covered 300 to 1300 lux for incandescent- and 300 to 800 lux for 
fluorescent lighting. Method B worked with wide range of illumination with no stipulation ·on identification 
tolerances for both light sources. Specifically, Method B sorted reliably over a wide ilh.iminance range: 150 to 1500 
lux for incandescent and 214 to 760 lux for fluorescent. However, Method B will falsely identify white dominos 
when the illumination drops below the point at which the vision system registered the gray value for white dominos. 

CONCLUSIONS 
Several conclusions are drawn during the course of this study. They are as follows: 
1. This automated material handling appl ication works with both incandescent and fluorescent lighting. 
2. Illumination of both the fluorescent and the incandescent lamps varies. 
3. There is a "saturation'' region for both light sources where the changes in i}lumination do not produce 

corresponding changes in the values of histogram peaks and limits. · . 
4 . There is a " linear" region for both light sources where the changes in illumination produce changes in the values 

of histogram peaks and limits. 
5. The incandescent lighting produces a higher background histogram limit than the fluorescent lighting for this 

material handling svstem. 
6. The fluorescent lighting produces a higher peak difference for white and r~d dominos _th~n fluor~scent lighting. 
7. The incandescent lighting produces a smaller variance and standard deviation for the white dommo than 

fluorescent lighting. 
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ABSTRACT 
The adaptive distributed manufacturing system concept proposed by Sluga and Butala [I] encapsulates the logic 
needed for decision making process in cooperating agents. The autonomous process of making coordinated solution 
for a given task (mediation) dynamically adapts the distributed manufacturing system to the ever changing 
environment conditions. The process takes place among agents, i.e. mediators, and Virtual Work Systems (VWSs) 
on remote locations. 
The Adaptive Distributed Manufacturing System (ADMS) is introduced as an implementation of the Complex 
distributed manufacturing system paradigm. Its configuration automation relies on bots and spiders. The Distributed 
Component Object Model (DCOM) is chosen for inter-agent communication. The ADMS communication blocs are 
developed and .the initial results on ADMS self-configuration are presented. 

BACKGROUND AND MOTIVATION 
Several paradigms for the analysis and synthesis of complex manufacturing systems have emerged. The most 
recognized ones are fractal factory [2], holonic [3], bionic [4), and complex adaptive manufacturing systems [5)[6]. 
All of these paradigms achieve their objectives by adaptation of the manufacturing systems to ever-changing · 
requirements. It is in the decision-making processes that they differ mostly from each other. Progress in refining 
decision-making processes is reported steadily. 

The theoretical aspects and implementation of the multi-agent approach as the framework for decision making 
process in the Complex adaptive manufacturing system paradigm are presented in [7][8]. Now, the time appears ripe 
to apply cutting edge Information Technologies (IT) to adaptive distributed manufacturing concepts. The s·ynergy of 
the two disciplines will bring us to real systems that will give substance to concepts, as well as open a new space for 
further concept refinements. 

ADAPTIVE DISTRIBUTED MANUFACTURING SYSTEM (ADMS) 
The ADMS, as an implementation of Complex distributed manufacturing paradigm, is a dynamic structure. New 
Mediators and VWSs appear, present ones get temporarily off line, some change their location and/or functionality, · 
some eveQ disappear forever. But throughout, an actual ADMS configuration needs to be available to all 
contributors at all times. The ADMS needs to keep track of its changes. even if it has no control over mutations . 

. Automated navigation in Figure l and communication objects· in Figure 2 are wo~ked out as research studies in the 
next section. 

AD1\1S COMMUNICATION AND NAVIGATION MODULES 

Communication Within an ADl\fS 
The two communication requir:ements forced on ADMS agents (VWSs, mediators), are: 

• Remote activation of distant agents on demand. 
• Effective communication for any data type. 

In addition, security and reliability measures are to be considered and implemented to reasonable extent. 
The ADMS IT design effort should be comparable to the one in the most convenient laboratory environment (where 
all agents ·live within the same address space. i.e. ADMS is simulated within a single application). 
Different IT technologies were considered [9][ 1 O][ 1 l]. 
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A test example, built in DCOM technology [12][13], fulfills the requirements and meets the suggestions. 
Mediators' effectors and VWSs' percep·tors, Figure 2, are built. The mediator (client) queries VWSs (servers) on 
remote locations. The solution is technically identical when the VWS queries mediator(s). 
Actually, it is not unusual that one application performs as a standalone program, as a remote automation client, and 
as a remote automation server. Such is the requirement on ADMS agents. 
A common Job data structure .is chosen: 
#defi11e STRING SIZE 20 
#define BUFFER SIZE 2000 
typedef struct -
{ 

int Days: 
i11t Hours: 
int Cost: 
char Task/STRJSG SIZE/; 
char Anachment/STRJNG_SJZEJ; 
char Buffer/BUFFER_SJZEJ; 

J TJobData: 
TJobData Request; 
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T JobData* pProposition;; 

It is to be observed that char type buffer serves as a container for any data type (inter-agent communication 
requirement). 
Job requests are sent to all VWSs. 
for (int i-0; i<MNodes->Lines->Count; i++) { 

Application->ProcessM essages(); 
Screen->Cursor • crHourG/ass; 
SBar->SimpleText • "Connecting to "+ MNodes->Lines->Strings/ij; 

VU:S = CoVWS::CreateRemote(WideString(MNodes->Lines->Stringsli[U· 
Screen->Cursor""' crDefau/t; 
if(! VWS) ShowMessage(" Unable to connect to "+ MNodes->Lines->Strings/i/); 
else TCReceived->Tabs->Add (lntToStr(i) +" "+ VWS->NodeName): 

TSafeArrayChar I SArryRqst(Diin); 
for (int i=O; i<si:eof(TJobData); i++) 

SArryRqst[i/,., ((char*)(&Request))/i/; 

VWS->SetRequest(TVariant(SArn·Rqst.DetachQU; 
TVariant Prpstn = VWS->GetProposition() · 

TSafeArrayChar 1 SArryPrpstn = LPSAFEARRA Y(Prpstn); 

T JobData Prp; 
for (int j=0; j<siz.eof(T JobData); j++) 

( (char*)(&Prp) )[j/ = SArryPrpstn[j/; 
memcpy ( (char*)(pProposition+i), (const char*)(&Prp), si:eof(TJobData)); 

VWS= O· 
} . 

The code listed above shows the Mediators ' communication loop, when sending requests to and rece1vmg 
propositions from MNodes->Lbtes->Count VWSs ( Coum is between one and up to a maximum of some thousands 
for practical; not technical , reasons). 
The lines involving VWS object are underlined. The code is quite_ similar to that of a study case in a laboratory, 
where the Mediator and the VWSs coexist as different objects within the same program i.e. within the same address 
space, where objects communicate via their public members . 
Let us look into the essential communication code within a VWS: 
T Jo_bData JobData: 
STDMETHODIMP TVWSJmpl::SetRequest(TVariantlnParam Data) 
{ 

} 

try { 
TSafeArrayCharl SArryRqst = LPSAFEARRAY(Data); 

for (int j=O; j<si:eof(T JobData); j++) 
( (char*)(&JobData) ){j/ = SArryRqst[j/; 

} 
catch(Exception &e) { 

return Error(e. lUessage.c_str(), 1/D_JVWS); } 
return S_ OK; 

·STDMETHODIMP TVWS/mpl::GetProposition(TVariant* Data) 
I 

try I 
TSafeArrayDim I dim(si:eof(T JobData)); 
TSafeArrayCharJ sa(dim): 

for (int i=O: i<.si:eof(TJobData): i++) 
sa[i/ = ((char*)(&JobData))/i/; 

*Data = sa.Detach(); 
} 

} 

catch(Exception &e) { 
return Error(e.Message.c_str(), 1/D_JVWS); J 

return S_ OK; 

829 



A~ain, procedures_ are qu~te similar to those of non-distributed applications (single address space). The only 
n~isance are TVarz~nt vanables that are introduced for technical reasons - any data type is propagated among 
distant ADMS contnbutors. 

VW~ interfaces (?ot shown) are written in the Interface Definition Language (IDL). However, "visual tools" are 
available to substitute all the mainstream IDL programming in the most intuitive manner. 
Data exchange between ten Mediators and two thousand VWSs activated in groups of two hundred on each of ten 
LAN or modem connected platforms is tested. 1. :: 

Orientation within an ADMS 

Since the ADMS is a dynamic structure, the actual configuration needs to be available to all contributors at all times. 
There could be many successful solutions to a problem at hand .. For them to be successful, 

• information traffic needs to be minimized, 
• information should be at hand when needed, and 
• ADMS navigation should be automated. 

An ADMS central registry(ies) that keep(s) track of changes is proposed. Individual agents possess their own thin 
database on potential addressees, Figures l and 2. Local database is automatically synchronized with the central registry. 
Other developers will have different solutions to a problem at hand. Probably, these would not be compatible with 
ours. Such a situation occurre1 when internet was born. At that time. rules were emerging and becoming a policy via 
Request For Comment (RFC) documents. Everybody interested had a chance to contribute and be informed on the 
current state of the standardi~ation process. Since the "From Propositions to Standards" process worked effectively 
then, we believe something similar will emerge for ADMS. 

It is quite impossible to overlook a potential of http technology as a base of an ADMS central registry. Specially, 
since we think that such a registry should be readable by humans and by robots. · 
The inspiration for means of ADMS navigation automation came from watching robots developed for stock market 
customers[l4] . Stock data are posted on web sites (information servers). Stock holders (clients) depend on bots that 
continually monitor stock data. They only report stock changes when pre-set conditi.ons are met. When not, users 
don ' t even notice their existence. 

Let us "invent" a central registry as a web site with an up to date state of ADMS potential network. 
Two bots and one spider4 are proposed within our first effort on ADMS navigation automation. 

• SiteMap bot traverses a web site and displays all links found. 
• DisplayOnPageChange bot monitors selected web pages. A signal is raised on a page change. 
• WebSiteFinder spider searches for web sites within the Internet Protocol (IP) address range. 

The two bots are to be built into agents (YWSs and mediators) , the spider is to be built into the central registry on 
the ADMS web site . Agents are d~scribed on (other) web sites. built and maintained on Elementary Work System 
(EWS) locations (around the globe). 

Agent bots synchronize thin local databases with the ADMS registry. SiteMap bot browses registry pa~es f~r local 
database initialization. DisplayOnPageChange bot monitors registry changes. On a change, the agent adjusts its data 
to the data in the registry. -

The registry spider continuously searches for web sites within a set of IP addr_esses. As it finds a new _site, it ~eads its 
contents (checks for new ADMS agents). If a site disappears. the registry database gets adJusted 1.e., the 

corresponding agent entries are deleted. 

1 Test condit ions: WindowsNT Service Pack 6 platfonns, dynamic IP address on modem connection. DCOMCnfg.exe parameters are set for 
Custom Access and Custom Launch. User "Everyone" has access and launch perm1ss1ons. 

~ WindowsNT Service Pack 3 and up is DCOM server requirement. Windows98 is DCOM client requirement. WAN testin~: Firewalls need to 
allow Remote Procedure Call (RPC) . Common fi rewall policy allows Http. SMTP, ftp, telnet and Secunty Socket Layer (SSL). 

3 A document in which a standard. a protocol. or other information penaining to the operation of the Internet is published. 

4 ( Ro )Bot_ any program tpart of a program ) meant for unattended operation . Spider - a bot that index and maps web sites. 
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Different approaches to programming ADMS navigation automation were taken into account. One has to decide 
first, how unique is the considered application functionality. If the uniqueness is high, then building up from the 
Application Programming Interface (API) is the only choice. This approach can be quite tedious. Practically, such 
uniqueness speaks for itself - we are far away from the mainstream in software development Such a situation mav 
be tolerable in some specific Information Technology (IT) comers, but the ADMS IT implementation should not b~ 
such by definition. It should stay within the bounds of IT mainstream development (reliability and achieving a good 
measure of Return On Investment (ROI) in software). To achieve this, most of the application functionality should 
be based on the utilization of object libraries. .. 

Since the Windows Operating System (OS) seems to be most widespread and PCs most price effective. both · 
competing Windows object libraries i.e. Microsoft Foundation Class Library (MFC) and lnprise (Borland) Visual 
Component Library (VCL), were taken into consideration. The first one was chosen for two objective reasons. First. 
MFC objects use MS Internet Explorer as their automation server. (with the advantage of thoroughly proven 
functionality) . Second, it is reasonably well documented (compared to equivalent objects within the other choice). 
Both bots and the spider are built around CintemetSession MFC class: 
pSession = new CI~ternetSession( m_sUserAgent, ++m_nContat, 
INTERNET OPEN TYPE PRECONFIG); 
DwFlag = ii.'TERNET_FLAG_TRANSFER_BINARY I 
INTERNET_FLAG_EXISTING_ CONNECT I INTERNET_FLAG_DONT_ CACHE; 

pHrrpFile = (CHttpFile*) pSession->OpenURL(sWorkingUrl, I, dwFlags, . 
sHeader, -IL); 

i/(pHttpFile) I* Open URL worked*/ 
{ ... 
SiteMap bot recursively reads HttpFile and checks it for links. Recursion depth is set by user. Links are exposed for 
further usage. 
DisplayOnPageChange bot reads HtrpFile in time intervals. It gives a signal on a difference between n-th and (n-
1 )th reading. . 
WebSiteFinder spider checks for pHttpFile value after an attempt to open an Internet session. A NULL comes from 
failure (web site on an IP address not found). pHttpFile other than NULL signals that a web site was found on the IP 
address. Then, central registry begins site exploration (Not implemented. Extended SiteMap bot would fill the need.) 

DISCUSSION AND CONCLUSION 
The importance of the test study is applying a relatively new and complex ITs on a distributed manufacturing 
paradigm. Mainstream modem ITs are utilized, since we firmly believe that it is the synergy of modem IT and 
manufacturing research that will bring distributed manufacturing concepts to new frontiers. 
The adaptive distributed manufacturing system is introduced as a DMS implementation. Agents ' perceptors and 
effectors are materialized within DCOM IT. Initial work on ADMS automation is laid out in forms of bots and 
spiders. 

Presented and built ADMS blocks (perceptor, effector, bots, spider) were thoroughly tested in a distributed 
environment. They are considered to be ready for ADMS integration. 
lrlterested reader is encouraged to download the C++Builder Project Group on inter-agent communication, the bots 
and the spider from http://wwv.-2 .ames.si/~mjenko9 for further exploration. 
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ABSTRACT 
The normal curvature approach model is a new method proposed for generating interference-free tool paths in 
machining the freeform surfaces on five-axis CNC machines, and a specialized whirlwind milling tool is also . 
introduced in the paper. The crux of this new tool path model is to optimize the CL-data of whirlwind milling tool · 
so as to closely approach to the surface being machined. So, this new milling method evidently raises the material 
removal rate at the point of contact. The step-forwards and step-overs of NC tool paths usually depend on the 
accuracy of the manufactured surfaces. Under the same scallop height and dimensional precision, this method can 
shorten the number of tool passes and cut down the manufacturing cost. 

INTRODUCTION 
CAD/CAM systems have found a broad application in machining the 3D freeform surfaces in the automotive, 
aerospace, ship-building and health care industries [ 1,2). However, some problems still exist in the NC machining 
of complicated shaped objects. This is because their surface shapes are usually composed of many arbitrarily 
complex surfaces so that the tool paths for machining them cannot be obtained with ease. Developing a high-speed 
and effective method of tool path generation has being considered a difficult work. Several algorithms about 
optimum seeking for the cutter path direction and interval have been proposed to achieve high efficiency and 
interference-free cutting plan in a computer-aided manufacturing (CAM) system [3 ,4]. 

In the paper. a new method of generating interference-free tool paths for machining 3D surfaces is presented based 
on the whirlwind milling technique in 5-axis CNC milling machines. This method can ensure local access in 
machining complex surfaces, and avert the gouging when a cutter tool is arbitrarily oriented. The central point at 
this method is to envelop the theoretical surfaces in the form of ·equivalent normal curvature by means of the 
symmetric rotational surface of milling tool. Then, it leads to increase the metal · removal rate at the point of contact 
and reduce scallop height. In addition, the whirlwind milling tool used in this paper has reliable local tool 
accessibility and high productivity. 

WHIRL\VIND MILLING TOOL 
The three-dimensional complex surfaces are generally described as parametric or freeform surfaces in Cartesian 
coordinates. In planning the cutting path of these complex surfaces , there are a lot of kinds of cutting tools to be 
taken. The cutting tools commonly used in 5-axis milling machines are end-mill cutters. The cutter's end can be 
spherical, flat , or filleted, and these end-mill cutters are effective milling tools for most of complex surfaces. 

Nevertheless. their rotational radii are restricted within the minimal radius ( 1/ K 1 ) of curvature of the surface to be 

m~chined . Technologically speaking. the larger the diameter of a cutter tool , the smaller the resulting scallop height 
for the same tool path. Moreover, the larger tools will reduce the cutting time spent. 

· In this paper, a specialized whirlwind milling tool (shown in Figure 1) with circular standard cutting-edge cutters is 
recommended to machine complex freeform surfaces. It has larger rotational diameter and more narrow cutting 
width .. In addition, it is very simple to rectify its radial dimensional error and little grinding operation is to be need 
over drum-type milling cutters and other common milling tools. 

Generally the whirlwind milling tool is to side-mill t~e surface to be machined in 5-axis horizontal machining, and 
its cutter arbor is initially destined to slightly the direction of minimal radius of curvature of the workpiece. Here, S
axis CNC horizontal milling machine is alike to 5-axis general-purpose CNC machining-tools, whereas its cutter 
arbor is initially parallel to the horizontal level. Thus, the rotary radius of whirlwind milling tool is subjected to the 

limitation of maximal radius ( 1/ K 2 ) of curvature on the desired surface, rather than it~ minimal radius ( 1/ K1 ) of 

curvature. As a result of this, a relatively larger rotational cutting radius of milling tool is allowable than other kinds 
of milling cutters. In feed-in motion, the larger cutting diameter of milling tool can provide a higher circular cutting 
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speed and enhance the productivity In addition its narrow cutti·ng w"dth f h. 1 · d ·11· 1 · ful . . . · , 1 o w 1r wm m1 mg too 1s use to 
gougmg av01dance on the desired surfaces. 
The whirlwind-milling tool always keeps a defi ·t h · h h rf: · · · . m1 e s ape wit t e su ace bemg machined at any pomt of contact. 
Its ro~uonal surface n of the cutting profile in the cutter coordinate basis (CCB) can be described by the 
following: 

Figure 1 Whirlwind milling cutting tool with standard-sized circular 
cutters 

~ (17, v) = ( ~ c - ~l + ~[ · cos v ). cos 77 · ~ + ( ~( - ~[ + ~ c • cos v ). sin 77 • Jc + ~c • sin v · kc 
where the parameters TJ and v are angle variables, 0 $ 77 $ 2Jr , - Tr $ v $ Jr . 

(I) 

From Equation (I), the surface characteristics of the whirlwind milling tool can be easily obtained. The direction of 

its maximum principal curvature e,c is along the lines of constant values of 77 and th~ direction of its minimum 

principal curvature e2c along the lines of constant v. The principal curvatures at any point on the surface Q are 

K,c = LU and K 2, = COS v/[(~, )-( ~, ). (1- COS V )], respectively. 

TOOL PATH PLANNING 
In the 5-axis milling operation. the symmetric surface O of milling tool engages with -the surface S being . 

machined at the point of contact P (see Figure 2). And their tangent planes are represented by T0 and .T 5 , 

respectively. The straight line L is the intersection of these two planes, and angle <p is the included-angle. 

Assuming the vector r is the unit tangential vector of any tool path r at P, and angle _¢ is the included angle 

between r and el . Here. the unit vectors el and e"2 represents the directions of maximum principal curvature 

( K 1 ) and minimum principal curvature -( K 2 ), respectively. And the frame e1e2n comprises a right-hand 

rectangular coordinate system. The unit vector ii is the normal of the surface S at the point P in the WCB 

Sjow,xw,Yw,·=J. Based on the tool path geometry, the cutter location (CL) data (alternatively, the moving 

locus of the fixed point C
0 

on the axial center of the milling tool shown in Figure I) in the frame elii can be 

defined as follows: 

rc0 (e1e2n)= ~, ·n +(~, - ~, )-Aj¢)· Ac2(-f-cp)·e1 (2) 

z,(el"2n)= Aj¢)·Ae2(-cp)·e, (3) 

where the transformation matrix Aµ ( 9) denotes to rotate an angle variable 9 along the coordinate axis µ . And 

there always exists the following mathematical relationship: 
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A,1(8)= [: 

0 

-~n8} cos8 

sin8 cos8 

(4) 

· [ cos8 0 sin8 

Ae2 (8)= 0 1 
0 l -sin8 0 cos8 ~ 

(5) 

[ cos8 -sin8 

[} A.(8)= sin: cos8 

0 

(6) 

On the substitution of Equations (4), (5) and (6) in Equations. (2) and (3) , the CL offsetting algorithm is found after 
some mathematical manipulation: 

rco(e1e2n)= ~ c ·n +{~c - ~ c ). (-cos¢-sin<p·e, -sin¢·sinq;·e2 +cosq;·n); (7) 

zJel2n)= cos¢·cosq;•e1 + sin¢·cosq;-e2 +sinq;·n. (8) 

Based on the above algorithm, the cutter location and orientation trajectories are determined. 

s p 

b 0 
\ ' 

w 

T 

Figure 2 Kinematic relations between the WCB and CCB 

. NORMAL CURVATURE APPROACH MODEL 
The normal curvature approach model proposed in this paper is aimed to enhance the removal rate at the point of 

contact. Its machining strategy is to make an attempt to create a close fit between the surface being machined S 
and the rotational surface Q of whirlwind milling tool. but no interference happens on the surface S . 

It is cleariy seen from Figure 2 that the maximum cu~ature K1c of cutting surface correspon~s to the constant CU 
and is always in the plane containing the normal iic at the point of contact and the tool axial line zc. As the point 

of contact varies from v = 0 to -} , the minimum curvature K 2c changes from C~c ) into zero and the plane of the 

osculating circle on the surface n goes from being vertical to -being horizontal. In accordance with the differential · 

geometry, 'the normal curv~ture in a given direction on the surface n is written as: 

K nc = K 1c • cos 2 0 + K 2c • sin 2 0 (9) 
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. where the angle 0 is the included angle between the given direction and the vector e1c of maximum principal 

curvature on th_: ~ool _ surface n • On the other hand, the real feeding direction of the cutter arbor is along the . 

_tangent vector r m Figure 2 while the whirlwind milling tool cuts into the workpiece. The surface propenies such 

as n , KI and K 2 on the machined surface S are calculated using classical differential geometrical theory. At the 

point of contact P , the normal curvature K" in the feeding direction of the surface S can be gained according to 

Euler formula: 

K" = K 1 • cos 
2 ¢ + K 2 • sin 2 ¢ (10) 

In addition, assume that the staning orientation of the milling arbor, (that is to say, the original direction of milling

tool axis) is designed to the direction of maximum principal curvature e
1 

of the surface S . · When this machined 

surface S comes in contact with the cutting surface n , their normals are initially coincident each other. The point 

P is the common point of contact between these two surfaces. The key of the normal curvature approach method is 

to minimize the difference between the curvature K and the curvature K so as to reach the material removal 
nc . " 

rate as much as possible. This machining strategy can be realized only when the following equations exist: 

K nc = Kn . (11 ) 

<p = 1/ (12) 

Finally, manipulating Equations (9), (10), (11) and (12), some main parameters on the nonnal curvature approach 
method can be given. · 

EXAMPLES 
The new method of tool path generation is easy to operate in practical machining process. and only requires of 
correctly matching the orientation components of the whirlwind milling-tool. It has been used in 5-axis . CNC 
horizontal milling machines to machine the freeform surfaces. 

Figure 3 illustrates a panial shape of a specific automobile body and its tool paths, and a whirlwind milling tool 

with the diameter Dc =300 mm and D, =28 mm is used to machine this parametric surface. The dimensional 

tolerance limit of this surface is 0.02 mm and maximal scallop height 0.0032 mm. Figure 4 is anther example of 
applying the new method for machining a specific spiral surface. And a whirlwind milling tool with the diameter 

Dc =250 mm and D, =20 mm is used. The dimensional tolerance limit of the spiral s_urface is 0.012 mm and 

maximal scallop height 0.0016 mm. These practical results show that the new method can raise the removal rate by 
300-400 percent at the point of contact and lower the total cutting length about 62-70. percent over ball en_d-mill 
cutters. 

The normal curvature approach method with using whirlwind-milling tool has found a wide use in petrochen:iical 
industry and environmental protection engineering for manufacturing large-sized helix surfaces such as positive 
displacement motors , progressive cavity pumps and screw impellers. The details about their implementation are 

discussed in [5 ,6]. · 
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Figure 3(b) The cutter location tool paths for machining the surface 
shown in Figure 3(a) with whirlwind milling tool ( \ 10mm) 
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Figure 4(a) with whirlwind milling tool ( , 10mm) 

838 



A SIMULATION: HOW THE INDUSTRIAL PROJECTS 
AT TUMEN RIVER AREA IN CHINA FORM FOREIGN DIRECT INVESTMENT 

Yiyun Zhang 
School of Management 

Xi'an Jiao Tong University 
Xi'an, Shaanxi 710049, P.R. China 

Weirong Feng .. --

National Post-doctor Administration Office of P.R. China 
Beijing 100080, P.R. China 

ABSTRACT 
Based on the theory of international investment attracting force and the technology of fuzzy evaluation, we research 
and develop a .investing simulation model in order to simulate the industrial investment projects which were 
proposed in .. '95 China's Tumen River Area International Investment and Business Forum" funded by United 
Nations Industrial Development Organization. And then the projects have been classified into groups according to 
the ability of them attracting foreign investors, and the forming process and result of the projects have been 
simulated. 

INTRODUCTION 
With the great potential of regional industrialization and the strategic location of becoming important global goods 
flow center, Tumen River Area development has been concerned by the world since 1990s because of Tumen River 
Area Development Program (TRADP) led by United Nations Development Program (UNDP) and participated by 
six countries(PRC, Russia, DPRK, ROK, Mongolia and Japan) in Northeast Asia. in which the promoting 
investment is one of the two key problems(Li et al., 1995; Li et al., 1996: Li et al. , 1997; Xu et al, 1994). Funded by 
United Nations Industrial Development Organization (UNIDO), " '95 China's Tumen River Area International 
lnvesmzenr and Business Forum" was successfully hold in 1995, in which 116 industrial projects screened by 
LTNIDO were proposed (see Projects Handbook). With such a large activity for promoting investment, many issues 
need to be solved. With the consideration of the government, China wants to take the form of the joint venrure with 
all of these projects, but it is impossible. Because: ( 1) most of the projects proposed by China are in the position of 
being chosen by foreign merchants, so it is relatively passive. (2) all the p,rojects forming investment will have great 
effects on the area's infrastructure. energy. capital. labor force and municipal construction: if not adjusted timely, it 
can not help·· appearing the temporary confused situation. Therefore. a more possible and feasible situation is to form 
the investments in some form of flow during certain period. av:eragely, several per month or dozens per year. But 
what kind of projects will attract foreign investment? How much is the attracting force? That is, in what order can 
the projects form possible investments? Which projects can not finally form the investments? What is the reason? ls 
there any relative solution? We analyze these problems in this paper. For China Tumen River Area attracting 
Foreign investment, the problems that this paper needs to solve are to some extent fairly complicated because that 
the contents of the research include not only the economic evaluation of single project, but also the comprehensive 
evaluation of all the projects. The researching methods should pay attention to the local developing strategy, while 
can not ignore the investing motive and interests of foreign investors. More important, there exist influences among 
these hundred projects. So. we must consider the influences not only among projects, but also that the projects have 
on outside environment and outside environment as on the projects. That is to say, the problem is of multi-feedback. 

In this paper, based on International Investment Attracting Force Theory (Wang, 1993) and Fuzzy Evaluation 
Technology (Dai, 1994 ), we simulate the forming process of these projects. But since there are ·less of original data 
in project 5, 16, 39, 89, 98, 113 and 115. and present _net and intern rerum rate of project 13, 27, 37 53, 72 and _93 
can not reach the lowest standard, so that among the 116 projects, only 103 projects have been simulated. 

DEFINITION OF THE TARGET SYSTEM: 
CRITERIA AND PRINCIPLES FOR EVALUATING THE PROJECTS 

Foreigners investing in other countries care very much ~bout the direct profit they can a~quire and the potential for 
future profit realization. These two factors constitute two principal criteria for evaluating the various projects. The 
direct profit factor is inherent within the project itself and is easy to identify, but the potential for future profit 
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realization is multi-sided and more complex In th ' th · 'd · · · . . • 1s es1s, we cons1 er only those issues related to commercial nsks 
m defining the l~tte~ factor. In general, there are some fundamental guiding principles that serve to identify a target 
system. These pnnc1ples can be delineated as follows. 

( 1) The target system should generally reflect factors that foreign investors can study and evaluate. 
(2) The target system should focus on certain key influencing factors. 

(3) Th~ targets s~ould be comparable. That is, it must be possible to evaluate each project in terms of the targets in a 
uniform fashion that permits their subsequent comparison. 

( 4) The quali_tative factor~ governing the targets should be classifiable into several grades so as to be comparable 
and permit an appropriate quantification of the target values. 

Target system 
Feedback Accumulating 

state output 
variables variables 

Expert system 

Select the best project for implementation 

Modifica~ion of' 
System state variables 

Simulation submode! 

N 

y 

Output results 

Fig. The Structure and Functional Framework of the Projects Evaluation Model. 

SIMl:LA TIO~ MODEL 
Simulation model is mainly to deal with some state variables and temporarily computing variables of system. 
Variables dealt with by simulation model are classified into two type in this system: feedback state variable and 
accumulating output variable. The former refers to the investing profit rate and investing density, which these two 
variables need computing again and feedback the order course of next round during each repeating; the h1tter is to 
add gradually the computed results and ready to output before ending the repeating course so as to provide further 
analysis. 

VARIABLE HANDLING IN SIMULA TING MODEL 

Economic anal\'sis \'ariables in the whole industrv and each industr\' 
This type of variables is mainly used to analyze the whole economic power and the relative changing position of 
economic target of the processing industry after a series of investment in China Tumen River Area. Therefore, We 
need to set a series of variables to watch the change, which are : · 
( I )Assets and its changing conditions of the whole industry and each industry; 
(2)Labor and its changing conditions of the whole industry and each industry; 
(3)Tax and its changing conditions of the whole industry and each industry; 
( 4 )Output and its changing conditions of the whole industry and each industry; 
(5)Export and its changing conditions of the whole industry and each industry. 

840 



Efficiencv analvzing variables 
This type of variables is mainly used to study the efficiency problems of the whole industry and each industrv on 
production, sales and export etc .. Concretely, by inspecting the changing trends of the production rate, output· rate 
and export dependence degree etc., further explaining the characters of dominant industries and their developing 
stages on the basis of the whole analyzing and industrial analyzing. So, we need to identify the following variables: 

(I) The labor productivity and its changing conditions of the whole industry and each industry 
(2) The capital output rate and its changing condition of the whole industry and each industry · 
(3) The capital profit rate and its changing condition of the whole industry and each industry 
(4) The export dependence degree and its changing condition of the whole industry and each industry. 

Simulating procedures: 
( 1) The project set is arranged in order of comprehensive evaluation grade, and seeking for the project ranked 

first. 
(2) Identifying the industry which project is located in by the project code. 
(3) Operating on the relative variables of the industry. 
(4) Operating on the relative variables of the whole industry. 
(5) Eliminating the project information in the original data base and getting into next alternation. to arrange the 

remained projects in order and to simulate for the next time. ... 

Explanation for the variables computing model: 
, = .... +a· 

, - . + __ 

+ ,_ 

+ 

+ .: 

where, a is the coefficient of investment transforming asset; 

is the asset amount of th industry at the , th time simulating; 

is the labor number of th industry at the ~ th time simulating; 

is the profit of th industry at the . th time simulating; 

is the output of th industry at the , th time simulating; 

is the export of th industry at the , th time simulating; 

is the labor productivity of · th industry at the - th time simulating; 

is the capital output of th industry at the , th time simulating; 

is the capital return rate_ of · th industry at the , th time simulating; . 

is the export dependence degree of th indu_stry at the . th time simulating. 

The simulation assumptions in simulating model 
( 1) All projects be not opposed in the procedure put into .effect. 
(2) The funds and cred_its required by projects can be guaranteed. 
(3) When simulating, the projects investment change into assets in proportion, no all. 
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CONCLUSION 
After I 03 times alternation, we obtain the order of all the projects participating in the evaluation. During the 
procedure. there is not eliminated project because the project investment return rate is less than the industry capital 
return rate, so all the projects join in the evaluation and alternation normally. As the result of the alternation, every 
project get a order code (When the number is small, the possibility of predominantly forming investment is big) and 
the evaluating value of every layer target in the procedure of the evaluating project. The orders of all projects are as 
follows. We classify them into five type according to the positions in the order. 

(I) The most competitive projects (No. l-No.20) 

Order I "' 4 5 6 - !< Q Ill 
:--umber 36 110 7 78 112 l i 85 102 90 r 
Locatton Hunchun Hunchun Hunchun Dunhua Antu Tumen Hunchun Yani1 Antu Hunchun 

Total investment 
4.90 amount/Million US$) 8.74 5.53 5.9::! 5.43 5.41 3.26 3.67 5.87 8.95 

Order II 12 13 14 15 16 17 If< 19 20 
Number 81 92 29 12 79 !- 30 83 116 25 
Locatton Lone11ne Hunchun Dunhua Yanii Yanii Longiin11 Dunhua Lonuimu Dunhua Lon1?iin1? 

Total investment 
5.10 3.46 3.24 1.89 3.57 2.50 12.1 6.00 28.3 6.57 amount/Million US Sl 

(2)More competitiYe projects (No.2 l-No.50) 

Order 2 I ..,, 2} _ .. 25 I 26 - I 28 29 30 
"-umber !<9 19 JOG 108 14 I 9t-

,.., l 100 4 35 · 
Location Yar. 11 Lon!.!iinc Hunchun Yani1 Yan11 I Hunchun Dunhua I Yan ii Yanii Hunchun 

Tota l investment 
3.13 3.87 16.7 19.6 2.43 I 2.75 6.72 I 1.8'6 3.00 1.72 amount, Million US S) 

Order 31 32 33 34 35 36 I 37 38 39 40 
'\umber 6 9-1 84 3~ 106 15 I 23 105 II 77 
Loca11on Hunchun Yan11 Antu Helon!.! Hunchun Wanl!amc I Yan, i Loneiml! Antu Lomziinl?. 

-

Total investment 
1.31 

I 
3.00 1.76 1.26 9.44 1.29 30.24 -1.22 13.7 0.93 

amount( Million CS Sl 

Order 41 .. _ -13 -I~ 4~ -It, -1"" 4g· 49 50 
~umber IO:< 34 95 I !4 10 1 Ill 31 !); 91 104 

Loca11on Dunhua Anw Hunchun Yanj1 Tumen Hunchun Hunchun Longiing Helong Longjing 

Tota l m,·estment 
1.67 181 31.6 

amount/M illion US s ·1 
1.44 8.10 1.17 I.I-I 12.4 10.6 4.52 

(3)Normal projects (No.5 l-No.70) 

Order 51 52 I 53 54 55 56 57 58 59 60 

'lumber 24 82 9- J() 33 20 61 9 87 43 

Loca11on Longjing Long_1ing Wangqmg Yanji Helong Long_iing Yanji Longjmg Helong Wangqmg 
~ 

Tota l investment 20.3 7.85 1.81 
..,..,.., 0.86 16.2 7.89 1.94 25 .0 3.77 

amount(M illion US SI 

Order 61 62 63 64 ti~ 66 67 68 69 70 

~umber 69 26 4(, 9l/ 7~ 5-1 80 62 

Loca11on Dunhu:i Hunchun Dunhua Dunhua Yan_11 Hunchun Yanj, Yanji Yanji Tumen 

Total investment 8.87 1.60 2.96 2.20 2.65 0.52 94.9 3.90 5.47 35 .1 
amount(Million US Sl 
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( 4 )The projects with problems(No. 71-No.90) 

Order 71 71 73 74 75 76 77 

Number 51 28 66 2 64 21 50 

Location Hunchun Tumen Dunhua Helong Hunchun Longjing Hunchun 

Total investment 
10.6 135.6 11.3 1.05 1.80 1.58 1.19 

amount/Million USS) 

Order 81 82 83 84 85 86 .. -- 87 
1'iumber 70 68 59 86 48 56 71 

Location Yanji Yanji Tumen Yanji Helong Tumen Longjmg 

Total investment 
2.65 1.63 17.8 16.8 .12.7 0.96 4.46 

amount(Million USS) 

(5)The projects with no competitiveness(No.91-No. l 03) 

Order 91 92 93 94 95 96 97 
Number 76 67 74 40 58 53 63 

Location Yan_ii Dunhua Yanji Tumen Hunchun Hunchun Hunchun 

Total investment 
1.00 0.76 3.91 0.82 18.7 1.85 13.7 

amount(Million US$) 

Order 101 102 103 
Number 42 45 60 
Location Lone jmg Tumen Tumen 

Total investment 8.24 18.20 91.2 
amount/Million USS) 
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Hunchun Hunchun Dunhua 
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THE RECONFIGURATION MODEL RESEARCH ON MANUFACTURING CELL 
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Chao-Hsien Chu 
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ABSTRACT 
On the basis of literature review and the process analysis of cellular reconfiguration. we established not only the layer model to 

solve the manufacturing cell reconfiguration but also the mathematical programming model to design manufacturing cell 

organization which concurrently optimize the choice and allocation arrangement of operators. A heuristic solution scheme is 

developed for the model. Finally we conclude the study and the direction of futl!re research is offered. 

INTRODUCTION 

With the more and more variable social demand and the gradually shortened life circle of manufacture, agility has 

become an important way for the manufacturer to response to the market rapidly. With the appearance of 

reconfiguration manufacturing, reconfiguration management. as releYant technique, will undoubtedly be the focus of 

management domain. 

As management theory and practice shows. staff, substance and organization are the three necessary elements in 

management. At the same time, the step of knowledge econom1 express that organizing human resource efficiently 

is key to enterprises competition advantage, which drives organization theory to the battlefront definitely. · 

Organization reconfiguration has the self-similarity character [I]. which discloses the depth and potentiality of the 

research of the organization theory. As is more important, it can restart or change totally _the methods and routes_ of 

the research. that is to say, from bottom layer to top one and clearing from parts to the whole. On the basis of this 

and from the micro manufacturing system, we analyze the influential factors in manufacturing cellular 

reconfiguration in section 2 and 3, establish the optimization model of solving the core problems of cell organization 

reconfiguration in section4. In this way, we try to offer foundation for exploring the the?ry and method of cellular 

organization reconfiguration. 

THE PROCESS MODEL OF CELLULAR MANUFACTURING RECONFIGURATION 

As a basic production organization unit, the manufacturing cell. which comes into existence in response to the 

changing environment, is chiefly composed of parts, machines and staff and has the characteristics of dynamics, life 

circle and virtuality. Manufacturing cell reconfiguration can be defined as reconfiguring and redesigning 

manufacturing machine and organization rapidly according to the changing products and processing, which aims to 

· the finalization of unification of the logic and physical reconfiguration. Machine and staff are the crucial factors in 

the process of reconfiguration. 

The reconfiguration process is shown as figure 1. 
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The research of cell organization reconfiguration involves two major decisions: machine reconfiguration based on 

the theory of mechanics, automation and industrial engineering, organization reengineering based on the theory of 

organization management. As to the former, the precondition is machine characterized as mobility, reconfiguration 

capacity and the easy-reconfiguration of the initial layout. For the limit of that. the existing research is generally 

involved in the reconfigurability of machine control module in the view of the software reconfiguration[4][5][6] and 

realized the logical reconfiguration of manufacturing cell over the past· decade. In spite of this, more and more 

practices have proved that the crux to restrict the reconfiguration was the human[7][8]. which, as the unique acti\'e 

element, can be reorganized by scientific methods in the mode of integration, logical as well as physical. 

Analyze the requirement Make reconfiguration Reconfigurate machine Rreconfigurate 
- - ::-(character of the pr:oduct) - plan -

organization 

J~ /\ t F:\ A 

0 v ~ V 
,, 

Evaluate the project Actualize the project Communicate the Build the 
~ ~ project - reconfiguration culture. 

Figure 1 The process model of cellular manufacturing reconfiguration 

TH_E LAYER FRAMEWORK0 OF .MANUFACTURING CELLULAR ORGANIZATION 

RECONFIGURATION 

As the shop floor of the manufacturing system, the manufacturing cell should be reconfigured from the bottom to the 

top. step by step (as shown in figure 2), and the factors that influence its organization reconfiguration should be 

analyzed. The cellular organization reconfiguration model is shown in figure 3. The layer in . order show the 

self-similarity character of organization . reconfiguration. We finalize the cellular organization reconfiguration by 

studying influence factors of each layer and analyzing it layer by layer. According to the model, the core takes 

priority to solve the key problem of cellular organization reconfiguration while the -outer layers assist to ensure the 

realization of the crucial techniques of the inner layers. 

Factory 

Shop 

Cell 

Figure 2 
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Note: 
0 Operator selection & allocation I 
I The result of I' Accumulated l " workload 
machine grouping scores of operator 
and lavout 
2 The constitution 2' Performance 2" Product & 
of physical measure of structure and process 

3" 3' 
resource operators. 
3 The type of 3' The goal of 3" Market demand. 
production enterprise 

Figure 3: The layer framework model 

THE OPTIMIZATION MODEL OF MANUFACTURING CELL ORGANIZATION DESIGN 

In order to realize the global optimization and process integration, w~ design them on the whole and formulated a 

mathematical programming model to select and group operators concurrently. 

Theory analysis and practice show the main factors that influence the organization reconfiguration are 

manufacturing cellular mac~ine grouping and its physical arrangement, working load, accumulated scores of 

operators and their relationship. Considering the factors listed above, we establish the model on the basis of the data 

matrix of the grouping machine and staff (as shown in Table 1 ). The aij stands for _the history scores of the operator 

w ho is waiting to be divided into reconfigurated machine groups. The higher the scores, the more outstanding the 

staff is . The scores can be simply based on the levels of operator and performance evaluating score together. · _ 

Operator 
Sl S2 S3 S(s-1) Ss 

M1 a11 a2: a31 
M:: I a1:: a:: :: a3:: 

C1 

I 

: 

C:: 

Machine 

Cc 

a, s-lllm-ll as(m- l l 

Table I the matrix of the model data 
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Notation: 

j 

k 

I 
J 
K 
Smini 
MAS 
MIS 
NS 

Machine index. 
Operator index 

Operator index 

Aggregation of operator. 
Aggregation of machine. 
Aggregation of cell. 

i=l, ... , m(m is maximum number of machine) 

j=l, ... ,s sis maximum number of operator 

k=l, ... ,c c is maximum number of cell 

Minimum score met machine "1" 
Maximum number of operator in each cell. 
Minimum number of operator in each cell 
Minimum number of operator met minimum workload 

aij 

Mik=l 
Xj =l -
X ij=l 

Score of operator "i" of the quantity about operating the machine "j" j=l , ... ,s. 
Machine "i" is assigned to "k" Otherwise Mik = 0 
Operator "j" is assigned Otherwise Xi = 0 
Operator ••j" is assigned to machine •'j" Otherwise Xij = 0 

. The optimization model is as follows: 
m 

Max(L 
i =I 

Subject to 
m 

max ( aii X ij )) 
j 

L au Xu >= Smini, 
j = l 

m 

LX u=l , 
J = I 

s 

L (X u,+x i1, · )= 2 
} = I 

X i·j = 1, 

X i 'j' M n+ Xuf'd ik = 2, 

X i"j'M i "k+ X i "j"' M i '"/.; = 1, 

tx uM ;J.. <= MAS. 
j = l 

s 

LX uM,k>=MiS, 
} = I 

s 

j=l, ... . s; i=l , ... , m 

i= 1, . . .. m 

i= 1, ... ,m 

il,il 'El 

JEJ i " E I 

kEK j .'= j' 
kEK ) " .'= ) " ' 

k = I, ... , C 

k= 1, .. . , c 

(1) 

(2 ) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Lx 1<= Ns. J= 1, .. :, s c10) 
) = I 

The destination of the model is to make efforts to select the most appropriate operator for each machine, which 

means the aGcumulated scores of every relevant operator of each cellular machine are the highest. 

Constraint 2 ensures that each machine has operator who can meet the needs. The constraint 3 confines that each 

machine sho.uld be operated by only one operator. The constraint 4 put it into consideration that the two machines 

work simultaneously. Constraint 5 considers special featuring selection of some .operators and the preference of the 

d~sision-maker, such as , the physical layout and personal capability, which influence the cell selection of operators. 
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Constraint 6, 7 put the relationship into consideration so as to guarantee the same preference. Constraint 8.9 confines 

that the number of the operators in the cell meets the requirement of workload. Constraint l O limits the number of all 

the operators to satisfy the workload. 

We developed a heuristic algorithm to solve the model. The step is listed below: 

Step 1: Get the index number list of the machines and the operators by random, according to which decide the 

priority. Select the most suitable operator and the machine in tum-------the two original solutions. 

Step 2: Check if the original solutions meet the constraints. If they feasible, save it. Otherwise, return to stepl. 

Step 3: Compare the original solutions and the saved solutions. Save the better one and go to step 1. 

The method has already been realized by language Java on PC. And it proves to be effective by examples. By 

conclude the circle times of seeking the excellent, we get the formula: 

N=int{Lg[(m!-n!)+r(m+n)]} "r" sensitive coeffo:ient 

A NUMERICAL EXAMPLE 

In order to prove the efficiency of the model and the solution scheme, we give a numerical example. 

Cell l St S2 S3 
Ml 44 
M2 27 
M3 39 
M4 I 

I 

Cell 2 MS 20 I I : 

M6 I 28 I 
M7 10 
M8 33 I ! 

1 M9 I 13 

Table 2 The data matrix 

The result is: total score is 438; 

S4 S5 

34 
34 

23' 
21 I 76 

I 

66 

56 

X 8_1=1; X 2_2=1: X3.:=l; Xu=!: X1.4=l; X9_4=l; X.u=l; X5_6=1; X6_6=1; 

Ce ll I ! S 1 I S2 1 S 3 i S-l ! S5 

Ml I I 44* i l 34 

M2 I 27* I i 34 

M3 I 39* I 23 

M4 I I 21 76* 

Cell 2 M5 20 I 
M6 I 28 

M7 10 I 66* 

M8 33* I 
M9 I 13 56* 

Table3 The result matrix 

CO~CLUSION 

S6 

55 

55 
42 

12 
22 I 

l S6 

55 

I 55* 
42* 

12 
22 

We established the process model of the cellular reconfiguration, the framework model of the cellular organization 

fi · d th opti.mization design model of the core fayer. A heuristic algorithm was developed for the recon 1gurat1on an e _ 

model. Finally a numerical example was offered to prove its efficiency. However, the models are based on the 
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analysis of the structure of the function order and not consider the time and space characters of the cell. which 

makes it difficult to realize the integration designing of the cellular reconfiguration system. As a consequence, how 

to establish a reconfiguration decision system on the basis of time and space characteristics issues, the analysis of 

life cycle the comparison of the coordination cost, reconfiguration cost and the opportunity cost and how to design a 

reconfigurable machine arrangement scheme of machine layout based on net-style structure are important issues in 

the future work. 
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CONTINUES CARDIAC OUTPUT MONITORING SYSTEM 
NON INVASIVE DELTA T (TEMPERATURE DIFFERENTIAL METHOD) 

Saleh Al-gobaisi 
Colleges OfTechnology 

Saudi Arabia 

INTRODUCTION 
Much cardiac output monitoring system had been developed over the years. Some of those monitors are invasive 
and others are non-invasive. We are here to discuss a new method of monitoring cardiac output Non-invasively. 

Among the leading methods of monitoring cardiac output is the Ultra-sonic method. This method like any other is 
proven to be non-reliable due to difficulties in locating the Main pulmonary artery (PA). The other reason for its 
non-reliability is the difficulty in maintaining the focus over the artery. Cost for this kind of system is also a factor. 
Many advantages comes with this method, namely it is non-invasive. 

Our proposed solution (DEL TA T) is far more reliable than any other in the market today. By the time we finish 
discussing the detail of our method, it will be crystal clear that this method is far more supe~ior to any in the market. 

Problem To Be Solved 
The problem to be solved is monitoring the cardiac output of a patient continuously, reliably, conveniently, 
accurately and safely. 

Continuously: -
Thermo Dilution (TD) is the most accurate method of measuring cardiac output to date , but its not c·ontinues. 
Without continuity in measuring Cardiac output (CA). the doctor is left for guessing at the reason for Blue lips. 
Oxygen measuring devices are not enough neither blood pressure nor ECJ. Doctors at the O.R need information 
regarding the blood flow at all times (depending on the type of work they're doing). "(D can not be administrated 
regularly for complication beyond this paper. 

Reliably: -
Show ~ea reliable continuos blood flow machine! It does not exist nor dose the companies claiming to have such 
an instrument are telling the truth. Ultra-sound does not even come close to being reliable. The instrument depends 
on beam focussing on the PA Pulmonary Artery). Any linle movement of the PA-and the tieam is focused on GKW 
(God Knows where). 

Conveniently: -
Doctors when using even an invasive method, still complaining about how inconvenient it is to get blood flow. TD 
is neither conveni;nt nor magnetic flux . Doctors are asking for a method convenient e_nough as blood pressure 
monitoring. 

Accurately: -
TD is accurate: the rest is fare from that. It is not continues. 

Safelv: -
Ultra.sound is safe but it is not accurate! 

DESCRIPTION OF OUR PROPOSED SOLUTION . 
Measuring blood flow has never been so easy. The same method one would measure blood pressure. Place our 
(Delta T)- head, which looks the same as the stethoscope where you would normally place the stethoscope for 
measuring blood pressure and you have your reading. 

It is not too good to be true. It has been tried as a pr~to-~e a~d it_ works. The ~eed to ~ave TD is a must to calibrate 
our monitor. Once your calibration is done, the momtor will give a correct readmg and m the worst cases a trend. 
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If the blood is heated through the skin 0. 1-0.2 degr:ee above body temperature. The power required to mainrain the o 
. 1-0.2 degree is related to the amount of blood passing under the skin through a vain or artery. 

(Delta T) can be .1 or .5 it does not matter. The larger Delta T the better. You have to stop some where before you 
bum the skin! 

The Phvsics of It 
No attempt is going to be taken here to detail the physics behind operation.--We will only briefly describe the Delta T 
method. As in Figure ( 1 ), The heater is heating the area under it. The thermocouple is measuring the temperature at 
the location. The second thermocouple is measuring body temperature. 

Current going through the heating element is monitored. The heating element is heated under tight control to keep 
the heater at deferential temperature from the body. The amount of power consumed to maintain this deferential 
temperature is related to the flow. One would say the velocity of blood, we can't argue with that yet! 
Lament flow or turbulent flow? 

What deferent does it makes if the blood flow is even lament flow. The Idea is that we know it is turbulent and that 
is a plus. It helps in mixing and is what TD uses for measuring blood flow for years and on millions of patients, So 

. with turbulent flow this method still holds. 

Instrument Description 
As in figure (2), The monitor is connected to the catheter and the power supply and to its own pressure monitoring 
apparatus. Another connection is to be used with TD for calibration. The instrument is capable of heating the coil, 
monitoring the two thermocouple and monitoring pressure. 

Catheter Requirements 
As in figure (3 ), The catheter is made out Polypropylene. This can give it the flexibility that it need at the same time 
it is rigged enough for the head. The heat applied at the head will never effect the plastic. The heater is covered with 
adhesive material layered at 0.1 mm. -The way it does not form a heat barrier. The thermocouple is embedded in the 
heater; the copper plate acts as a capacitor to even the heat, and help in sensing skin temperature. The second 
temperature sensor is another extension to measure body temp. 

Hardware Requirements 
As in figure (2) . The hardware is simple. LCD ·with touch screen. A microprocessor based board to handle the 
screen, the 1/0 and the number crunching in general. Since the monitoring is non-invasive, safety is easily optioned. 

Software Requirements 
The software is a not easy. The PID control mechanism to maintain Delta T is involved. The software is divided in 
three areas: -
• User interface. 
• 1/0 interface. 
• Control 

FDA (Food & Drug Administration) Issues 
FDA approval is not hard. Data gathering can be done on human unlike invasive data collection that requires many 
animaltesting: Noise is easily handled with this machine since po~er is low. Amenity against other machine noise is 
done through proper shielding. Noise propagating through the catheter can be suppressed through proper hardware 
such as summing amplifier. 

Cost Analvses 
This monitoring system will not go over SS,000 top. The most expensive part is the color touch screen LCD. The 
catheter is not particularly expensive. The hardware to control the machine has no special parts . 

"Doctors need it!" 
If this machine actually came to see the light, it would save the doctors a lot of guessing games. 
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PROTOTYPE OF EXPERT SYSTEM FOR RECOMMENDING "ERGONOMICS AND QUANTIT ATl\'E .. 
VDT WORKSTATION SETTINGS AND COMPUTER ACCESSORIES LAYOUT 

Busagarin Rurkhamet\ Suebsak NanthavanW, and Khokiat Kengskoolb 
aDepartment of Industrial Engineering, Sirindhorn International Institute of Technology 

b T?amma~at University, Pathumthani 12121, THAILAND 
Department of Industnal Engineering, Florida International University, Miami, Florida 33199, USA 

ABSTRACT 
T~is pap~r discusse~ the prototype of an expert system for providing ergonomic recommendations regarding VDT 
(v1~eo,,d1splay termmal) workstation senings and computer accessories layout. The .. ergonomics & quamirarive 
~eszgn expert system program, called EQ-DeX, is wrinen in Microsoft Visual Basic. Its required input data 
mclude: 1) user data. 2) VDT task data, 3) VDT workstation data, and 4) computer accessories data. The EQ-De) • ." 
system ~hen re~ommends "ergonomics and quantitative" VDT workstations (vertical) senings and computer 
accessories (horizontal) layout that are suitable for individual VDT users to maintain appropriate seated posture 
during keyboard operations. An example is given to demonstrate the application of the EQ-DeX ~ystem. 

INTRODUCTION 
Owing to the rapid progress of the information technology during the last two decades, computers are now utilized 
in virtually all operations . . It is not uncommon to see workers work with computers 5-8 hours per day. Such 
prolonged visual display terminal (VDT) operations can lead to a wide range of physical discomforts or health 
complaints. Chung and Choi ( 1991) states that the ergonomic variables have influences on the musculoskeletal 
discomfort among VDT users. There are several factors that may contribute to visual stress and postural discomfort 
(Wallersteiner, 1982). Gross and Hassel (1991) summarizes the causes of physical discomfort at computer 
workplace as follows : ( 1) prolonged contact in fairly static postures with fixed workstations. (2) inappropriately 
designed workstations. and (3) highly repetitive keying tasks or job assignments. Repetitive exposures to these 
causes can lead to cumulative trauma disorders (CTD) such as carpal tunnel syndrome (CTS) and tension neck 
syndrome (TNS). One way to prevent these health complaints or problems is to apply ergonomics intervention 
especially in the design and adjustment of VDT workstations (Mekhora et al. 2000). 

Recommendations/guidelines on the design and adjustment of VDT workstations have existed since early 1980s. A 
number of research studies have resulted in different recommendations to improve work productivity or reduce 
possible health complaints. Those recommendations for VDT workstation come in both ·qualitative and quantitative 
styles, and conflicts happen in some aspects (Straker and Mekhora. 2000). One can easily be confused with different 
versions of recommendations on rhe same issue. To make the matter worse, quantitative recommendations on all 
necessary issues of VDT workstation adjustments may not be found in one document. Perhaps . the most 
comprehensive document is the American National Standard for Human Factors Engineering of Visual Display 
Terminal Workstation. published in 1988 by the Human Factors Society (ANSI/HFS 100-1988). After reviewing 
several sets of recommendations, it is found that most recommendations for VDT workstation design only pay 
anention to the vertical aspect of the workstation. That is. they typically suggest level height settings of seat, 
keyboard. and monitor (Nanthavanij and Venezia, 1999). Other disadvantages of existing recommendations include 
unclear explanations, lacking of some aspects of VDT workstation. and nonconforming to the individual use and 
current technology. Additionally, very few studies consider the arrangement of computer accessories (including the 
mouse). Different computer accessories arrangements were found to have different effects on physical complaints 
and comfort (Lu and Aghazadeh, 1994 ). Based on Rurkhamet and Nanthavanij (2000), inappropriate position of the 
dominant data input device on the computer table could lead to upper extremity discomforts. . 

. It is thus necessarv to develop an expert system-that can help to recommend ergonomics VDT workstation settings 
and computer acc~ssories layout based on different users and task requirements. The recommendations generated 
by this expert system need to be quantitative in order to reduce ambiguity and to be practical. This paper describes 
the design algorithms and the development of th~ prototy~e of an "ergono~nic~ & quantitarive" design ex~ert _system 
called EQ-DeX that is wrinen using Microsoft Visual B~s1c. An·example 1s given to demonstrate ?ts apphcat1on and 
illustrate the ergonomics and quanritati\·e recommendations. . 
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DESIGN ALGORITHMS 
The "ergonomics & quantitative (EQ)" design algorithms cover both vertical and horizontal design aspects. Firstly, 
the vertical design aspect focuses on the level heights of certain computer accessories in order to maintain proper 
seated posture. This part mainly utilizes anthropometric data of the VDT user to determine ergonomics adjustment 
settings of VDT workstation. Secondly, the horizontal design aspect involves the determination of computer 
accessories arrangement to minimize arm and head movements during .human-computer interactions. VDT user' s 
personal data such as anthropometric data, physical capabilities, and typing skill level are concurrently· considered in 
order to place computer accessories at their optimal locations where possible. Principles of arranging components 
are utilized. For example, the importance principle is used to rank the order of computer accessories placement. 
The frequency-of-use principle is used to divide users into groups based on the most frequently used input device. 
The functional principle is employed to differentiate the physical and visual interactions between the VDT user and 
individual computer accessories. Finally, the sequence-of-use principle is applied when placing the computer 
accessories based on body movement. 

To determine workstation adjustment settings and appropriate layout of computer accessories. the following data are 
required: (1) VDT user data, (2) VDT task data, (3) VDT workstation data: and (4) computer accessories data. The . 
required data can be regrouped as the "qualitative" or "quantitative" data (see Table 1 ). The qualitative data are 
either converted to quantitative data for later use or used to develop "design rules" that will assist in the 
determination of general locations (layout) of computer accessories. These design rules may either be predefined or 
user-defined. The qualitative data are also used to determine the primary and secondary input devices and those of 
visual displays. The quantitative data are used to determine specific locations (coordinates) of computer accessories 
and adjustment settings of the VDT workstation. 

ualitative and uantitative Data for the E n Al orithms 

• VDT user' s gender and typing skill level. 
• Degrees of physical and visual interactions between 

the VDT user and computer accessories based on 
different types of VDT task. -

• Functional relationships among computer accessories 
in terms of physical and visual interactions: 

• VDT user's age and body height. 
• Adjustable ranges of seat, keyboard, and monitor. 
• Dimensions of keyboard, mouse, monitor, and 

document Also, the coordinates of individual 
component reference points. 

• Percentage of use of each VDT task: document 
preparation. data entry, graphics design, _and others. 

• Percentage of use of computer keyboard and mouse. 
• Percenta!Ze of viewin of monitor and document. 

Determination of VDT Workstation Adjustment Settings 
The determination of VDT workstation adjustment settings can be accomplished using the following four steps. 
1. Defining the proper seated posrure - The user can decided whether he or she will sit with an upright posture or 
inclined posture. For the upright posture, the angle between the trunk and the upper leg (at the hip joint) is assumed 
to be 90°. For the inclined posture, the angle is set at I 00°. 
2. Determining the (x vJ coordinares of the bodv 's reference points - Assuming that the VDT user sits with a 
proper seated posture, determine the (x, y) coordinates of body references (ankle, toe, knee, hip, shoulder, elbow, 
fingertip, wrist, eye, top of head, and chin) from the user's anthropometric data. 
3. Derermining the (x v) coordinates of the VDT workstation 's reference points - From the (x, y) coordinates of 
body's reference points. determine the (x, .r) coordinates of VDT workstation's reference points. These reference 
points include: keyboard tray (for both computer keyboard and mouse), chair seat. center of monitor, and document. 
4. Checking for constraint violations - It is necessary to verify that the following constraints are not violated: (1) 
the seat level height is between the lower and upper height limits, (2) the keyboard level height is betwee·n the lower 
and upper height limits, (3) the monitor level height is between the lower and upper height limits, and (4) the 
keyboard must not be underneath the monitor. 

Determination of Computer Accessories Lavout 
The determination of computer accessories layout consists ·of two parts: locating input devices ( computer keyboard 
and mouse) and locating visual displays ( computer monitor and document). General steps for locating these 
accessories are listed below. ·Due to limited space, algorithms used in these steps are not explained in detail. 
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Readers should also realize that the specific locations depend on which computer accessories are the primary and 
secondary devices. 
Locating Input Devices 
1. Determine the optimal locations of the primary and secondary input devices (based on their reference points, 

anthropometric data, dominant VDT task, and task analysis). The following reference points are used. 
Keyboard: Alphabet section - between the letters G and H 

Numeric keypad - at the number 5 
Mouse: Its center (where the trackball is) 

2. Place the primary input device at its optimal location and determine the occupied area from its dimensions (for 
the mouse, use the dimensions of the mouse pad). 

3. Check if the optimal location (and required area) of the secondary input device is outside .the occupied area. 
lfyes. place the secondary input device at its optimal location wiihout overlapping ·with the primary one. 
If no, go to Step 4. 

4. Depending on the input device, determine its most preferable alternative location (based ori the functional 
relationships, reference points, anthropometric data, task analysis, and arm movement). 

Kevboard: If the "alphabet section" is mostly used, place the· keyboard at the left-hand side of the mouse 
pad where the reference point is nearest to the mouse pad and is within the normal ~orkspace. If the 
"numeric ke_vpad" is mostly used, place the keyboard such that its reference point is at the left-hand side of 
the mouse pad and is nearest to it. 
Mouse: Place the mouse at the location that is nearest to the keyboard reference point (depending on the 
dominant VDT task) and on the movement projectile of the right arm. 

Locating Visual Displavs 
I . Determine the optimal locations of the primary and secondary visual displays (based on their reference points, 

recommended viewing distance, dominant VDT task, typing skill level. and operation analysis). The following 
reference points are used: Monitor: Center of the screen 

Document Holder: Center of the document 
If the document is the primary visual display, go to Step 4. If both displays are equally important, go to Step 7. 

2. Place the monitor at the location right in front of the VDT user at the distance' according to the ergonomic 
recommendation. The monitor level height should be according to that recommended earlier in 2.1. · 

3. Place the document (and document holder) at either the right-hand side or the left-hand side of the monitor 
based on the user's preference. The document should be close to the monitor but it must not obstruct the 
viewing of the monitor. Keep the level height of the document close to that of the monitor to avoid excessive 
head and neck movements. 

4. Place the document right in front of the VDT user at the distance according to the ergonomic recommendation . . 
5. If possible, place the monitor in front of the VDT user (at a further distance). These two conditions must be 

satisfied: The document must not obstruct the viewing of the monitor. 
The text shown on the monitor screen must be satisfactorily visible, legible. and readable. 

6. Otherwise, place the monitor at the right-hand side or the left-hand side of the document based on the user's 
preference. The monitor should be close to the document but it must not obstruct the viewing of the document. 
Keep the level height of the monitor close to that of the document to avoid excessive head and neck movements. 

7. If both visual displays must be equally viewed by the VDT user, place them side by side right in front of the 
VDT user. Which display should be on the left or on the right depends on the user's preference. Place both 
displays adjacent to one another without overlapping to avoid excessive head and neck movements. 

EQ-DeX PROGRAM 
EQ-DeX is a computer program -written in Microsoft Visual Basic and Visual Rule Studio that utilizes conditional 
rules and computational algorithms to derive its recommendations. The software architecture is show~ in Fig. I 
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Visual Basic Application 

Calculation 
Visual Rule Studio 

Class_~s of data 

Message display 

Error handling 
Conditional rules 

Graphical user interface 

.__ ___ B_a_s_ic_in_p_u_t_s_cr_e_e_n __ ____.1

1 
Output screen 

..___c_u_st_o_m_i_z_ed_in_p_u_t_s_c_re_e_n _ __,I _______________ __, 

Input data 
VDT user data 
VDT task data 
Computer accessories data 

VDT workstation ·data 

Recommendations on 
- Heights of seat. mouse, keyboard, 
monitor. and document 
- Locations of keyboard, mouse, 
monitor, and do_cument 

VDT user 

Fig. 1 EQ-DeX expert system architecture 

Input data f~r EQ-DeX are categorized as basic input data and customized input data. Basic input data consist of 
VDT user data and computer accessories usage, as described below. 

Basic Input Data 
-1. VDT User Data - Age. sex, body height, and typing skill level (for document preparation task). 
2. Computer Accessories Usage - Percentage of input device usage, percentage of visual display usage, and 
keyboard sec~ion (alphabet or numeric keypad) that is often used. 

Customized Input Data 
1. VDT Workstation - All adjustable ranges of VDT workstation are defined by the user. Default values given by 
EQ-DeX may also be used. They are ranges for seat level height. keyboard level height. and monitor level height. 
2. Computer Accessories Dimensions - Dimensions· of computer accessories. namely, keyboard, mouse pad, 
monitor, and document are defined by the user. Default values given by EQ-DeX may also be used. 
3. VDT Task - The user may enter the percentages of VDT tasks (e.g., document preparation, data entry, graphics 
design, and others) that will be performed. The default sening is document preparation ( 100% ). 
4. Phvsical Interactions between VDT User and Computer Accessories - The user can enter degrees of interaction 
with keyboard, mouse, and document. Three levels of interaction are defined: weak, moderate, and strong. 
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5. Visual Interactions between VDT User and Computer Accessories - Similarly, any of the three levels of visual 
interaction between the user and keyboard, monitor, and document can be chosen. 
Rules used in EQ-DeX are created based on ergonomics principles of arranging components (importance principle. 
frequency-of-use principle, functional principle, and sequence-of-use principle). EQ-DeX uses forward chaining as 
its inference engine to derive valid recommendations. 

EXAMPLE 
The VDT user is a 180-cm, 2 I years old, Thai nationality, male. His typing skill is at the beginner leve l (typing 
speed < 20 wpm). Based on the VDT task data, the user usually performs data entry tasks. All default values are 
used in this example. The input data and recommendations on VDT workstation settings and computer accessories 
layout are shown in Fig. 2 and Fig. 3, respectively. 

N :MHl·fhti HIE' -

Pareonal ll1tormation 

Name Sex r Femu r. Mele 

Age f2, years Typ,ng Skill Level jBeg,nner .:J 
Height f'iio a,, mean, c 20wotda/mon. 

- VOTTuk-----------

P9ft::emaqe of Input 0111,11ce U11191 

~~rT□" wMouH [2o 

P.rcentage cl Visual D11pley Usage 

P Monitor rrr w Ooa,ment J70 
When u11ng kayboeird 

r I uH elphe.bet keys m0te than num1nc keys_ 

r. I uH numenc keys mora tnan elpnllb11 keys 

&It,,._,,..., 

Fig. 2 Input screen. 

.jgj,(I 

EQ-DeX generates both quantitative recommendations (settings and location coordinates) and graphics showing 
what the layout will look like based on the recommendations. Table 2 gives the summary of the recommendations 
of the above example. 

Table 2 Recommended VDT Workstations Settin2s and Comput~r Accessories Locations (in cm) 
VDT Workstation Location 

and Computer From Left Fingertip with Forward and Perpendicular to Level.Height From Floor 
Accessories Ann fully Extended (x-axis) the Body (v-axis) (z-axis) 

Seat NIA NIA 45 
Footrest N.!A NIA 0 
Keyboard 127 49 70 
Mouse Pad 95 37 70 
Monitor 72 69 .94 
Document 104 69 103 

CONCLUSIONS 
One can see that the settings and locations recommended by EQ-DeX are easy to apply since they are quantitative 
recommendations. The graphics shown in Fig. 3 (both side view and top view) also helps to visualize the body 
posture and computer accessories layout. 
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Fig. 3 Output screen showing recommended VDT workstation settings and computer accessories layout. 

Since the user usually performs data entry task, the numeric keypad is his dominant input device and thus is placed 
at its optimal location. The mouse pad is moved from its conventional far right location to its new location between 
the user body and the keyboard to reduce forearm movement when switching between devices. 
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ABSTRACT 
Quality Function Deployment (QFD) is a very useful method that used in the product design and plan. QFD 

emphasizes that the product design must reflect and fulfill the market and user's requirements. However, how to get 

the exact customer requirements and then transfer it properly to the corresponding engineer characteristics is usually 

the most important factors that decide the effectiveness of QFD application. Focus on how to transfer the customer 

requirement to the engineering characteristics, we design a multiple analytical tools supported QFD,system (MAT

QFD) and develop its software prototype system using VB5.0 and Excel 97. In this system." several analysis 

approaches ( such as, fuzzy regression and optimization, multi-attribute linear regression and optimization. artificial 

neural network, etc.) have been integrated and can be used to calculate the optimal engineering characteristics 

according to the customer requirements. 

INTRODUCTION 

Qual ity Function Deployment (QFD) is a systematic analysis method that designed for product design and processes 

plan according to the market and customer ' s needs. It was proposed in the late 1970s and was used in the ship -

design. From the 1988. since J.R.Hauser and D.Clausing proposed the concept of·•House of Quality (HoQ)" [1], 

QFD has become a very popular method in the product design and plan. Just like Design for Manufacturing (DFM) 

and Design for Assembly (DF A), QFD is also a useful tool that supports Concurrent Engineering (CE) [2-4]. 

According to the four houses of quality that proposed in [I] . the basic idea of QFD is to translate the desires of 

customers into the product engineering characteristics and then deploy these product characteristics into the key 

parts characteristics and corresponding processes requirements and finall y to the process control points. In these 

deployments. the firs t step that translating customer requirements into engineering characteristics is the most 

important step [5] . Many researches have been executed focus on the first step of how to translate the market or . 

customer requirements to the product engineering characteristics . Also, some software has been developed to 

support this translating process. However there are still some drawbacks in these researches and software. That is: (i) 

In current QFD applications. the translating work of customer's requirement to product engineering characteristics 

mainly depends on the experience of the engineers in QFD team. Little QFD software systems can help QFD 

engineer to determine the target product requirements. (ii ) Although some systems use mathematical tools to support 

the translating process, they often design a single mathematical analysis method in the system th~t can just be able to 

handle a certain kind of product or data. Whenever the product or data changed, the mathematical tool of 

determining the target product requirements will not be able to work properly or even can not be used at all. 

In order to overcome the defects of QFD applications that mention_ed above, we propose multiple analysis tools 

supported QFD (MAT-QFD) and realize its software prototype system. In this system, several different decision 

methods are integrated to support the QFD analysis. Engineers can select the suitable decision method for different 
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circumstances. Moreover, this system is a open system that the analysis methods that integrated in this system can 

be expanded according to the needs. Until now, we have designed several analysis methods including fuzzy 

regression and optimization, multi-attribute linear regression and optimization, artificial neural network, etc. 

In this paper, we will introduce the design method and technique details of MA T-QFD. In section 2, the QFD 

optimal model is analyzed. In section 3, the MAT-QFD framework is proposed and some integrated analysis tools 

are analyzed briefly. In section 4, an example is given to illustrate the effectiveness of the MA T-QFD system. 

MULTI-OBJECTIVE OPTIMIZATION MODLE FOR QFD ANALYSIS 

Before we discuss the QFD analysis, we must establish the QFD optimal analysis model first. In QFD applications. a 

multi-objective optimization model is often applied that is also applied in MAT-QFD. That is: 

Let y i = customer perception of the customer requirement i, i = 1,2, • • •, m 

x 1 = target value of the engineering characteristic j , j = 1,2, · · ·, n 

J;= functional relationship between customer requirement i and engineering characteristics, i = 1,2, · · · , m , i.e. 

) \ =/; (X1,X2,·· · ,Xn) 

g 1 = functional relationship between engineering characteristic j and other engineering characteristic, 

Find x 1 , x 2 , ··· , x n which 

Maximizes Value(Utility) for ( y 1, Y2 ,: . ·. , Y m) 

Subject to 

Y; =J;(X ) , i=l,2, ···.m 

(1) 

(2) 

(3 ) 

Additional constrains may be added to the above formulation as needed, such as the cost constrains of product 

implementation. 

In this multi-objective model , we need to know /; and g J , there are several methodological tools that may be 

used to describe them, but for certain tool , it is usually only suitable to a kind of data set that has some special 

features. T_herefore, if supplying several methodological tools in a QFD system, the system would be more general 

and be more valid in application. In the next section, we will propose a new QFD framework MA T-QFD that can 

. integrate several analysis methods to form a more powerful QFD system. 

THE FRAMEWORK OF MAT-QFD AND ITS ANALYSIS METHODS 

MA T-QFD is a platform of QFD and it use the structure of client/server, apply the system design of module based, 

thus MAT-QFD. can be expanded and maintained easily. In ~ddition, several decision methods that are respectively 

appropriate for different implement environments have been integrated to support the QFD analysis. 
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The Framework of MA T-OFD 

The system structure of MA T-QFD is shown in figure 1. 

The major sections of MA T-QFD are Ji and g j assessing tools and optimization tools on server end. They can be 

expanded with new methodology[ 6] tools as need. The clients of MA T-QFD can establish the Quality House. draw 

datum from the Excel Database using the module of data management and select the tools that applied in the QFD 

decision on client end. After these works, the MA T-QFD can perform automatically and get the results that clients 

require. 

Cltent 

Server 

EzcelDai.b• 

Quality house builder ..,_ __ s,_1,_ct _-4 Form of decision 
form ofQU&bJ¥ house I tools selection 

Ult mfom,1110nof Qu.hlyHouu ____ ...;......i. _______ __ 

MoC11110fdll& 

Da1u,i. 

j Fu:::y laneu regr-,on I ~ulllob)ea.ve linear regreaion I 
IAr\lfieil!n«Jrl!r.tworx l f1-'i1 -....--• -

I Fu:::y bneu plam&ng J 

Optiaizaliit■ .. ls . ~ 
Cui be upnhd 

Figure 1 The framework ofMAT-QFD 

For each assessing and optimization tools we implement it by a class module of VB 5.0. so you can add a new_class 

module to VB 5.0 if you want to expand the assessing and optimization tools of MAT-QFD. But this is not the best 

way and we think it is better to implement each tool using a VB ActiveX controls beca~se it will reduce the trouble 

of recompiling. 

Analvsis Methods in MAT-OFD 

In current MAT-QFD, we have developed several analytical methods. such as , fuzzy multi-c_riteria linear regression, 

multi-criteria linear regression, neural network, etc. , to assess the functional relationship Ji and g J. The analysis 

methods can be added or deleted according to the realistic need. In this pan, we will mainly introduce fuzzy linear 

regression and anificial neural network. 

Fuzzv Linear Regression and Fuzzv Linear Plannin° 

If the quantity of the data that can be used in QFD analysis is small, then the inherent fuzziness in the system make 

fuzzy regressio~ more appropriate in assessing / 1 and g J than other tools[7,8) . 

We use a fuzzy function J,. to assess the functional relationship between customer requirement i and engineering 

characteristics. let 

i=l,···,m (4) 
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where Ai is L-R fuzzy variable, ~ -= (c;,CZ;,/J;hR. a;= /J; ~ O,L = R i = O,l,··,n, thus the model of (2.4) 

can be convened to the problem as follow: 

N n 

minJ(a)= ~)Llx~ la;) 
a.c J=I i=O 

s.t . . j = 1,2,·· •, N, 
i=O i=O 

n n 

Yi~ Lx~c;+ IL-1(h)l(L Ix~ la1 ), J=l,2,·· :, N, 
i=O i=O 

a ; ~ O,i = 0,1,··· , n C; ER, i=O,l,· · ,n 

where function L measure the fuzziness of A; and we set L: L(x) = 1- 1 x I r- 1 (x) = 1 - x 

According to the QFD multi-objective model that is expressed by (1 )-(3 ), we can establish a fuzzy linear planning 

model by mergi~g J; and g 1 . Dubios Prade [8] suggested two methods to solve fuzzy linear planning: Tolerance 

Constraints and Approximate Equality Constraints. In MAT-QFD, we use Tolerance Constraints·. The main idea of 

Tolerance Constraints is to convert a fuzzy constraint to three convention~l constrains that is not fuzzy.Using 

Tolerance Constraints we can convert ]; and g; to: 

i= 1,··· , m 

i = 1,- ··.m 

i=l,··· , m 5 

x _=g .(x
1
,·· · ,x . 

1
,x. 

1
,·· · ,x ), 

J J J - J + n 
j = 1,- ·· , n 

6 

· Given the fuzzy variables are left-right symmetric so (5) and (6) can be ignored and we can translate the problem 

of fuzzy linear planning to the problem of conventional linear planning[9]. 
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Artificial Neural Network 

If the quantity of the example data is larger or the functional relationship j and gi are nonlinear, it is appropriate 

to use the method of Artificial Neural Network to assess j and gi. 

In MA T-QFD, we use BP (back propagating) arithmetic to assess j and gi, and the BP network structure that we 

use is a network of three layers as shown in figure 2. 

By the BP calculating, we expect to get the functional relationship between engineering characteristics and 

customer requirements. During error back propagating, the join weights between the neurons of layer 2 and the 

neurons of layer 3 ( output layer) are constant, only the weights that connecting layer 1 and layer 2 are modified. 

We assume the output functions ( f(µ) ) of the neuron of layer 2 are Sigmoid function; that is to say, 

f(µ) = -
1
-u / (µ) = f(µ)(l - f(µ)) let f(µ) = µ get f(µ) = 1 , therefore we can get formulation as 

1 + e-

following: 

• • • 

Laye:-

• 

E.nginemng 
chanctensucs 

• 

Customer 
reqLW'ements 

y 

Overall 
satisfacuon 

Figure 2 The artificial neural network in MAT-QFD 

We can modify W/2
l by fonnulations aboye until the error ( E(W) ) converge to the minimum. 

After ]; and gi have been assessed. we can use conventional methods of linear planning to resolve the QFD multi

objective optimization problem . . 

AN EXAMPLE AND CONCLUSION 

We use the same data that appeared in literature [2] to show the effectiveness of MAT-QFD. The example is concern 

on the design of a kind of car door. There are 6 user requirements and 9 product engineering characteristics. And 

only 6 history data are available for analyzing. 
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In this instance, because the size of data set is small, so fuzzy multi-attributes linear regression is appropriate for 

analysis. So, we firstly use fuzzy multi-objective linear regression to assess the functional .relationship ]; and g, . 

And then, we use fuzzy linear planning to get the optimization result that is showed in the first column of table 1. 

In order to compare, we also use the conventional multi-objective linea~ regression to assess the functional 

relationships and the result is showed in the second column of table 1 (y l-y6 are customer requirements and x l-x9 

are engineering characteristics). 

Table 1 An example of the MAT-QFD 

The satisfaction of user requirements 
yl 
y2 
y3 
y4 
y5 
y6 

Overall satisfaction of user requirements 
Target value of product engineering 

characteristics 
xi 
x2 
x3 
x4 
x5 
x6 
x7 
x8 
x9 

Fuzzy linear regression 

4.77 
2.57 
5 
2.89 
2.91 
4.11 
0.687 

8.03 
12.85 
6.49 
9.04 
11 .72 
2.08 
0.09 
3.73 
57.46 

Linear regression 

2 
2 
2 
3.78 
2 
2 
0.312 

10.61 
9.19 
6.85 
15 .87 
18.64 
1.08 
0.15 
8.47 
49.51 

From table 1 above. we can see that the different customer satisfactory index can be achieved by using different 

analysis methods. Compared with conventional multi-objective linear regression which make the customer 

satisfaction equal 0.312, we can get much better result by using fuzzy linear regression which make the customer 

satisfaction equal 0.687. The result of0.312 can ' t be accepted apparently because the average value of the customer 

satisfaction values of current products is bigger than 0.312[2]. It suggests that conventional linear regression is not 

suitable to this example. This situation possibly results from the lack of data sets. 

By this example, we can understand the importance of supplying several methodological tools in QFD applications 

and we should _select different methods depends on the attributes of data sets. That is just the purpose of MAT-QFD. 

From above, we can see that the supply of multiple analytical and decision tools is important for QFD application. 

_ We believe that the MAT-QFD system is useful as a general QFD system that is proved by above example·. We think 

a successful software product can be made and ·be put into the market using the concept of MAT-QFD that would · 

enhance the efficiency of QFD application very much. 
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ABSTRACT 
Evaluation of credit risk is a substantial issue for all of the financial institutions all over the world. The main 
problem of that topic is the fact that the credit analyst needs to analyze and assume a large number of differently 
valuated factors in a short time, yet the human brain is capable of evaluating only a very small set of factors . For 
these more advanced problems computer systems are used. In addition, there are two other kinds of problems that 
the evaluator is faced with. First, he or she usually has only incomplete data sets available, which very often are also 
secret and not comparable. The situation is further complicated because every case is different or new even for very 
experienced evaluators. In addition, many cases, which have been already successfully solved, cannot be legally 
transferred to other departments of the same institution because of data security. Many expert systems were 
developed to support solving this kind of situation but the constantly changing business environment continues to 
require more advanced solutions. The authors decided to concentrate their interests in the area of consumer credits, 
facing the problem of transferring knowledge gained from secret data to solve other cases of credit risk estimation,_ 
especially emphasized by bank authorities. This paper presents initial steps that were made in preparing the project 
of application for one of the commercial banks of Poland and the main issues, which were already discovered. 

INTRODUCTION 
Credit risk can be defined as the probability that a bank borrower will fail to meet its obligations towards the bank in 
accordance with agreed terms. Banks face credit risk in various financial instruments (i.e. loans. financial futures, 
swaps, bonds, options. interbank transactions, trade financing , foreign exchange· transactions). The risk in consumer 
credit for financial institutions comes from not knowing which borrowers will be good customers and which will be 
bad customers [ 1 .4]. 

Incorrect credit risk estimation may result in two kinds of errors [2.4]: 
a) granting a loan to a business or customer that \\·ill default (the bank records a loss), 
b) refusing an application submitted by a business that will survive (the bank misses a profit). 
In conclusion, bankers define a success in the consumer credit business as accepting an applicant and recording a 
profit. . . 

Pres·ently, consumer credit is a dynamically growing segment of financial markets (table 1 ). In recent years, 
simultaneous with the development of a variety of financial products offered for potential credit applicants, an 
increasing number of credit providers and dynamical gro,vth of fierce competition in that sector can be observed. 
The growth of the cre!dit industry has forced banks and financial institutions to operate more efficiently to attract 

. customers. 

This has resulted in an increase of banks' demand for sophist_icated software solutions to assist with consumer credit 
management. Modem credit providers noticed that the more they learn about the credit worthiness of a potential 
borrower, the greater it can maximize profits obtained by increasing factor of profitable loans as well as by 
optimizing operating risk ( obtained by appropriate credit portfolio). Thanks to proper credit risk management, banks 
can also reduce the interest rates that must be made for covering losses recorded on bad credits and potentially effect 
the growth of their .own market share. , · 

867 



T bl 1 C a e onsumer ere 1t outstan mg at Commercial Banks and Finance Companies in USA r5l. 
1995 1996 1997 1998 1999 2000 

Total percent change at annual rate 14.1 7.9 4.4 5.4 7.1 8.8 
Total amount - billions of dollars 1096.0 1182.6 1234.5 1301.0 1393.7 1525.0 

I 
Covers most short- and mtermed1ate-term credit extended to md1v1duals, excluding loans secured by real estate. 

Bank authorities have a keen awareness for the necessity to identify, measure, monitor and control credit risk as well 
as to determine that they hold adequate capital against these risks and that they are adequately compensated for risks 
incurred. All these issues are included in a comprehensive approach to Risk Management and essential to the long
term success of any financial organization. 

The goal of Credit Risk Management, being a part of Risk Management. is to maximize a bank's risk-dependent rate 
ofretum by maintaining accepted financial risk. To execute this goal efficiently, bank officials need to manage the 
credit risk inherent in their entire financial portfolio as well as the risk in individual credits or transactions. In this 
paper the authors concentrate their interests mainly on this second part, especially emphasizing its critical 
component - Credit Risk Estimation. · 

The purpose of this paper is to provide an initial analysis of the consumer credit risk estima~i'on proo-edures 
implemented in the financial companies and the possibility of the creation of a computer system that could help to 
organize this domain. In the second section, the most imported features of the real system will be emphasized. and in 
section three general architecture of the system will be described. Finally. the fourth part will include particular 
proposed solutions, summarizing the authors' effort in the system analysis. 

CHARACTERIZATION OF CREDIT ALLOWANCE PROCEDURES 
Each credit proposal received by a financial institution is usually the subject of careful analysis by a qualified credit 
analyst with expertise commensurate with the size and complexity of the transaction. There should be policies in 
place regarding the information and documentation needed to approve new credits, renew existing credits and/or 
change the terms and conditions of previously approved credits. although in reality they,may be not always precisely 
constructed or cover all situations. 

Banks usually receive information from the credit applicant to enable a comprehensive assessment of the true risk 
profile. Depending on the type of the credit, the factors included in credit application documents usually cover[3, 4]: 

the purpose of the credit and sources of repayment or financial guarantees; 
the current risk profile ( including the nature and aggregate amounts of risks) of the borrower and its sensitivity 
to economic and market developments; 
the borrower ' s repayment history and current capacity to repay, based on historical financial trends and future 
cash flow projections, under various scenarios; · 
for commercial credits. the borrower"s business expertise and the status of the borrower's economic sector and 
its position within that sector; 
the proposed terms and conditions of the credit. 

Furthermore, in approving borrowers for the first time, consideration is given to the integrity and reputation of the 
borrower as well as their legal capacity to assume the liability. This can be achieved through many of ways, 
including asking for references from trusted external sources (i.e. accessing credit registries). and becoming familiar 
with individuals responsible for managing a company and checking their personal references and financial 
condition. 

This information is to be considered by bank ' s officials during credit approval analysis and usually serves as the 
basis for rating the credit under the bank's internal rating system ( created to differentiate the quality of individual 
credits). 

Internal credit rating systems are much more sophisticated than the five-point grading scale used by bank examiners 
(i.e., pass, specially mentioned. sub-standard, doubtfui, and loss). A typical internal rating system might include six 
"passing" grades plus the four "'failing" grades, while the most detailed system might include 18 or more separate 

grades of credit risk [3]. 
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Granting credit involves accepting risks as well as producing profits. Banks need to assess the risks against expected 
return. A common problem among banks is the tendency not to price a credit properly and therefore not receive 
adequate compensation for the risks incurred [4) . 
Banks should also be able to analyze credit risk at the product and portfolio level in order to identify any panicular 
sensitivities or concentrations [4]. · 

In addition there are a few critical issues that may occur during credit granting process, which banks need· to be 
especially cautious of [ 4): 
• Subjective decision-making by senior management of the bank. This includes extending credits to companies 

with which they are in some ways affiliated, as friends etc . 

• Excessive credit concentrations, understood as occurrence of granting credits to a group of connected 
borrowers, market sectors or industries, such as for instance oil and gas ( concentration based on common or 
correlated risk factors). It results in unbalanced credit portfolio structure and can produce widespread losses. 

• The lack of an effective credit review process. Larger banks usually have a control department, independent of 
the lending offic~rs, who make an independent assessment of the quality of a credit decision. At smaller banks, 
this function is usually more limited and perfonned by internal or external ·auditors. 

• Failure to monitor borrowers or collateral values. Many lending officers neglect to obtain periodic financial 
infonnation from borrowers and to periodically reevaluate the quality of loans. As a result, many banks failed to 

. recognize early signs of coming bankruptcy of their borrowers. 
• The lack of risk-sensitive pricing, which leads banks to take under-priced risks. 
• The lack of considering business or product cycle effects in lending. 

FUND AMENT AL STRUCTURE OF SYSTEM FOR CREDIT RlSK ESTIMATION 
Concluding from above description, two main areas of the system for credit risk estimation th_at can be helpful are 
identified: 
a) Collecting data useful for ba11k authorities during credit grallti11g process; 
b) Assessing an applicant's credit worthiness (011 tire base of collected data). 

Part responsible for collecting data should · contain: 
• Collecting initial data (infonnation from either an application form or from a telephone interview) 
• Collecting additional infonnation from third party databases: 

o Data sampling - Since different data warehouses may contain gigabytes of data. it may be 
necessary to select a representative subset of this data for analysis purposes. 

o .Data exploration - Employing both visualization techniques (i.e. histograms, plots), as well as 
methods of statistical analysis. 

• Maintaining data already collected: 
o Retrieving applicants' record from internal database for review or update. 
o Updating qualities in already possessed data/knowledge. 

All of these areas should enable some mechanisms for data authenticatio11 and cover three dimensions: 
• lnfonnation about the borrower; 
• . Information about credit assignment~ 

Information about economical environment (both on a micro- and macro-scale). 
Part supporting the assessment of borrowers' worthiness (understood as loan's score building process) should cover: 

• Manipulation of collected data - It is often necessary to enrich the collected information by retransforming 
the original variables set in order to enhance the analysis : 

• o Formalizing credit risk decision making (i.e. decision ·trees); 
o Statistical analysis, modeling, dynamical forecasting schemes (i.e. time series analysis); 
o · Artificial intelligence tools (i.e. fuzzy logic, neural networks). 

Attributes calibrating. in other words creating internal rating schemes by defining significance of particular 
factors (attributes). The calibration of model parameters is the most difficult aspect of credit risk modeling 
as different attributes may be used for particular characteristics and/or different weights may be assigned to 
them, depending on the specific nature of the credit, financial conditions, potential market movements, the 
existence of guarantees, present balance-sheet structure, etc. Lack of these stable parameters and 
insufficient data limitations make the judgment of model calibration a key feature of the whole system. 
Model validation (or selection of the most appropriate model for particular case) - Since a whole array of 
models is possible, it is typically necessary to determine which model best addresses the business problem. 
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The same data problems that make it difficult to calibrate the model also make it difficult to validate. Manv 
years of data, spanning multiple credit cycles, would be needed to estimate default probabilities. -
correlations, and other key parameters with good precision. At most banks, however, data on historical loan 
performance have been warehoused only since the implementation of theit capital allocation systems, often 
within the last few years. As a result, the model specification procedures have a tendency to involve many 
crucial simplifying assumptions as well as considerable judgment. 
Assessing credit applications on the basis of chosen models and their parameters calibration. Usually banks 
create three model scenarios - most optimistic, most pessimistic and regular. 

CONCEPTS ADDRESSING MENTIONED PROBLEMS 
The work of creating a required system can be divided into two main modules as mentioned in previous sections. An 
incremental development method was chosen for the system creation [6]. Starting from the expert system for 
assessing an applicant's credit worthiness (top-down technique) appears to be more convenient for the following 
reasons : 
c) This part is a critical component of the whole system, and failure of this element makes it unnecessary to build a 

second module. 
d) Prototyping and verifying requirements for an applicant's credit worthiness module will lead to the 

development of requirements for collecting and maintaining data for credit granting process. 
During identification of system requirements it was revealed that many procedures for granting credit are not stated 
precisely and credit analysts had difficulty with identifying specific borders for a failing .credit application (e.g. a 
business plan brought to a bank by a businessman with twenty years experience, who never failed his financial 
obligations towards the bank. is treated with preference compared to the same business plan brought by a twenty
year-old youth). Many inputs of the Credit Risk Estimation system are not numeric, but rather precise values -
usually they are five-point scale grades used by bank examiners. The same is for the output - the bank ' s internal 
rating system is usually not bigger than a ten-point scale. 
Analyzing these aspects of Credit Risk Estimation, we decided to choose fuzzy logic and its method of 
multidimensional membership functions as the main tools for the expert system development [7 , 8]. 

objective information /' "I 

System of Credit _ about the system Mental Model 
Risk Estimation used -- (experiences and intuitions of credit analysts) 

by Bank to date 
\.. _) 

+ subjectiVeJmowledge 
about the system 

/' "I 

Verbal Model 
(bank ' s rules and procedures. description of linguistic 

values given by bank's officials) 
'- _) 

+ subjective but .precisely state 
knowledge about the system 

d 

knowledge about 
, '\ 

Expert in fuzzy modeling 
- linguistic Fuzzy Model of -

Fuzzy Modeling the Credit Risk Estimation System 

\.. 

Figure I. Process of creating fuzzy linguistic model for the System of Credit Risk Estimation [basing on [8]] 

The mental model (intuitive membership functions) is often unknowingly used by credit officials during rating 
credit applications and needs to be converted to a fuzzy linguistic .model of the future expert system. Many typical 
cases of credit granting have established verbal rules that need to be more specific to be used as a rule base in the 
inference mechanism. An additional advantage of this approach, which was found have great meaning for bank 
officials. was that we exact numeric values were not needed to create membership functions and fuzzy models rules. 
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All test data from credit departments which are needed for model calibration can be normalized (scaled), given as a 
percentage of maximum value, which can be kept confidential. 

The structure of the Fuzzy Model for a very simplified System of Credit Risk Estimation is ·presented below. For 
this example we assumed that only two factors have influence on the final decision (i.e. yearly income of the 
borrower - x1, and amount of credit already taken by the person from the bank - x2). And, as in real-life credit
scoring systems, the final grade is positive if the value obtained from the sum ~f weighted input factors is bigger 
than cut-off score (for a sake of simplicity in the example we assumed both factors have equal influence) [ I 0). 
Membership functions for inputs are triangular and for o·utput are single-tones (three-graded scale: lmv risk factor 
(positive grade) - C2, and high risk factor - C 1, with negative influence for the estimation's result). 

µ (y) I jC1 Cr µoUT .(y) 

I I y 

X1 
µA1(X1 •) 

FUZZI- - INFERENCE DEFUZZI-- -- FICATION µA2(X1 •) FICATION - µ OUT(Y) 
µs1(x/) 

- - rules base 
-membership - - defuzzi-. - inference -

X2 -
functions for µs2(X2 •) 

- fication - mechanisms -
inputs - - membership method -

fiml"tion, for 011tn11t 

Figure 2. The structure of the fuzzy model for the oversimplified system (2 inputs, I output). 

To further simplify, we assumed only two kinds of membership functions for each of the input values: 
• Clients usually .profitable for a bank - notated as A'2 for x 1.and as B1 for x'2 
• Clients with tendency to default - notated as A 1 for x 1.and as B2 for x'2 
The rule base we assumed for this example is quite obvious: 
I. If x1=A 1 and x2=B 1 then y = C2 (poor clients but without bank overdraft, usually pay their debts) 
2. If x 1=A2 and x2=B 1 then y = C2 (clients who are rich and not in debt are perfect clients for every bank) 
3. If x1=A 1 and x'2=B2 then y = C 1 (banks do not borrow money to poor clients with debts) 

y 
::... 

4. Ifx 1=A2 and x2=B2 then y·= C'2 (clients who have great income are usually treated with respect by banks, even if 
they have debts already) 

It can be ascertained from the above stated rules. that the aggregation of input values is based on the simply logical 
AND operation. Rules were used as the inference mechanisms, which were derived on the basis of talks with the 
Polish bank analysts : 

Calculation of the grade of function activation is based on the algebraic multiplying operator (PROD) over the 
values received from input membership functions : µRuLE11(x 1· , x/) = µA(x 1·) * µ8(x/) 

• Choice of the values influencing the output membership function µocT(Y) is based on the accumulation with 
MAXIMUM operator (Note: This assumption should not be taken as a general one, as real procedures in banks 
are much more complicated, involving more advanced weighted factors). 

• Output value is calculated as a sum of all most activated rules for both grades C1 and C2, in our case: µoUT(Y) = 
µRULE# chosen for CJ ( X J •, X :/) + µRULE11 chosen for C'2 ( X) • , X /) , It is easy to see that the range of the output results can 
oscillate between -1 and I. 

In the case of a person with x ,·= 70.000 USD yearly income and being in debt for x/= 40,000 USD, we could 
estimate risk factor as presented below. 

A, • 
-,,- - u .. ,rx, ) = 0.8 ....,-----~ .... ~~-

µA 1(X 1 ) = 0.2 

µs,(x/) = 0.9 

____ µe2(x/) = 0.1 
i.c;.+--,---__,;:i,,,,,-• 

X2 

Figure 3. Input membership functions activation 
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Interpreting functions presented in the figure 3, we could say that 80 % clients, whose income is around 70.000 
USD, pay their debts, and the missing 20% usually fail their obligations to the bank. At the same time, 90% of 
pe?ple, who are in 40,000 debt, pay their money back to the bank (with only 10% defaulting). 
With the rule base constructed as above, all rules will be activated, although with different intensities (table 2). 

Table 2. Rules activation table. 
Rule# A# X1 

2 
3 =0.1 
4 =0.1 

Now, a person ' s risk credit rate can be evaluated. As we assumed above for calculation we will take onlv these rules 
(both for positive and negative grades), which are activated most strongly. In our example these are rule., number 2 
for C2 and rule 3 for C1. Since both grades C 1 and C2 have identical influence (absolute weight for each factor= 1) 
and C 1 has negative meaning (in other words- its weight can be treated as= -1), we can derive:_ 
YouT(Y) = 0.72 + (- 0.02) = 0.70 

In our example client's risk factor was estimated very positively (as a low risk client), resulting in the client 
obtaining the money he/she needs. 

FURTHER CONSIDERATIONS 
To valuate the proposed solution we must remember that presented above approach continues to hold the problem of 
finding optimal parameters for membership functions of the fuzzy model ( conditionin·g the exact representation of 
the problem by our fuzzy model). Data used to develop and to validate an assessment model are fixed and historical 
while the world is dynamic. and as environmental factors change, people can and do change their behavior very_ 
quickly. Therefore, maintaining the consistency and accuracy of the parameters of the fuzzy model is crucial to the 
efficiency of the system ( examples of the successful use of genetic algorithms. neural networks for tuning fuzzy 
model parameters are established in the literature [8. 9]). 

To compete in the market of consumer credit. quick and easy access to data is essential. A fundamental module of 
the system continues to require software for building and managing collected data (data warehouse). In addition the 
collection of advanced analytical methods for exploring relationships in large data sets, and the developing . 
descriptive and predictive models of those relationships further needs to be implemented (data, mining mechanisms). _ 
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The advantages of using mobile agents to accomplish work over the network are increasingly recognized. 
Information can be read and analyzed at the source of the data, saving both time and bandwidth. Many advantages 
come with mobile agent technology; however, some new problems are introduced. as well one of which is security 

· issue.At least three categories of threats can be identified in the·relations between hosts and agents: an agent 
attacking an agent. an agent attacking a platform, and an agent platform attacking an agent. 

The categories of threats we are interested in are the ones in which the platforms comprise the security of agents. 
When agents are away. from their trusted home environment, they run a risk of being exposed to unauthorized 
operations. Hosts that are accommodating agents may be able to view and modify the agents' content unless some 
precaution is taken. Without any security, agents are very vulnerable to attacks of malicious hosts, which can utilize 
the information the agent carries to its advantage. This paper examines the risks a mobile agent is exposed to, and in 
which ways an agent can be protected. 

INTRODUCTION 
There is a belief that an entity (host) that executes a given program ( agent) has full control over its execution with 
potentiality to fully understand and possibly modify the program. Without a trusted environment there would be no 
way to let a mobile agent execute security sensitive operations. There are some intuitive arguments stated in [7] that 
seem to support this view which also are applicable to mobile agents: clear text data can be read and changed, clear 
text programs can be manipulated, and clear text messages. e.g. to the originator, can be faked. However, there is nq 
reason why programs have to be executed in <::lear text form. In the same way communication can ·be done using 
cipher messages with another party without anyone else understanding it, a cipher program can be executed on a 
computer not comprehending its functionality. Accumulated data can be encrypted as well as agent-related 
information such as originator, data, and the list of hosts to visit. · 

In an agen_t system model. there are two main components: the host or agent platform and the agent. The parts of the 
agent are the code and the state needed to carry out the required computations arid to store data. The platfo'rm is the 
host of the agent in which the agent is executed: The host provides the execution environment for the agent; thus, the 
host has control over it and is enabled to analyze and modify the static code and dynamic state unless protection is 
provided. Since the agent is away from its trusted home environment. i't is hard to ensure unauthorized operations 
from taking place. 

This paper focuses on the possibilities to detect and prevent platforms attacking agents. First possible attacks will be 
described, thereafter, how those can be defended followed by protection schemes that are being researched and used 
today. · , 

ATTACKS 
There are three main classes of security threats: discloser of information, denial of service, and corruption of 
information. Those are the classes of attacks that need to either be prevented from successful completion or at least 
to be detected afterwards if they occurred. · 

An attack is when a mobile agent is exposed to a malicious operation executed by a host for any benefits. It can 
either be human-assisted or fully automated and ranges from -high-level analysis of the agent and-its logic to low
level memory monitoring. In the followings, possible attacks in practice are surveyed. The awareness of possible 
attacks and the understanding of what derives them are important in order to develop efficient protections schemes 

Masquerading 
The host of an agent can pretend being another platform to deceive the mobile agent. The agent believes it has 
arrived to its true destination, which is not the case. It does not necessarily have to be the platform but a third party 
host that attempts to lure the agent in order to extract information. A successful fraud may allow the platform to 
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extract sensitive information or update data on the agent. The masquerading host can harm both the visiting agent, 
but also the host whose identity is taken. Masquerading is often followed by other attacks; it is the initial attack. 

Denial of Service 
When an agent arrives to a host, it expects the platform to execute the agents' requests and provide fair allocation of 
resources. A malicious host may not fulfill these requests, but instead introduce delays for critical tasks, or just not 
execute the code. In systems where several agents are running in parallel relying on each other, agents which may be 
waiting on other platforms for result from a non-responsive agent must be careful to avoid ending up in a deadlock. 
Another risk is that an agent can become live locked if a hostile host creates a situation in which the agent is unable 
to finish because work is consistently being given. 

Other examples of operations the agents are exposed to within this area of attacks are when hosts with control of the 
executable code jump within the program and execute the agent selectively, orwhen the agent calls system 
functions, and the host returns incorrect results. 

Eavesdropping . 
Eavesdropping involves the interception and monitoring of communication. However, this threat goes further in that 
not only communication can be spied out. Every instruction executed by the agent may be monitored as well as 
unencrypted or public data the agent may bring to the host, and all subsequent data generated .on the platform. Even 
though the agent may not be directly exposing its sensitive or secret data, the host may infer meaning by observing 
with which it communicates and ~atching the message flow. 

Spying out the content of an agent does not leave any traces. Detection of unauthorized access of data is not possible 
nor would it be enough; this has to be prevented. Therefore, the private accumulated data stored in the agent needs 
to be protected not to reveal any privacy. Such data could be the comprising of the business strategy that the · 
executable part of a purchase agent may consist of. With this knowledge a malicious host can, for example, sacrifice 
its original price offer just enough to outbid competitors . The asset to the state and data portion of the agent can be 
used for analyzing buying patterns and the behavior of the agent owner. 

Alteration 
A malicious host may not stay with just looking at the data, but might also modifying it. This must be prevented 
from being accomplished undetected. To detect modifications of an agent ' s code during its execution on data while 
it is residing on a compromised platform does not yet have a general solution [6] ; however. alteration of an agent's 
code and. thus, possibly subsequent behavior can be detected by having the original author digitally sign the code, 
which would validate the agent and its content. 

Having several platforms in its itinernry, an agent is exposed each time it is in transit and at every arrival to a new 
host. The platform responsible for an alteration of the agent may be impossible to track down due to all changes the 
agent has undergone through subsequent alterations. Checkpoints and rollbacks might be pos.sible in non-agent 
environments; however, mobile agent frameworks make it very difficult since the final state and data may be a result 
of a series of non-deterministic events depending on the behavior of other agents that cannot be recreated. 

A "single-hop" problem is the security risk an agent is exposed to moving from its home platform to another while a 
"multi-hop" problem is the resulting security risk from traveling between several platforms. Single-hop problems are 
easier to mitigate due to the trust of the home platform. 

Repudiation 
The mobile agent host can claim that a transaction never took place. For example a host can deny having provided 
price information or having received money in a buying process even though the transaction was completed. 
Keeping an audit log history of transactions and events can be used to prevent this. 

DEFENSE 
Protection schemes for hosts are often developed to prevent countermeasures from happen as opposed to those for 
agents, which tend to be directed toward detection. Since the agent is away from its safe and trusted home 
environment and susceptible to other platforms, preventing attacks cannot be accomplished in many cases. The 
problem arises from the impossibility to extend the trusted environment after leaving the home platform. 

874 



Although a home platform can digitally sign its agent in .order to ensure the integrity of the code, data, and state. the 
protection is .limited. The first platform that receives the agent can rely on the signature; however, after the next 
subsequent hop, the initial signature remains valid only for the original data and not for any ~ctions performed by 
any remote platform. This may be adequate in some cases, such as when an agent only view iriformation and does 
not accumulate or change its state. Other agent systems address security issues by having the agent return to its 
home platform or at least to send the result back. A similar approach uses a trusted third party to which the agents 
convey their results instead of carrying it along. 

To have a comprehensive scheme protecting the agent, there are some security requirements that must be fulfilled . 
. In the followings these requirements are described. 

Integritv 
The scheme needs to protect an agent from unauthorized modifications of the code, state. and data. An agent 
platform can protect itself; however, an agent cannot as easily prevent a malicious host from tampering the agent 
since it will in most cases not have a trusted environment to rely on. 

The security of mobile agent systems also depends on the integrity of the underlying agent platform. The trend 
towards releasing open source platforms and operating systems simplifies unauthorized modifications of platforms 
and the underlying frameworks, which indirectly becomes a threat for agents. Agents and developer has no control 
of the behavior of those modified frameworks. A malicious host may modify the agent's code and results, and also 
tamper with audit trails or interfere in transactions between agents. 

Intentional modifications or tampering by authorized or unauthorized users places additional burden on the agent to 
be able to detect and recover from corruption or alteration. The performance and development cost that may come 
with the security mechanisms must be carefully weighted against the advantage offered by mobility. Restriction of 
an agent's mobility could be an alternative to reduce the amount of required security. 

Attacks on the communication between age_nts and platforms often aim to comprise the integrity of a message by 
changing the content, delete or replace messages, or change the source or destination of the message. These goal
oriented attacks may be very harmful , causing far more damage than transmission errors resulting from poor 
intermittent communication channels. To ensure the integrity of the communication, agents rely on lower level 
protocols such as TCP/IP. Thi~ layer of error detection and correction is transparent to higher-level applications. 

Accountabilitv 
Each process on a platform must be held responsible for its actions. If the host violates any security requirement, the 
protection scheme should have a mechanism to record the actions and identify the responsible host. In order to make 
this possible, each process must uniquely be identified. authenticated and audited. Examples of actions, which 
processes must be held accountable for includes access to objects and changes made to the platforms security 
mechanism. Therefore, accountability requires a log of relevant events and a listing of the process responsible for 
each event including information such as platform/agent identification, the time and type of event, and whether the 
event was successful or not. These audit logs must be protected from unauthorized access and modifications since 
they keep users and processes responsible for their actioris. Audit logs may as well play an important and valuable 
roll when a platform must recover from a security breach, or software or hardware failure. When dealing with a 
distributed system, it is not enough to restore the local system in which the problem occurred, but also sorting out 
which other parts ·or the overall system that might have been affected. Since we are dealing with a distributed 
environment •with possible accesses of objects over the network. it is extremely hard to reconstruct a sequence of 

· events. Therefore, a concept of global time or ordering of events must be maintained by the platforms . . 

. The sensitivity of the information for which the agent requests access, may require different leve-ls· of authentication. 
If, for example. an agent accesses a public product price for comparison purposes. no authentication may be 
necessary while if the agent decides to purchase any product some authentication would have to take place. • 

Contidentialih· 
The scheme must protect the agent from eavesdropping. The data carried by an agent including the executable code, 
state, and data must remain confidential. The agent framework must be able to ensure that the intra- and inter
platfo~ communications remain confidential. Intruders may want to analyze the agent for its decision logic 
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information, in-transit information, and execution flow information. Monitoring the message flow may allow 
eavesdropper to infer useful information without actually having access to the data. A flow of messages from one 
agent to another may indicate that the agent is in market for a particular set of services offered by the other agent . 

. Other agent-related information should be kept confidential as well, such as the home address and the current 
location of the agent. Mobile agents may communicate through a publicly known proxy if the agents want to conceal 
their presence on a particular platform. Platforms may enforce different security policies on agents that choose to be 
anonymous. An agent that is shopping may want to do that in privacy; however, the platform may demand some 
form of identification before a financial transaction can be accepted. Moreover, an agent may not want to disclose 
which hosts it has visited; on the other hand, the host platform may not be willing to accept agent whose itinerary is 
confidential. The security policy of the host may not allow agent that has been on platforms outside a certain 
approved security domain. 

Another important part of the agent that needs to be protected is tht: audit logs since they maintain a detail record of 
an agent's activities on the platform. The agent may need to carry the audit log in parts or in whole since in some 
cases the host platform may be required to sign the portions of the log for which it is responsible. 

Anonvmitv 
This protection scheme should hide the identities of the concerned parts of an agent. In a mobile system, anonymity 
should include whereabouts of the agent such as the agent's identity, its owner and hosts vi'sited. However, the 
anonymity needs to be balanced with the platforms requirements of holding agents responsible for their actions. An 
agent may remain anonym until it requests an operation where the host needs to determine the agent's identity for 
security reasons. Even in that c·ase, the identity can be revealed in such a way that only the host receives its true 
identity while it is kept secret to the public. The right balance of anonymity may be difficult to find due to several 
contradictory demands. A purchaser of goods and services may be interested in keeping its identity confidential 
while for example a credit agent would not allow an extended credit to an unknown. Furthermore, as mentioned 
previously, platforms may keep audit logs for security reasons with the process responsible for its action, which 
requires the agent to state its identity. 

A vailabilitv 
The agent platform should be able to ensure the availability of data and services to the agents. and ensure them a fair 
and faithful access to resources such as network connectivity, file access and code libraries. The platform also needs 
to provide controlled concurrency, deadlock management and exclusive access as required. It should further be able 
to detect and handle system softv.are and hardware failures. Moreover, the agent may be required to take 
responsibility for its fault-recovery. 

PROTECTION SCHEMES 
With the aim to achieve the above security requirements. several schemes have been proposed. most of which· cover 
one class of security attacks. There are as well proposed schemes that supposedly protect the agents from all attacks. 
The schemes differentiate in whether they protect the agents in the sense of prevention or i!) the sense of detection. 

Integritv Schemes 
An efficient method of ensuring mobile agents' security is to keep them within a trusted executio.n environment. By 
having only trusted nodes, encrypting agents' content as they are sent, and authenticating the hosts before arrival, 
the likelihood of encountering a malicious host is highly reduced. However, this contradicts the concept of an open 
system where new hosts can be joined as needed. 

With the threat of unauthorized ~odifications carried out by hosts. we need a way to detect the tampering, so that 
malicious actions can be revealed and responsible platforms recognized. Several techniques have been suggested 
where the hosts need to guarantee their executions validity. Other approaches propose hiding dummy data in the 
~gent. After an agent has completed its tasks. the insened data can be examined to determine whether any 
inappropriate modifications have been made. 

Digital Signing · . 
A mobile agent can carry and keep a secret without disclosing it by having the data encrypted. However, what if the 
agent wants to use the secret in public, e.g. to compute the digital signature for a document or transaction without 
revealing the procedure how that is accomplished. Sander and Tschudin [7] present the concept of undetachable 
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digital signatures and a possible realization of it to produce a digital signature inside a possibly malicious host 
without disclosing any private data or enable reuse of the signature routine for arbitrary use. 

Partial Result Encapsulation 
A scheme used for detection of unauthorized modifications of an agent's content encapsulates the agent's actions for 
subsequent verification. Not only the initial code, state and data is digitally signed by the host, but the host also signs 
changes for which it is responsible. Different mechanisms are used to provide epcapsulation. depending on the 
purpose: confidentially follows from encryption, and integrity and accountability can be provided using digital 
signatures. 

· A solution in the case when the agent carries a public key to encrypt the accumulated information is called sliding 
encryption [12]. In many cases the s-ize of the encryption key and the resulting ciphertext is rather large in 
·comparison to the amount of information. The sliding key encryption yields efficient-sized results of small amounts 
of data. This solution provides confidentiality but not integrity. 

Partial Result Authentication Codes, PRAC, [ 18] is another approach for encapsulation of result information where a 
partial result obtained by the agent at a previous host cannot be modified - forward integrity. A partial result is 
encapsulated by using cryptographic checksums created with secret keys. This requires a list of secret keys 
maintained by the agent and its originator. After completing the work at a platform, the agent encrypts the 
information using a key, which, thereafter, is destroyed guaranteeing forward integrity. Forward integrity ensures 
that after visiting a malicious host all previously retrieved sets of data remains valid. Instead of dealing with secret 
keys and all the maintenance that follows, public key cryptography and digital signatures can be used. 

Dvnamic Watermarking 
Another approach under development [3, 4] called dynamic watermarking is supposed to provide computation 
integrity. A data structure is embedded in the program and any execution will leave detectable traces in this 
structure. An onlooker cannot know the exact place of this watermark. The returned watennark can be analyzed to 
detect any unauthorized actions. 

Accountabilitv Schemes 
To ensure the trustfulness of the agent's code. state, and data, a technique enabling detection of unauthorized 
modifications performed on the agent is required. Several schemas are suggested to trace computation done by the 
mobile agent after its return to the owner. · · 

Execution Tracking 
Vigna'[14,15] suggests cryptographic traces to detect if any malicious ·host has performed .any unauthorized action. 
Each host has to construct an execution log. also called tracing. when executing an agent. The tracing holds 
infonnation about the execution. such as the sequence of executed statements and any related information obtained. 
The log is, thereafter. hashed and carried along the agent's itinerary. The owner of the agent can after the return of 
the agent ask for a recomputation of the complete execute log to simulate the tracing. If the outcome is not the same 
as the one obtained in the hash. the host is considered malicious and not trustable. Besides the hashed tracing, a 
trusted third party is used to store the sequence of traces summaries for the agents' itinerary to prevent the tracing 
from being modified or erased. 

There are a few problems with this scheme. The execution logs are prop_ortional to the number of program 
statements and the number of hosts visited. Hence, the size of the trace becomes large. Besides, the scheme does not 
support multi-threaded agents . 

.' ltinerarv Recording with Replication and Voting 
To extend a system with fault tolerance, several mobile agents can be created to perform the same task; thereafter, 
their results can be compared. In many ways. a faulty platfonn behaves similar to a malicious one, so the same 
approach can be used to encounter effects of malicious behavior. One such technique for ensuring that a mobile 
agent arrives safely at its destination is through the use of replication and voting [8]. The scheme builds on the idea 
that although the malicious platform can corrupt a few copies of an agent, enough replicates can complete its 
computations successfully. The platfonn only allows the agent to perform its work if enough replica agents are 
valid. ~n underlying assumption is that a majority of agents are unscathed with equivalent results at each ·step. This 
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approach requires applications where agents can be duplicated and where the tasks can be divided into subtasks. A 
drawback is the additional resources consumed by replicable agents. 

Confidentialitv Schemes 

The next step is to entangle the possibility of tampering. Obfuscation of the code is a suggested approach. Another 
method is to protect the application as a whole and not only each agent individually. Several agents can split a task 
and collaborate using secret sharing schemes. 

The aim of these schemes is to make the agent difficult to comprehend. An approach called the Time Limited 
Blackbox achieves this by scrambling the code and limiting the time a host has to execute the agent. There are other 
approaches featuring encrypted yet executable functions. These schemes are suitable for non-static parts of the 
agent. Other approaches such as conditional or partial encryption of the agent works well for the static part of the 
agent. 

Time Limited Blackbox 
Hohl suggests a time limited blackbox security in [5] to protect the mob1le agents from eavesdropping. The 
approach is based on obfuscation of the source code. If the code is corrupted, the intruder will need more time to 
understand it. Therefore, the purpose is to scramble the code in such a way that no one can 1,1hderstand its 
functionality; in other words, the agent appears as a blackbox. To limit an intruder even more. Hohl suggests putting 
a time limit for how long time the computation of the agent should be valid. If an operati.on excides this limit of 
time, it should be considered in~·alid. Practically, this model scheme is difficult to realize due to the fact that 
scrambling the code cannot be automated. Besides, to implement the feature with limited time, synchronized·clocks 
are required. 

Computing with Encrvpted Functions 
Another approach to provide confidentiality is the concept of computing with Encrypted Functions [7] , which is 
different from encryption of passive data. Encrypted data becomes meaningless after having been encrypted. The 
resulting program using encrypted fun ctions will consist of cleartext instructions that a processor or interpreter 
understands; however, the functionality will be hidden. Computing with Encrypted Functions is a method allowing 
mobile code to safely compute cryptographic primitives, such as digital signatures, although the execution takes 
place in a non-trusted environment without interaction with the home platform. This is accomplished by having the 
agent platform executing a program containing an encrypted function without being able to discern the original 
function. 

Anonvmitv Schemes 
Few schemes have been derived to achieve anonymity. To conceal an agent's itinerary an onion-like structure . 
proposed in [ 1 O] is used where a remote host only can reveal the next location if it has the correct secret key. The 
itinerary is encrypted layer by layer and only necessary data such as the next host ' s address is revealed. · 

A vailabilitv Schemes 
There are schemes provided to secure that the agent will be assigned resources fairly and allocated with quality of 
service. The following scheme assures that the host allocates resources faithfully; however, there is no mechanism to 
prevent hosts from being malicious. The mobile agent can specify lower bound, weight, share and deadline for 
schedulable units of the host's CPU. The host can adjust these requirements with its constraints. This scheduling 
scheme addresse·s both security_ and quality of service; security is handled since the agents cannot drag down 
resources, and the quality of serv_ice is secured since resources are scheduled to the agent in a compromised amount. 
Again, this scheme builds on the assumption that the host behaves properly. 

Scheme to meet all the requirements 
Tamper resistant hardware [IO is suggested to support all the security requirements. In [ 11 ], Yee suggests another 
similar approach by using secure coprocessors. 

Tamper Resistant Hardware - . 
The concept of tamper-proofedness usually applies to a well-defined module that executes a given task. The task of 
this module can only be inferred through a restricted interface that is under full control of the tamper-proof module 
called the tamper-proof environment (TPE) . The TPE provides a complete agent platform that cannot be inspected 
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nor tampered with. Thus, agents residing on the TPE are protected both from discloser and manipulation. The TPE is 
hooked up with the host computer as a tamper-proof device consisting of a CPU, RAM, ROM and non-volatile 
storage. It runs a virtual machine that provides the platform for the execution of the agents and an operative system 
that provides the external interface to the TPE and controls the virtual machine. TheTPEholds a private key and 
public key pair. The public key is used to encrypt the agent by other hosts while the TPE uses the private key for 
decryption. Hosts accepting an agent most before arrival prove having a trustworthy TPE. When certified, the TPE 
sends its public key so that the agent can be encrypted. The host computer cann.9i upon receiving decrypt the agent. 
First, it has to be uploaded to the TPE, which, thereafter, decrypts the agent using its private key . 

. The security relies on the tamper-proof hardware device that is on the lowest level. A security breach is supposed to 
be of a high price. The aim is to make a successful violation so costly that it would negate a possible gain. There is 
at least one limitation of this approach, which is the requirement of tamper-proof hardware. It does not go well with 
the wide scalability of an open system. 

CONCLUSION 
Defense is the way to protect the mobile agent from the various attacks described. The defense can be accomplished 
in two ways: prevention or detection. The prevention mechanism should make the attacks difficult or impossible to 
successfully be performed while detection is to uncover if any abnormal action or operation was performed on the 
agent. Since the agent is away from its trusted home environment, prevention is difficult and sometimes impossible ' 
to provide; therefore, most protection schemes are directed towards· detection. 

Integrity and accountability are basically solved with future enhancements on more efficient signatures and shorter 
traceable proof. The tamper-poof devise is aimed to satisfy all requirements; however, it is not suitable for 
deployment in open systems. Confidentiality, anonymity and availability do not have an all-around solution. There 
are schemes offering some confidentiality by protecting the static executable code, but there is· not yet a solution for 
protecting the non-static part. Obfuscation and computing with encrypted functions offer some promises. Anonymi.ty 
is weakly addressed in literature. For availability issues. current schemes rely on the hosts to follow some scheduling 
schemes in order to maintain Quality Of S~rvice (QOS). The schemes do not detect malicious hosts if any. 

This paper has described the attacks mobile agents may be exposed to and a survey of existing protection schemes 
some of which are in work while others still are under research has been provided. 
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ABSTRACT 
Today, IP has established itself as the primary vehicle for our global system of electronic commerce. enabling a vast 
array of client/server and peer-to-peer computing applications. The communication networks and services are changing 
rapidly. The conventional circuit and packet switched networks are being replaced by next generation networks, 
primarily based on Internet Protocol. The rapid growth of web based services has lead to the explosive growth of the 
Internet. However, the current internet protocol (1Pv4), which is the backbone of transmission control protocol (TCP/IP) 
networking, is rapidly becoming obsolete, with the inherent problems related with limited address space. security and 
QoS features. The new protocol 1Pv6 has been developed to overcome all these problems and to provide solutions for 
the next generation networks. In anticipation of the impending demise of IP as we know it, the Internet Engineering 
Task Force (IETF) has produced a comprehensive set of specifications (RFC 1752, 1883, 1886, 1971, 1993, etc.) that 
define the next-generation IP protocol known as "IPng," or "1Pv6." IPv6 should be viewed as .a broad retooling project 
that will ultimately provide a much-needed evolutionary rearchitecting of today's overstressed internehVorks. Because it 
lays the groundwork for the next era of networking, IPv6 is also of vital importance to businesses and network access 
providers of all sizes. This article begins with an overview of the role of an internet protocol, looks at the motivation for 
developing a new version of IP, delves deeper into the functional and technical aspects of 1Pv6, including the 
aggregation-based allocation of the 128-bit address space, stateless auto-configuration of IPv6 host populations, routing 
mechanics. new security features , and some real-world IPv4/IPv6 transition strategies. It also takes a look at the 
l2intiative and where lpv6 fits in. 

INTRODUCTION 
IP provides the functionality for interconnecting end systems across multiple networks. For this purpose, IP is 
implemented in each end system and in routers, which are devices that provide connection between net\.Vorks. Higher
level data at a source end system are encapsulated in an IP protocol data unit (PDU) for transmission. This PDU is then 
passed through one or more networks and connecting routers to reach the destination end system. 
The router must be able to cope with a variety of differences among networks, including: 
Addressing Schemes -- The networks may use different schemes for assigning addresses to devices. For example, an 
IEEE 802 local area network (LAN) uses either 16-bit or 48-bit binary addresses for each attached device; an X.25 
public packet-switching network uses 12-digit decimal addresses (encoded as 4 b/digit for a 48:bit address). Some form 
of global network addressing must be provided. as well as a directory service. 
Maximum Packet Sizes -- Packets from one network may have to be broken into smaller pieces to be transmitted on 
another network. a process known as fragmentation. For example, Ethernet imposes a maximum packet size of 1500 
bytes: a maximum packet size of 1000 bytes is common on X.25 networks. A packet that is transmitted on an Ethernet 
system and picked up by a router for retransmission on an X.25 network may have to segment the incoming packet into 
two smaller ones. 
Interfaces -- The hardware and software if!terfaces to various networks differ. The concept of a router must be 
independent of these differences. 
Reliabilitv -- Various network services may provide anything from a reliable end-to-end virtual circuit to an unreliable 
service. The operaiion of the routers should not depend on an assumption of network reliability. The operation of the 
router, depends on an internet protocol. 

IP NEXT GENERATION 
In addition, a number of new security features have been designed for use with IPv6 but can also be used with the 
existing IPv4; these also have been documented in requests for comments (RFCs). The driv ing motivation for the 
adoption of a new version of IP was the limitation imposed by the 32-bit address field in 1Pv4. But other considerations 
as well drove the design of IPv6. They are 

Addressing: With a 32-bit address field , it is in principle possible ·to assign 232 different addresses, which is over 4 
billion possible addresses. One might think that this number of addresses was more than adequate to meet addressing 
needs on the Internet. However, in the late 1980s it was perceived that there would be a problem, and this problem 
began to manifest itself in the early 1990s. Some of the reasons for the inadequacy of 32-bit addresses include: 
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-The two-level structure of the IP address (network number, host number) is convenient but wasteful of address space. 
Once a network number is assigned to a network, all of the host-number addresses for that network number are assigned 
to that network. The address space for that network may be sparsely used. but as far as the effective IP address space is 
concerned, if a network number is used, all addresses within the network are. 
-It is general practice to assign a unique network number to an IP network whether or not it is actually connected to the 
Internet. It is possible on a private internet to reuse numbers that are in use either in the public Internet or in other 
private internetworks, but this is a risky and cumbersome policy. 
-Networks are proliferating rapidly. Most organizations boast multiple LANs, not just a single LAN system. Wireless 
networks are gradually assuming a major role. The Internet.itself has been growing explosively for years. 
-Growth of TCP/IP usage in new areas will result in a rapid growth in the demand for unique IP addresses. Examples 
are using TCP/IP to interconnect electronic point-of-sale terminal~ and for cable television receivers. 
-Typically, a single IP address is assigned to each host. A more flexible arrangement is to allow multiple IP addresses 
per host. This, of course. increases the· demand for IP addresses. 
To meet these addressing needs, IPv6 uses 128-bit addresses instead of the 32-bit addresses ofIPv4. This is an increase 
of address space by a factor of 296! Even if addresses are very inefficiently allocated, this address space seems secure. 
Performance: Both LANs and wide area networks (WANs) have progressed to ever-greater data rates, pushing into 
hundreds of megabits per second, with plans for gigabit LANs and W ANs. In addition, as more services, especially 
graphics-based services, become available over the Internet, we can expect that the ratio of external traffic (traffic that 
leaves the local network) to internal traffic will rise. With these immense speeds and the increased load, it is critical that 
routers perform their functions as rapidly as possible. The router should be able to process and forward IP datagrams 
fast enough to fully utilize its high-speed links and to keep up with the traffic flow. A major factor is the hardware 
platform itself, but the design of the IP also plays a critical role. 
Three aspects of IPv6 design contribute to meeting performance requirements: 
- The number of fields in the IPv6 packet header are reduced from IPv4. A number of IPv6 options are placed in 
separate optional h·eaders located between the IPv6 header and the transport-layer header. Most of these optional 
headers are not examined or processed by any router on the packet's path. This simplifies and speeds up router 
processing of IPv6 packets compared to IPv4 datagrams.3 It also makes it easier to add additional options. · 
- The 1Pv6 packet header is fixed-length whereas the 1Pv4 header is variable-length. Again, the IPv6 design simplifies 
processing. . 
- Packet fragmentation is not permitted by IPv6 routers. although it is in IPv4. In IPv6, fragmentation may only be 
performed by the source. 
Network Sen1ice: It should be possible to associate packets with particular service classes, perform the routing function 
on the basis-of those classes, and allow the networks along the route to make use of this class information. In particular, 
it is important to be able to support real-time services and to specify priority levels to determine discard strategy in the 
event of congestion." IPv4 provides minimal assistance in this area. IPv6 enables the labeling of packets belonging to a 
particular traffic flow for which the sender requests special handling. This aids in the support of specialized traffic such 
as real-time video. 
Addressillg Flexibility: IPv4 is best employed for unicast addressing: a single address bit pattern corresponds to a single 
host. Other forms of addressing are poorly supported, partly because the address size is limited to 32 bits and partly 
because no provision is made for certain addressing modes. IPv6 includes the concept of an anycast address, for which a 
packet is delivered to just one of a set of nodes . The scalability of multicast routing is improved by adding a scope field 
to multicast addresses. One of the fastest growing business requirements for internetworks is the abi_lity to transmit a 
stream of video, audio, news, financial, or other timely data to a group of functionally related but dispersed endstations. 
This is best achieved by Network Layer multicasting techniques. Typically, a server sends out a stream of rimltimedia or 
time-sensitive data ~hat needs to be received by subscribers. A multicast-capable network can automatically replicate the 
server's packets and route them to each subscriber in the multicast group using an efficient path. Routers use multicast 
protocols such ·as DVMRP (Distance Vector Multicast Routing Protocol) and MOSPF (Multicast Open Shortest Path 
First) to dynamical\y converge a packet distribution "tree" that connects all members of a group with the·multicast 
server. A new member becomes part of a multicast group by sending a "join" message to a nearby router. The · 
di-stribution tree is t~en adjusted to include the new route. Multicast services mean that servers can· send a single packet 
that will be replicated and forwarded through the internetwork to the multicast group on an as-needed basis. This 
conserves both server and network resources and, hence, is superior to unicast and broadcast solutions. Multicast 
applications are being developed for IPv4, but 1Pv6 extends IP rnulticasting capabilities by defining a very large 
multicast address space and a scope identifier that is used to limit the degree to which multicast routing information is 
propagated throughout an enterprise._ Multicasting is an important feature of 1Pv6, and it actually replaces the 1Pv4 
broadcast feature by supporting both functions. Anycast services are another innovation of the IPv6 specification that is 
not found. in IPv4. Conceptually, anycast is a cross between unicast and multicast: Two or more interfaces on an 

881 



arbitrary number of nodes are designated as an anycast group. A packet addressed to the group's anycast address is 
delivered to only one of the interfaces in the group, typically the "nearest" interface in the group, according to current 
routing protocol m_etrics. 
Security Capabilities: IPv4 provides no security capabilities other than an optional security label field. Although end
to-end security can be provided at the application level, there is now support for a standardized IP-level security service 
which any application can use without providing security features in that application. For example. an IP-level security 
service can be used to create virtual secure networks across the Internet or any public internetwork. IPv6 provides a 
range of security capabilities; in particular, IPv6 includes features that support authentication and privacy. As was 
mentioned, these features can also be incorporated into IPv4. IPv6 provides native data security capabilities that are 
based on its flexible header extensions. The authentication header extension to IPv6 ensures that a packet is actually 
coming from the host indicated in its source address. This authentication is particularly imponant to safeguard against 
intruders who configure a host to generate packets with forged source addresses. This type of source-address 
masquerading can spoof a server so that access may be gained to valuable data,· passwords. or network control utilities. 
According to recent studies, IP spoofing is statistically one of the most common forms of deliberate intrusion, and with 
1Pv4 there is no native way for a server to determine whether packets are being received from the legitimate endstation. 
The native authentication of 1Pv6 gives the industry a standards-based method to determine the authenticity of packets 
received at the Network Layer. Because the authentication headers in IPv6 are defined in IETF standards, it is highly 
likely that network products from different vendors will achieve interoperable authentication seryices. IPv6 
implementations are required to support the MD5 algorithm for authentication and integrity checking, but since the 
specification is algorithm-independent, other techniques may be used as well. 1Pv6 authentication is panicularly 
valuable where autoconfiguration is deployed. Without Network Layer authentication, network intruders may take 
advantage of DHCP and similar services to gain unassisted entry to a network. IPv6 authentication can ensure that illicit 
autoconfiguration does not take place. · 
Co11fidentiality and Privacy: Along with packet spoofing. another major hole in Internet security is the widespread 
deployment of traffic analyzers and network "sniffers," which can surreptitiously eavesdrop on network traffic .. These 
generally helpful diagnostic devices can be misused by those seeking access to credit card and bank account numbers, 
passwords, trade secrets, and other valuable data. IPv4 provides no native data encryption scheme, so this must be · _ 
accomplished in a less-than-interoperable manner, often at a higher layer. 1Pv6 authentication headers do not provide 
privacy or confidentiality of data, so this is accomplished with another standard header extension that prov~des end-to
end encryption at the Network Layer. 1Pv6 encryption headers provide fields that carry encryption keys and other 
handshaking information, enabling interoperable encryption of the payloads in IP packets. 1Pv6 security headers can be 
used directly between hosts or in conjunction with a specialized security gateway that adds an additional level of 
security with its own packet signing and encryption methods. 
Reducing Address Administration Workloads: 1Pv4 networks often employ the Dynamic Host Configuration Protocol 
(DHCP) to reduce the effort associated with manually assigning addresses to endstations . DHCP js termed a "stateful" · 
address configuration tool because it maintains static tables that determine which addresses are assigned to new or 
moved stations. A new version of DHCP is being developed for 1Pv6 to provide similar stateful address assignment. 
1Pv6 also adds a new dimension to autoconfiguration with allstateless" address autoconfiguration service that does not 
require a manually configured server. Stateless autoconfiguration makes it possible for stations to configure their own 
addresses with the help of a local 1Pv6 router. Typically, the station combines its 48-bit MAC address with a network 
prefix it learns from a neighboring router. 
/Pv6's Streamlined Format: IPv6 streamlines and enhances the basic header layout of the IP packet, improving greatly 
on 1Pv4. In 1Pv6, some of the 1Pv4 headers were dropped and others were made optional. The redesigned, simplified 
packet structure will, to some degree. offset the bandwidth cost of the longer 1Pv6 address fields. The 16-byte 1Pv6 
addresses are four times longer than the 4-byte 1Pv4 addresses, but as a result of the retooling, the total IPv6 header size 
is only twice as large. 
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Beyond the streamlined packet format, IPv6 features improve support for header extensions and options, changing the 
way IP header options are encoded to allow more efficient forwarding. Option fields already have been defined for 
carrying explicit routing information created by the source node, as well as facilitating authentication. encryption, and 
fragmentation control. At the application level. header extensions are available for specialized · end-to-end network 
applications that require their own header fields within the IP packet. 
Quality of Service: The IPv6 packet format contains a new 24-bit traffic-flow identification field that will be of great 
value to vendors who implement quality-of-service network functions. Network-layer Quality of Service (QoS) 
products are still in the planning stage, but IPv6 lays the foundation so that a wide range of QoS functions may be made 
available in a highly open and interoperable manner. In action. IPv6 flow labels can be used to identify to the network a 
stream of packets that needs special handling above and beyond the default. best-effort forwarding. Flow-based routing 
could give internetworks some of the deterministic characteristics .associated with connection-oriented switching 
technology and telephony virtual circuits. For example, desktop video or audio streams could be given a flow label that 
tells routers they need a controlled amount of end-to-end latency. Flow labels can also be used to give traffic flows a 
specific level of security, propagation delay ( e.g., satellite transmission), or cost. Experimental work with non-standard 
IPv4 QoS implementations has already shown that it is quite feasible to convey video and audio streams across the mesh 
internetwork topologies without excessive degradation. 1Pv6 paves the way for production application of this sort. 

CHANGING TO IPV6 
Few in the industry would argue with the principle that 1Pv6 represents a major leap forward for the Internet and the 
enterprises that rely on intemetworking technology. 1Pv6 improves on 1Pv4 in many areas that are of great near-tenn 
and long-term value to network-dependent businesses. What is not agreed upon in the industry, however, is what shape' 
and speed the transition from 1Pv4 to IPv6 will take. Some are lobbying for a wholesale, rapid adoption of 1Pv6 in the 
very near future. Others prefer to let the 1Pv6 project wait until address-space exhaustion and other issues force 
conversion. But given the magnitude of a migration that affects so many millions of network devices, it is clear that 
there will be an extended period when IPv4 and IPv6 will coexist at many levels of the Internet. With the reality of 
extended IPv4/IPv6 coexistence looming, IETF protocol designers have expended a substantial amount of effort to 
ensure that hosts and routers can be upgraded to 1Pv6 in a graceful, incremental manner. Consequently, IPv6 can be 
deployed in hosts firs~. in routers first , or, alternatively, in a limited number of adjacent or remote hosts and routers. The 
nodes that are upgraded initially do not have to be co-located in the same local area .network or campus. Another 
assumption made by IPv6 transition designers is the likelihood that many upgraded hosts and routers will need to retain 
downward compatibility with IPv4 devices for an extended time period. To accomplish these goals, IPv6 transition 
relies on several special functions that have been. built into the IPv6 standards work. including dual-stack hosts and 
routers and tunnelling 1Pv6 via 1Pv4. 

THE DUAL-STACK TRANSITION METHOD 
Once a few nodes have been converted to IPv6. there is the strong possibility that these nodes will require continued 
interaction with existing IPv4 nodes.This is accomplished with the dual-stack 1Pv4/1Pv6 approach. A great many hosts 
and routers in today's multivendor, multiplatform networking environment already support multiple network stack 
components. For instance, the majority of routers in enterprise networks are of the multiprotocol variety. Likewise, 
many workstations run some combination of IPv4, IPX. AppleTalk, NetBIOS, SNA, DECnet, or other protocols. The 
inclusion of one additional protocol (IPv6) on an endstation or router is a fairly trivial undertaking at the current time. 
When running a dual IPv4/IPv6 stack, a host has access to both 1Pv4 and IPv6 resources. Routers running both 
protocols can forward traffic for both 1Pv4 and IPv6 end nodes.Dual-stack machines can use totally independent 1Pv4 
and IPv6 addresses. or they can be configured with an IPv6 address that is 1Pv4-compatible.Dual-stack nodes can use 
conventional IPv4 autoconfiguration services (DHCP) to obtain their IPv4 addresses. IPv6 addresses can be manually 
configured in the 128-bit local host tables. or obtained via 1Pv6 stateless or stateful autoconfiguration · mechanisms, 
when available. It is expected that major servers will run in dual-stack mode indefinitely, or until all active nodes are 
converted to 1Pv6. 

DNS FOR IPV6 
Domain Name Ser.vice is something that administrators must consider before deploying 1Pv6 or dual-stack hosts. The 
current 32-bit name servers cannot handle name-resolution requests for 128-bit addresses used by IPv6 devices. In 
response to this issue, IETF designers have defined ·an 1Pv6 DNS standard (RFC 1886, DNS Extensions to Support IP · 
Version 6). This specification creates a new 128-bit DNS record type named "AAAA" (quad A) that will map domain 
names to an IPv6 address. Domain name lookups (reverse lookups) based on 128-bit addresses also are defined. Once 
an IPv6-capable DNS is in place, dual-stack hosts can interact interchangeably with 1Pv6 nodes. If a dual-stack host 
queries a DNS and .receives back a 32-bit address, IPv4 is used; if a .128-bit address is received·, then IPv6 is used. On 
sites where the DNS has not been upgraded to 1Pv6, hosts may resolve name-to-address mappings through the use of 
manually configured local name tables. Applications that do not directly access the network stack will not need to be 
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modified to nm in the dual-stack environment. Network applications that directly interface with IP and related 
components will require updating if they are to use the IPv6 protocol 

ROUTING BOTH IPV6/IPV4 IN NETWORKS 
Routers running both IPv6 and IPv4 can be administered in much the same fashion that 1Pv4-only networks are 
currently administered. 1Pv6 versions of popular routing protocols, such as Open Shortest Path First (OSPF) and 
Routing Information Protocol (RIP), are already under development. In many cases, administrators will choose to keep 
the IPv6 topology logically separate from the IPv4 network, even though both run on the same physical infrastructure. 
This will allow the two to be administered separately. In other cases, it may be advantageous to align the two 
architectures by using the same domain boundaries. Both approaches have their advantages. A separate 1Pv6 
architecture can be used to abolish the inefficient 1Pv4 addressing systems with which many of today's enterprises 
suffer. An independent IPv6 architecture presents the opportunity to build a fresh, hierarchical network address plan that 
will greatly facilitate connection to one or more ISPs. This lays a foundation for efficient renumbering. route 
aggregation, and the other goals of an advanced internetwork routing hierarchy. In most organizations where IPv6 is 
deployed incrementally, there is the strong possibility that all 1Pv6 hosts will not have direct connectivity to each other 
via IPv6 routers. In many cases there will be islands of 1Pv6 topology surrounded by an ocean of IPv4. Fortunately, 
1Pv6 designers have fashioned transition mechanisms that allow 1Pv6 hosts to communicate over intervening 1Pv4 
networks. The essential technique of these mechanisms is 1Pv6 over 1Pv4 tunnelling, which encapsulates 1Pv6 packets 
in 1Pv4 packets. Tunnelling allows early IPv6 implementations to take advantage of existing 1Py4 infrastructure without 
any change to IPv4 components. A dual-stack router or host on the "edge" of the 1Pv6 topology simply' appends an 1Pv4 
header to each . 1Pv6 packet and sends it as native IPv4 traffic through existing links. IPv4 routers forward this traffic 
without knowledge that 1Pv6 is involved. On the other side of the tunnel, another dual-stack router or host de
encapsulates the 1Pv6 packet and routes it to the ultimate destination using standard 1Pv6 protocols. To accommodate 
different administrative needs, IPv6 transition mechanisms include two types of tunnelling: automatic and configured. 
To build configured tunnels, administrators manually define 1Pv6-to-1Pv4 address mappings at tunnel endpoints. On 
either side of the tunnel, traffic is forwarded with full 128-bit addresses. At the tunnel entry point, a router tab.le entry is 
defined manually to dictate which IPv4 address is used to traverse the tunnel. This requires a certain amount of manual 
administration at the tunnel endpoints, but traffic is routed through the 1Pv4 topology dynamically, withol!t the 
knowledge of1Pv4 routers. The 128-bit addresses do not have to align with 32-bit addresses in any way. 

AUTO MA TIC TUNNELLING 
Automatic tunnels use "1Pv4-compatible" addresses, which are hybrid IPv4/IPv6 addresses. Compatible addresses are 
created by adding leading zeros to the 32-bit 1Pv4 address to pad them out to 128 bits. When traffic is forwarded with 
compatible addresses, the device at the tunnel entry point can automatically address encapsulated traffic by simply 
convening the IPv4-compatible 128-bit address to a 32-bit 1Pv4 address. On the other side of the tunnel. the IPv4 header 
is removed to reveal the original IPv6 address. Automatic tunnelling allows 1Pv6 hosts to dynamically exploit 1Pv4 
networks. but it does require the use of IPv4-compatible addresses. which do not bring the ben1!~ts of the 128-bit address 
space. IPY6 nodes using IPv4-compatible addresses cannot take ad\ antage of the extended address space, but they can 
exploit the other 1Pv6 enhancements. including flow labels, authentication, encryption, multicast, and anycast. Once a 
node is migrated to IPv6 with IPv4-compatible addressing. the door is open for a fairly painless move to the foll 1Pv6 
address space (hopefully with the help of an 1Pv6-based autoconfiguration service). IPv4-compatible addressing means 
that administrators can add 1Pv6 nodes while initially preserving their basic addressing- and subnet architecture. 
Automatic tunnels are available when needed, but they may not be necessary in cases where major backbone routers are 
upgraded all at once to include the IPv6 stac_k. This is something that can be achieved quickly and efficiently when 
backbone routers support full remote configuration and upgrade capabilities. 

OTHER PROTOCOLS AND SERVICES 
The preceding di~cussion focuses on some of the more innovative and radical changes that 1Pv6 brings to 
intemetworking. In many other areas, protocols and services will operate much the same as they do in the current 1Pv4 
regime. As the industry moves to 1Pv6, DHCP and DNS servers are being modified to accommodate 128-bit addresses, 
but in terms of basic functionality, there will be little change. This is also generally true for interior_ and exterior routing 
protocols. Open Shortest Path First (OSPF) protocol, the cornerstone of high-performance, standards-based 
intemetworking, is the IETF recommended Interior Gateway Protocol (IGP) for IPv6. OSPF is being updated with full 
support for IPv6~ allowing routers to be addressed with 128-bit addresses. The 32-bit link-state records of current OSFP 
will be replaced by 128:-bit records. In general, the OSPF 1Pv6 link-state database of backbone routers will run in 
parallel with the database for 1Pv4 topologies. In this sense, the two versions of OSPF will operate as "ships in the 
night," just as the routing engines for NetWare, DECnet, AppleTalk, and other protocols coexist in the same router 
without major interaction. Given the limited nature of the OSPF 1Pv6 upgrade, those engineers and administrators 
who are proficient in OSPF for IPv4 should have no problems adapting to the new version. An updated version of RIP 
is also available, referred to as RlPng. As with the interior gateway protocols, work is underway to create 1Pv6-
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compatible versions of the exterior gateway protocols that are used by routers to establish reachability across the 
Internet backbone between large enterprises, providers, and other autonomous systems. Today's backbone routers use 
the Border Gateway Protocol (BGP) to distribute CIDR-based routing information throughout the Internet. BGP is 
known by providers and enterprises and has a large installed base. Consequently, BGP has the inside track for 1Pv6. 
Currently, work is underway to define BGP extensions that will allow it to be used to exchange reachability infonnation 
based on the new IPv6 hierarchical address space. 

IPV6 AND INTERNET 2 
Internet2 is a consortium being led by over 180 universities working in partnership.with industry and 
Government to develop and deploy advanced network applications and technologies, accelerating the 
Creation of tomorrow's Internet. Internet2 is recreating the partnership among academia, industry and 
Government that fostered today's Internet in its infancy. The primary goals oflnternet2 are to: 

- Create a leading edge network capability for the national research community 
- Enable revolutionary Internet applications 
- Ensure the rapid transfer of new network services and applications to the broader Internet Community. 

Through Internet2 Working Groups and initiatives, Internet2 members are collaborating on Advanced Applications. 
Middleware, New Networking Capabilities, Advanced Network Infrastructure, and Partnerships and alliances. 

IPV6 WORKING GROUP 
The IPv6 WG is focused both on understanding how 1Pv6 will enable Internet2 to achieve its goals and on promoting 
and coordinating the deployment of IPv6 throughout the Internet2 infrastructure. The efforts to engineer, deploy, and 
operate· a nationwide IPv6 infrastructure for Internet2's research and education continues. Specific activities in this area -
include, track router software releases and integrate them into the backbone and gigaPoP routers. This is an ongoing 
operational activity carried out by the Abilene NOC. Work with the vendor community to test their implementations of 
1Pv6, both in routers and hosts. Work with the ITECs to develop means to test IPv6 routers, with an eye to 
understanding when it is possible to move from a tunneled environment to a native environment. Leverage the emerging 
lnternet2 1Pv6 infrastructure, both at the backbone and the campus level. to assist in research projects involving IPv6 
stacks in various operating systems. Increase the deployment of IPv6 by Internet2 gigaPoPs. Have all of the gigaPoPs 
connected by the end of the calendar year 200 I .Explore the feasibility of deploying IPv6 multicast. Form research 
teams. each involving ·multiple universities. to investigate specific 1Pv6 issues. These would include testing deployment 
tools and strategies. and studying how to make content available for both 1Pv6 and 1Pv4 networks. Investigate the 
advantages of 1Pv6 to the end-to-end focus of the Internet2 project. Understand, for example, whether globally routable 
1Pv6 will support end-to-end performance better then 1Pv4 traversing NATs. Develop an engineering blueprint that 
members can use to guide 1Pv6 deployment within their campuses. Topics would include how to deploy and set up 
routers. how- to set up hosts. and how to use deployment tools. Work to establish an 1Pv6 looking glass server. Insure 
that all Internet2 events are 1Pv6 capable. · 
Thus. it has been prognosticated that Ipv6 is certainly the protocol of choice for Internet2, and the deployment plan has 
been draw up. Researchers are supposed to test Ipv6 capabilities on the Abeline (the 12 research backbone.). This is 
scheduled for 10th of July 2001. The first Internet 2 GigaPoP--or regional research network-to take advantage of 
Abilene's 1Pv6 service is the Great Plains Network, which serves Internet 2 users in Arkansas, Kansas, Nebraska, North 
Dakota, Oklahoma and South Dakota. 

CONCLUSION 
The Internet Protocol (IP) has been the foundation of the Internet and virtually all multivendor private intemetworks. 
This protoc'ol is reaching the end of its useful life and a new protocol, known as 1Pv6 (IP version 6), has been defined to 
ultimately replace IP. The driving motivation for the adoption of a new version of IP was the limitation imposed by the 
32-bit address field in IPv4. In addition, IP is a very old protocol. and new requirements in the areas of security, routing 
flexibility , and traffic support have developed. To meet these needs. IPv6 has been defined, and includes functional and 
formatting enhancements over IPv4. In addition, a set of security specific<,1tions have been issued that can be used with 
both 1Pv4 and° iPv6. With most of the technical details of these enhancements frozen, vendors may begin to move this 
capability into thei~ product lines. 1Pv6 features such as encryption. tunneling, stateless autoconfiguration, and others 
( ouilined in the body of this paper) fall into the Enabling Services category, allowing service providers to offer new and 
value-add services while enhancing the overall quality of netwbrk usage for enterprise customers. 
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ABSTRACT 
For the past few decades the concept of mobile code has caught the imagination of many people. It has a wide range 
of applications and the advent of the WWW has increased the need for mobile agents with vast amount of 
information available. Other than searching databases and the WWW, mobile agents can be used as a tool to 
communicate between heterogeneous hosts in a parallel environment. In this paper we look at this idea and discuss 
the advantage in this approach and also look at researches done in this- area. Also we discuss the validity of this 
approach in real time applications. · 

INTRODUCTION 
The motivation behind this research is to find a way to optimize parallel and distributed computing. In a typical 
parallel environment, if 'n' computers are linked to form a cluster with each node having an average speed of X 
MHZ. then the combined speed uf all the computers unfortunately is not the product of n and X. Why is that? It is 
due to the various bottlenecks associated with a parallel environment. One of the biggest bottlenecks is the need for 
communication of huge messages between the nodes at different stages of the processing of information. To 
overcome these difficulties, we make an attempt to find ways to use soft\vare agents to optimize the . parallel 
computing. In the first section we talk out the necessity of mobile agents and its applications. In the next section we 
look at a similar concept related to software agents, remote programming. In the third section we see how agents .can 
be used in a parallel environment to increase efficiency and ease of use. Then we look at the inherent advantages in 
using agents in a parallel environment. Finally we discuss the prospects of this new approach. 

WHY MOBILE AGENTS? 
An agent is a program that is autonomous enough to act independently even when the user or application that 
launched it is not available to provide guidance and handle errors. A mobile agent is an agent that can move through 
a heterogeneous network under its own control, migrating from host t6 host and interfacing with other agents and 
resources one each. typically returning to the node from where it was launched by the user when its task is done. 
These definitions are from [Rdsrg96]. Now how can we use the mobile agents to solve our problems? 

The motivation for mobile agents is from the fact that they hold promise for solving these problems. The 
conventional method of solving problems in a distributed environment is to run to same or different codes in 
different individual nodes connected together by a suitable topology. This method requires that the data or dataset 
that have to be processed, be moved to the code. This results in huge demand for communication resulting in less 
efficiency. But if mobile agents are used, w~ can move code to data, eliminating the movement of large datasets can 
be eliminated if the required results are easy to compute and small relative to the original dataset. 

APPLICATION OF MOBILE AGENTS 
The common example of mobile code is Java applets. Java applets are interactive applications that can be 
dynamically pulled across the nefu:ork with a Java-enable www browser [Sun94). Java applets are not true mobile 
agents since they migrate only once, before they start executing, and then only when requested by a user. Applets 
represent a special case of mobile agents . Mobile agents are much more powerful since they mfgrate at will 
[Rdsrg96). 

REMOTE PROGRAMMING 
Mobile coding can be considered as extension of the remote procedure call and remote programming paradigms. 
Remote procedure call (RPC) allows a client to invoke a server operation using the standard procedure call 
mechanism. Remote programming allows a client to send a subprogram to a server. The subprogram executes on the 
server and sends its result back to the client [Rdsrg96]. 
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DISTRIBUTED COMPUTING 

Data c========:::> 
Processor 

Data 

Traditional Method of Parallelising a task 
Processors 

!he traditional metho? of solving problems involving huge co~pu~tions and huge subsets is to divide the problem 
mto smaller parts, which are the same, so that many nodes running the same codes with different data t 

1 · If h bl · I b 1. • . . se scan so ve 
1t. t e ~ro em 1s comp ex to e sp It mto s1m1lar smaller parts, it is divided in such a way that different machines 
execd~te ~b1fferdent cdodedp_affirallely dto co~plete the task faster: ow things are changing. Data and services (processing) 
are 1stn ute_ un e~ 1 e~ent om~m_s and formats w_h1ch makes t~e ~rocess of-functional decomposition very 
complex and 1mposs1ble usmg the ex1stmg parallel paradigms. Everything 1s dynamically changing. Data sources are 
not fully reliable they appear and disappear. 

Parallelising a Task with Software Agents 

fobile agents allow new types of asynchronous. heterogeneous simulations to be contemplated and designed. To 
achieve this [Gr99] propose a new concept "data and simulation cloud", which is a distributed collection of 
dynamically changing data and computing resources. Simulations can join and leave this cloud, contributing new 
information sources and using available datasets in dynamic, non-deterministic ways. This will enable more user 
interaction and real time processing of data. Since the time system can respond dynamically to changes. User can 
interactively c·hange some parameters when processing is being done. Mobile agents will make sure that movement 
of large datasets a~e eliminated , as code will be moved to data dynamically according to changing conditions. 
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Agent Tel is a mobile agent system that is developed at Dartmouth College. It is mainly used in several information
management applications. Agent Tel has been created to migrate in the ·www and to use all the computers connected 
which allow their resources to be used. Agent Tel has the following features: 

• Reduce migration to a single instruction 
• Provide transparent communication among agents 
• Provide a simple scripting language or the main agent language 

ADVANTAGES OF MOBILE AGENTS 
Using Mobile agents as a tool for communication between different nodes in a parallel environment has many 
advantages. These are very vital in improving the efficiency of the system. 

Bandwidth Conservation 
The use of Mobile Agents as communication tool instead of MPI or other paradigms saves the bandwidth 

while communication between the nodes. Since the use of Mobile agents ensures minimum message passing 
between the nodes. the bandwidth is conserved resulting in more efficient message passing~ 

Reduce latency 
With fewer messages to be communicated between nodes and with autonomous agents decide the 

communication path, the path, which is less used. will be chosen resulting in less latency. 

Reduce Completion Time 
Since the agents can carry mes~age with unique codes to different nodes can perform the task to be 

completed more efficiently. This results in less time required to complete a task. 

Disconnected communication and Operation 
Also if some error disconnects one node from the network. the agents ensure that the task performed by the 

particular node continues and when the connections are restored the results are sent to the master node through an 
agent. 

Load Balancing 
Using intelligent agents we can make sure that no node is over loaded and also that the load is distributed 

optimally among the available nodes without straining the bandwidth. 

Dynamic Development 
In real time the data changes very dynamically. If the parallel system is dealing with a real time situation. 
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then there is a necessity for dynamic change in messages. sent to the nodes. Software agents handle these situation 
very well as they can respond and travel to the hosts to implement the changes required. 

CONCLUSION 
We have investigated the idea of using mobile agents as a communication tool for parallel computing. We also 
looked at some of the researches done in this area. The use of Java as the langµage to write mobile code for this 
application seems to be a good idea. Mobile agents also allow the use of heterogeneous hosts to be integrated into a 
network and allow flexibility in communication between the hosts and also make the task more efficient. More work 
_has to be done in this area to find the feasibility of this approach especially in grid type networks. 
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INTRODUCTION 
Lean production philosophy was born to increase productivity and to reduce costs in Japan Toyota Motor 
Corporation after the World War II, which is called Toyota Production System or Just-in-Time, formerly. Toyota 
Motor Co. management emphasized on the elimination all kinds of unnecessary functions · in the factories. The 
causes of various unnecessary in manufacturing operations are investigated one by one and the methods are devised 
for the solution by trial and error at Toyota. The basic idea of Toyota's lean production system is to maintain a 
continuous flow of products in factories in order to flexibly adapt to demand changes (Monden, 1983). It means to 
produce only necessary items, in necessary quantities at the necessary time. In this way the production is lean if one 
process makes only what the next process needs when it needs along the product flow fr<?m raw material to final 
customer in a production environment. Lean production is comprehensively defined by Baudin ( 1999) as the pursuit 
of concurrent improvement in all measures of manufacturing performance by the elimination of waste through 
projects that change the physical organization of work on the shop floor, logistics and production control throughout 
the supply chain, and the way human effort is applied in both production and support tasks. As a consequence, lean 
production, in brief, is a holistic approach which bases on continuing elimination of waste and consistent 
improvement in efficiency is the best way to achieve excellence in a manufacturing system. 

Waste defines as "anything other than the minimum amount of equipment, materials. parts. space, and worker's time 
which is absolutely essential to add value to the product" at Toyota. Waste also defines by Ford as "if it does not 
add value, it is a waste" (Suzaki. 1988). Hay ( 1988) developed an American definition of \vaste by modifying the 
Toyota definition to deal with value added. is ··anything other than the absolute minimum resources of material, 
machines, and manpower required to add value to product''. According to Hay, "only an activity that physically 
changes the product adds value" . Ohno (1988) categorizes waste in seven types as overproduction, waiting time, 
transport, processing time, unnecessary inventory. unnecessary motion, and defect production. Jones retitled these 
seven wastes as faster-than-necessary pace, waiting, conveyance, processing. excess stock, unnecessary motion, and 
correction of mistake (Hince and Rich, 1997). Hallihan et al. ( 1997) discussed the defin}tions of lean production 
proposed in the literature and identified the sources of confusion between these definitions. They also examined the 
use of particular waste elimination techniques. and developed a model of (JIT) lean manufacturing reflecting 
evolution and current practice. They constructed a pyramid model consisted of three levels: support levers, waste 
elimination techniques and performance measures . The model was founded on the elimination of seven wastes and 
developed in the specific manufacturing context. On the other hand, Ni~anc1 and Nicoll ( 1987) constructed a 
project-planning network for implementing lean production as an integrated plan, which consists of 11 phases. 
Similarly, Black (1991) proposed ten steps to achieve lean production. Womack and Jones (1996) described the five 
steps for implementing a lean production: These are the follows : -to specify value from the perspective of the 
customer, - to identify the value streams, - to make flow production, - to implement pull system, and - perfection. 

A value stream ·is all the actions (both value added and non-value added) currently required to bring a product 
through the main flows essential to every product: - the production flow from raw material to customer, and - the 
design flow from concept to launch (Rother and Shook, 1998). There are three types . of operation according to 
Monden: - non-value adding, - necessary but non-value adding, and - value adding (Hines and Rich, 1997). Non
value adding is pure waste and involves unnecessary actions, which should be eliminated completely. Necessary but 
non-value adding operations may be wasteful but are necessary under the current operating procedure. Value adding 
operations involve the conversion or processing of raw materials or semi-finished products through the use of 
manual labor (Hines and Rich, I 997). Value stream mapping is a tool that helps to see and understand the flow of 
material and information as a product makes it way through the value stream (Rother and Shook, 1998). There are 
several mapping tools for identifying waste in individual value streams. One of them is Material and Information 
Flow Mapping. which is used by Toyota to depict current and future, or ideal, states in the process of developing 
implementation plans to install lean systems. In this study, by taking into consideration the five steps which defined 
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by Womack and Jones, we aim to identify the wastes in a cellular manufacturing system by using a value stream 
mapping tool and to convert this system from push to pull control to achieve the lean implementation. 

TOWARDS THE LEAN VALUE STREAM 
Svstem Definition 
In this paper, we take into consideration a manufacturing company, which produces various kinds of borjng tools . 
Company works to make to order and have the problems due to the long manufa<:turing lead times and high work in 
process inventory costs. The major product group of the company is the drills. By considering the ground drills 
group, which is one of the basic product groups of the company, Birgiln Barla and Ertay (2000) constructed the 

. manufacturing cells based on the product diameters in order to ~liminate the negative effects of functional layout on 
the system performance. According to this study, three product families such as A : 0.8-3 .0 mm. , B : 3.1-6.0 mm .• 
and C: 6.1-13 .0 mm. and their related machine groups form the manufacturing cells. This study was the first stage 
of the lean implementation for this company. Birgiln Baria and Ertay (2000) also investigated the appropriate 
application conditions for efficient cellular system by simulation. Now, we focus on this cellular system to conduct 
a study for implementing lean production as a further research by using value stream mapping. 

Womack and Jones (1996) propose the Value Stream Mapping for using in the second step of lean implementation. 
As a qualitative Value Stream Mapping tool Material and Information Flow Mapping is used in this study. This tool , 
provides to see waste and also the sources of waste in a value strea~, and help to visualize more than just the single 
process level. The basic steps of Value Stream Mapping are stated by Rother and Shook ( 1998) as selecting a 
product family, drawing the current-state, creating the future-state , and creating the work plan. In this study, we will 
emphasize these steps to lean implementation. 

Selecting the Product Familv 
Since the entire product flows on one map is too complicated, it is proposed to be focused on the specific products 
for this step. From this point of view, we select the product family-A that is considered in Birgiin Baria and Ertay 's 
study (2000) for Va.lue Stream Mapping because of their low performance. Family-A consists of the drills that have 
various kinds of diameters in a range of 0 .8 and 3.0 mm. also that they .have four sub-groups. Daily demand of 
Family-A is shown as four sub-groups in Table 1. Each part is manufactured as a final product flows through the 
processes of sawing, heat treatment, grinding. and packing. Since sawing, heat treatment, and packing processes are 
applied in different shops by other products in common, grinding shop from door to door is subjected to mapping. 
In the grinding shop, the processes such as initial grinding. back chasing, · final grinding, and bit honing are 
performed on the Qeat treated metal rods. respectively. 

Table l . Daily Demand of Family-A (in units) 

Prnciuct Familv - ------

A 
0 0,8 - 3,0 mm 

Drawing the Current State !\1ap 

S11h-Q_ro_,_m __ 

A l : 0 0.8- 1.5 
A2: 0 1.6- 2.0 
A3: 0 2.1 - 2.5 
A4 : 0 2.6 - 3.0 

_ Dailv De_!!)~!:!__ 
1400 
1250 
750 
1600 

Once the product family is selected. the first step is drawing the current state. In this step, in order to draw the 
current state map. we considered the grinding cell as a plant. The boundaries of its first map are door-to-door flow 
of the product through this plant in a push basis, including basic supplied material (heat-treated metal rods) and the 
shipment of ·ground· drills to the customer. Mapping starts with the customer requirements (Rother and Shook, 
1998). Thus, the last stage in the considered system is shipping. Customer demand for family-A is 125. 000 drills per 
month, and daily ·shipments to the customer are carried out as seen in Table I. 

The previous stage of the shipment is the grinding process that includes . the basic production processes. In this 
process, one operator works on each machine and machine uptime is assumed as I 00% for all kind of machines 
because of the preventive maintenance is applied for all of them. Bit honing, the last operation in grinding process is 
performed on the two machines M472 and M335 , in parallel. Change over takes 60 minutes in each machine and the 
cycle time of this · process is 4 seconds. We observed the inventory of this process as a total of 1500 units. The 
previous process is final grinding · that has two machines, M20 I and M304. Changeover time is 55 minutes and 
cycle ti!11e is 7. 7 seconds in this process. We also observed the inventory from the previous step, back chasing, 
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which is counted as 10000 units. Back chasing process has the only one machine, M386, and the cycle time for this 
process is 9.9 seconds. The changeover requires 90 minutes in this machine. In this process, 15500 items are 
accumulated. The first process, initial grinding, has the inventory of 21000 units. The metal rods have an operation 

. on either machine M201 or M476. Changeover time is 45 minutes and the cycle time of the process is 7.7 seconds. 
In the grinding plant, all of the operators and machines operate on three shifts in a day with a 7.5 hours per shift. 

The first stage of the system is receiving dock. The heat-treated metal rods are supplied from the supplier once a 
week and caused the inventory accumulation in the grinding process. Current state map of the system is shown in 
Figure 1. When we analyzed the map, the value creating time for manufacturing one piece is only 29.3 seconds, 
whereas we saw that the throughput time from the receiving to the shipping is 14.2 days. It means that 99.9 percent 
of the elapsed time is wasted. 

The types of wastes are seen in Figure 1 as overproduction, waiting time, and unnecessary inventory. The most 
important one of them is overproduction because of the fact that it causes all kinds of waste. The purpose of the 
Value Stream Mapping is to highlight sources of waste and eliminate. them by implementation of a "future state" 
value stream that can become a reality within a short period of time (Rother and Shook, 1998). All of the waste in 
the system can be minimized or eliminated by reducing inventory and by cutting changeqver tim,es. Also the raw 
material can be supplied in shorter time interval than a week. In order to achieve these improvements kaizen 
activities will be required. On the other hand, since the manufacturing cell is hypothetical, the distributed layout of 
the machines in the real system also causes the waste. Once the current state map is drawn, we analyzed it in detail 
and emphasized on how value should flow in future state map. 

Creating the Future State Map 
Basic principle of lean production is to produce the necessary items in the necessary quantities at the necessary 
time; no sooner or no earlier; no more or no less. Takt time is the most important factor for achieving this principle. 
Womack and Withers (2000) define takt time as the time interval within which you should produce one product in 
order to meet your customer requirement based on the rate of sales. If the production rate is faster than the takt time 
inventory build up, in opposite to this situation if production is at the slower rate, customer demand- cannot meet. 
Then, the takt time is defined by Rother and Shook ( 1998) as a reference number that gives you a sense for the pace 
at which each process needs to be producing and helps you see how you are doing and what you need to improve. 
Takt time is calculated 16.2 seconds for our system. It means that the customer demands or buys the product at a 
rate of one every 16.2 seconds. In order to improve system performance that is obtained by current state map, the 
kaizen activities are applied in the company. Hence, the changeover times are reduced~, and the inventories are 
minimized into low levels as seen in Figure 2. The grinding process is decided as the pac-emaker process, so the 
initial grinding process is the scheduling point. Thus. the pull control is established between the shipping and 
grinding, and grinding and receiving. However, the material movements are pushed by FIFO rule by the grinding 
phases. The pacemaker is the process that is contrnlled by the outside customer's order, and processing downstream 
from the pacemaker must occur as continuos flow with the exception of the final goods supermarket (Rother and 
Shook, 1998). Since completely continuos flow from raw material to customer is almost never possible, and the 
upstream process must still operate in a batch mode. a number of supermarkets is needed to control and level 
production upstream from the pacemaker: In this way, two supermarkets are set up in the system. One is at the 
receiving dock, and the other is the finished product supermarket at the shipping point. Even the raw materials are 
supplied in a daily interval. receiving supermarket holds 2-days inventory since the plant has some uncertainties for 
supplying materials. Therefore, we aim to reduce inventory from 4.5 days to 2 days as a goal; finished product 
supermarket also holds 2-days inventory. Kanbans are designed for the supermarket-based pull systems. Instead of 
using the signal kanban (Durmu~oglu, Kulak and Erdogan. 2000) supplier kanban is arranged for supplying the 
heat-treated metal rods, and the withdrawal kanban is used to shipping the ground drills to the customer. 

Since the product family-A consists of four kinds of drills for mapping the future state of the system, the product 
leveling at the pacemaker is essential. Depending on the demand structures. the product mix is leveled by Goal 
Chasing Method (Monden, 1983). Sequence schedule of drills is obtained as shown in Figure 3. According to 
Figure 3, four sub-groups of Family-A is repeated in a day as A4-A l-A2-A3-A4-A l-A2-A4-A l-A2-A3-A4-A 1-A2 
etc. Although we level the product mix, we can not achieve the production smoothing from the view of value stream 
since the grinding process operates in batches and has still relatively long changeover times. If it is assumed that 
these batches have 100 units each, the schedule of A4-A l-A2-A3-A4-A l-A2 will repeat seven times a day. 
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K D D D D XI X2 X3 X4 
kl k2 k3 k4 k k k k 

I 0.84 0.87 0.98 0.79 A4 0 0 0 I 

2 0.81 0.88 1.09 1.58 A4 Al I 0 0 I 
3 1.45 0.53 0.94 1.37 A4 Al A2 I I 0 I 
4 I.I 1.2 0 .5 0.94 A4 Al A2 A3 I I 1 I 
5 0.92 1.07 1.48 0.66 A4 Al A2 A3 A4 1 1 I : 
6 0.6 0.85 1.39 1.37 A4 Al A2 A3 A4 Al : I 1 ., 

7 1.31 0.35 1.24 . 1.07 A4 Al A2 A3 A4 Al A2 : 2 I : 
8 0.97 1. 19 1.01 0.54 A4 Al A2 A3 A4 Al A2 A4 : : I 3 

9 0.65 0.98 0.88 1.31 A4 Al A2 A3 A4 Al A2 A4 Al 3 : I 3 
10 1.41 O.T! 0.77 1.09 A4 Al A2 A3 A4 Al A2 A4 A l A2 3 3 I 3 
II 1.27 1.5 0.68 0.85 A4 Al A2 A3 A4 Al A2 A4 A l A2 A3 3 3 : 

Figure 3. Sequence Schedule 

When changeover times are reduced as much as possible, batches of leveled product mix may become one unit 
batch to enable continuos flow. Consequently, the future state map can b~ improved if the management 
overcome the uncertainties and minimize the changeover times. The final step of Value Stream Mapping is to 
create work plan, but it will be considered in a further study. 

CONCLUSION 
In this study, we tried to achieve the five steps of lean implementation by using Value Stream Mapping. We 
have done the first four steps, except the fifth step-perfection, which is concerned with continuous 
improvement. A new future state map can be created to obtain better performance from the system. We have 
projected a further study about the machines must be re-arranged in a cellular layout and the changeover times 
should be reduced as much as to allow one piece production. In order to provide continuos flow, we have 
planned a simulation study for determining the times , which are required for switching from one kind of piece 
to another on each machine. Therefore. the impact of frequency of supplies more than once a day can be 
examined by simulation. Finally. a yearly work plan will be created to realize lean implementation in this 
company. 
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INTRODUCTION 
Just-In-Time (JIT) philosophy, which flourished in Japan Toyota Motor Co. after the World War II. has received 
anention in the western companies after the oil crisis in 1973. In spite of the fact that the JIT publications are rarely 
encountered formerly, their number has increased worldwide dramatically in the middle of the 1980s. The increase 
of JIT publications is expressed as the companies other than the Japanese have recognizing and applying JIT after 
1973. Since the companies other than the Japanese can not provide the same conditions for JIT. they conduct 
numerous studies to improve their JIT performance, as well as designing and managing the JIT production. 
JIT philosophy was first recognized in Turkey in the late 1980s. Nowadays. there are several Turkish companies, 
which try to apply JIT by adapting it to their conditions. Various activities for disseminating the application of JIT 
are accomplished by academicians and practitioners such as arranging conferences, symposia, etc .• and publishing 
articles. Especially, JIT literature published in Turkish, play an important role for the introduction an,d application of 
JIT principles in Turkey. The aim of this paper is to gather the JIT publications wrinen by the Turkish authors and 
to introduce them for the other researchers in the world for further studies. In order to ·realize this aim, more than 
I 00 JIT publications are determined and the selected publications are considered in this study. They are referenced 
in chronological order so as to follow the historical development of JIT studies in Turkey. 

HISTORY OF JIT PHILOSOPHY I~ THE TURKISH LITERATURE 
General Review 
The first publication that can be reached belongs to the year 1986. In this paper. Durmu~oglu and Durrnu~oglu 
( 1986) called attention to short manufacturing lead times. which could provide a suitable environment for making 
the production just in time in cellular and/or flexible manufacturing systems. They emphasized the application of a 
new material management system. which they proposed this system as JIT production. 'Beside this, they explained 
the push and pull-especially Kanban- production control systems in detail. In the later publications, the basic JIT 
principles. differences of the JIT system from the traditional systems, and the design steps of JIT are considered and 
explained in detail by Din9er and Erkip (1990), Oztilrk (1993), and Tanntamr (2000a). Erol and Kumtas (1991), 
and Tanntamr (2000a) described in their studies the controllable and uncontrollable factors for JIT. Erol and 
Kumtas ( 1991) also examined the Kan ban system models in literature . Kirkavak and Dincer ( 1994a) developed a 
classification approach for pull systems and proposed to focus on the changing of the material handling and 
production control functions for analytical researches . 

Acar and <;ap91 ( 1995 ) examined the state of JIT awareness and implementation among the companies of Turkish 
manufacturing industry by conducting a survey and presented the necessary criteria for Sl!ccessful implementation 
of JIT. Koseoglu ( 1997) searched by accomplishing a survey if there was a difference between internal and external 
factors effecting JIT for the JlT and the non-JIT firms. Birgiln Baria and Gilneer (2000) have determined what 
changes and which JIT components are more difficult to implement, and what kinds of difficulties are being faced 
by small enterprises in the Turkish automotive industry during the implementation of JIT through a survey. 
Bayraktar, Din9men and Durmu~oglu ( 1992) examined the simulation studies on JIT in detailed, which focused on 
the advances in simulation technique in a literature review. They presented these papers chronologically under some 
headlines such as real and hypothetical systems. design of the JIT production systems. Kanban alternative pull 
systems. the effects of some factors on the system performance, etc . Aktilrk and Erhun ( 1999) presented a literature 
review and classification of techniques to determine both the design parameters and Kanban · sequences for JIT 
manufacturing systems by summarizing the model structures. decision variables, performance measures and 
assumptions . They also summanzed the limitations of the existing studies. 

Ko9er, F1glah and Ko9 ( 1994) examined the convenience and usefulness of automated identification technologies 
on the factors in JIT systems such as Kan ban flow, procurement, and elimination of waste and determination of 
cost. Some publications focused on hybrid systems. Durmu~oglu ( 1991 b) discussed and compared the JIT and 
MRPII, considering some factors such as utilization areas, methods and tools, advantages and disadvantages, and 
preferences. In another paper (1995), she studied the effects of JIT and MRPII on the production systems according 
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to various factors, defined the necessary conditions and supported both to create a hybrid system and to conven JIT 
system in a conventional manufacturing system with MRPII control. She presented the results of a project 
consisting of three steps and a similar application from literature. Hamarat and Tatar ( 1990a) created a hybrid 
system environment by developing the dual-card Kanban system to eliminate the negative factors on the 
manufacturing system efficiency in an aerospace incorporation, and used the simulation technique to compare these 
systems and to measure the systems efficiencies. Soyuer ( 1997) examined the role of group technology. for the 
integration process of MRPII and JIT. 

Ansal (1994) focused on human factor by comparing the production techniques of Japan and Ford. and examined 
the positive and negative effects of multifunctional and heavy . working. Tiltek and Oneil ( 1992) considered the 
effects of JIT on the personnel management and organization structure, accounting and finance, purchasing and 
marketing functions. Onder ( 1993) emphasized the necessities for a lean manufacturing by examining the Turkish 
industry with respect to the view of five basic problems such as scale, human quality, panicipation, making time 
unproductive, and duplication. Tatar and Hamarat ( 1993) investigated how the TQC and JIT were perceived in 
automotive, electronics ·and metal goods industries by a survey and the size of the application in Turkey. They 
evidenced whether the opposite situations to these philosophies exist at the strategic and operational levels in the 
application stage. ipekgil and Dogan ( 1997) determined the obstacles for applying JIT and TQC by conducting two 
different surveys. 

Design of JIT Svstems 
Ni~anc1 and Nicoll presented an integrated plan that was consisted of 11 major phases for implementing JIT in their 
study in 1987. Dirn;:er and Erkip (1990) defined the functions such as establishing the pull system. client/server 
relationships, process and product development, and minimizing the work in process· in a framework that proposed 
for continuous improvement. By sequencing these functions they demonstrated the model in a hierarchical 
architecture that priorities and results of continuous improvement could be followed . Ozti.irk ( 1993) presented a 
strategy for convening to JIT. Persentili and Erturer Alptekin (1994) developed a framework, spanning modeling,· 
analysis, and assess.ment, in order to compare various concepts in manufacturing planning and control 
quantitatively. They presented the development and integration of structural- and simulation models in the analysis 
and modeling modules of this framework. 

Durrnu~oglu and Taylan ( 1995) dealt with a refractory brick plant and introduced a model, which is related to the 
establishment of JIT informatio'n flow system by re-engineering application in order to obtain form-oriented GT 
cells. Durmu~oglu. ~ulak and Erdogan (2000) presented a methodology for the implementation steps of a Kanban 
based pull system in a technical plastic pans manufacturer, which operate in push control. By making a value stream 
map for the current status for a selected pan family , they visualized the waste. · 

Mathematical :Models 
By establishing a model in order to minimize the total cost of production volume, production capacity, inventory 
level, amount of shortage, and stock capacity in every stage of multi-stage, multi-period and single product 
production . systems, Oguz and Dirn;:er ( 1988) analyzed the model under stochastic and deterministic conditions. 
They _used a simulation technique for solving stochastic states, and linear programming for deterministic states. 
Yilzilgilllil and Doyuran ( 1990) determined the lot sizes for the selected design steps of JIT in a manufacturing 
system by using a mathematical model and analyzed the production cycle. Meral and Erkip ( 1991 a) proposed a 
design methodology, which addressed the design decisions involved in the design of an ideal JIT production line 
operating in an uncertain environment. The design methodology, which · proposed the best solution to the design 
problem by trading off between design and operational costs. was modeled by simulation and Markov process 
modeling techniques. In the other paper, Meral and Erkip ( I 991 b) studied some design issues in JIT systems 
through operational analysis of the system. They simulated JIT production lines having different configurations with 
different sets of op·erating conditions. They made a full factorial analysis employed with four factors such as 
coefficient of variation of the unit operations. daily demand quota for the product, number of stations on the line, 
and operation assignment strategy. 

Erol and Kumta~ ( 1991) established a Kan ban model and solved it by using LINDO. Besides this, they proposed a 
decomposition approach for reducing model solving time. Akm9 ( 1993) proposed a decision support approach to 
select vendors under conflicting criteria of minimizing the annual material costs, reducing the number of suppliers, . 
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and max1mmng supplier's delivery and quality perfonnances. K1rkavak and Din~er (1994b), considering the 
Kanban and work load dispatching problem, studied the inventory levels with the dispatching policies such as 
balanced, increased and decreased work loads, and detennined the best policy for varying demand in balanced 
production. In another study ( 1994c ), by developing a decomposition model with single stage, they designed an 
experiment for detennining the general behavior and accuracy level of the solution model, which provided an 
approximate result, and solved the considered systems by using the solving models which gave the perfect and 
approximate results. Aladag and Korkmaz ( 1996a) built a multi criteria decision model for detennining the lot sizes 
for three products in a make-to-order firm. They proposed their model to solve by using LINDO, QM or GAPS 
packages. They examined their model in another study ( 1996b) for various performance measurements and various 
priority levels and obtained a solution by using QM package. 

Simulation Studies 
Durmu~oglu and Durmu$oglu ( 1988) examined a hypothetical multi-line manufacturing system by Q-GERT 
simulation package for the alternative system parameters in order to explore the negative effects of the operational 
conditions on the system. They determined the contributions of the three .selected factors by ANNOY A and multiple 
regression analysis. Brennan, Gupta and Kavu$turucu ( 1991) defined and modeled a JIT manufacturing system 
using the rapid modeling approach MANUPLAN, and used SIMAN to verify the results. They indi~ated that rapid 
model techniques could offer a viable way to model JIT systems for rough cut estimations. · 

From another view, Hamarat and Tatar (1990) in aerospace industry; Durmu~oglu and Toraman (1991 ), 
Durmu$oglu S. (1991a), Durmu$oglu M.B. (1991), Ertay and Soysal (1994), and Ertay (1998) in automotive 
industry; Durmu~oglu, Altunterim and Akhun (199 3) in cutting tools; Dengiz and Akbay (1994) in electronics; 
Tanntamr and Hocaoglu (1993), Tanntamr (I 994, 2000b). Tanntamr, Stirmen and Gen~yilmaz ( 1999) in furniture 
industry considered the conversion projects from the conventional to the JIT manufacturing systems by using 
simulation techniques such as Q-GERT, SLAMII, SIMAN. and PROMODEL for the real manufacturing systems. 
Bulgak, Morielli and Osman ( 1992) presented the applications of discrete event simulation by using ProModelPC 
and two-level factorial experimental designs as a means to diagnostically evaluate a number of system parameters 
for the design improvement of a real world JIT based on cellular manufacturing system. Ertay and Soysal (1993) 
considered a multi-stage single production line and studied the impacts of the variability of some parameters on the 
system. 

Durmu$oglu S. ( 1993) introduced a pull type manufacturing system and performed two experiment sets by SIMAN 
simulation package. She examined the pull system beha\·ior for the equipment failures and breakdowns, whether 
they occurred in upstream or downstream processes and also investigated the effects of- various maintenance 
policies on pull system performance. Amey and Co~kunoglu ( 1994) developed a simulation model for designing a 
material delivery system for the assembly line by using the AutoMod language. They conducted two sets of 
experiments in order to determine which input factors significantly affected the performance measures such as 
return storage space, on-line storage space. forklift idle time. and conveyor downtime anq in order to graphically 
display the effects of making individual changes to the current material handling system. Durmu~oglu and 
Durmu$oglu (1994) conducted a simulation analysis to determine the impact of different schedules such as weekly 
batch schedule, daily balanced schedule and ·mixed model balanced schedule, on the system performance for a real
life shaft manufacturing system under pull control by using SIMAN. Bayko9 and Erol (1998) examined the 
performance of a multi-item. multi-stage JIT system using SLAMII to display the reactions of the system under 
different factor settings and reported their experimental results. Savsar and Choueiki ( 1998) combined simulation 
with neural networks to find the . optimum Kanban allocation in a JIT production line. Karaesmer and Dallery 
(l 998) provided qualitative and quantitative comparisons for the performance of several mechanisms by using a two 
stage model that captured the aspects of finite production capacity along with the randomness of production times 
and of demand arrivals. 

Just In Time Purchasing and Supplier Selection 
Durmu$oglu and Durmu$oglu ( 1997a, 1997b) introduced JIT purchasing and compared the conventional and JIT 
purchasing policies as the critical factors . Akm9 ( 1993) proposed ·a decision support system for vendor selection. 
Yazga9, Gtiven and Te lei ( 1994) demonstrated the applicability of AHP to the supplier selection and evaluation 
problem with an example. Birgtin Baria (2000) conducted a study of supplier selection and evaluation by using 
multi-attribute selection model in the glass industry. $at1r ( 1990) presented three applications of JIT practices in the 
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manufacturing and service sectors. First, he dealt with ·the development of a vendor certification and monitoring 
process, and designed a prototype expert system in a telecommunication product manufacturer. Second, he 
discussed the feasibility of transforming purchasing and quality control functions from conventional to JIT practices 
at an aircraft engine manufacturing plant and third, illustrated the applications of JIT in the service industry in the 
case of a publishing company. 

Oztiirk (1992, 1993) examined to applicability of JIT in automotive subcontractors by conducting a survey 
according to various factors, determined the implement_ation problems for JIT, and reported the integration of 
subcontractors and automotive industry. Sattr ( 1994) evaluated the results of two studies by conducting surveys in 
.the Turkish manufacturing industry and Canadian Defense indu.stry for purchasing and incoming quality control in 
the parent and subcontracting relations. and emphasized the minimization of lot sizes, and considering the JIT 
purchasing by foreign companies. Kaya ( 1996a) determined and compared the supplier evaluation and selection 
criteria by a survey in JIT purchasing and non-HT purchasing companies in Turkey. Although he reported no 
difference in the evaluation criteria, stated the differences in service quality, consistency, and social relations. In 
other paper ( 1996b ), Kaya conducted a survey in JIT purchasing companies-, and investigated and ranked the 
benefits from JIT purchasing and the factors which getting difficult to implement JIT. In their study ( 1991 ), Grande 
and Sat1r discussed the feasibility of transforming purchasing and quality control operations from conventional to 
JIT practices in an aircraft engine manufacturing plant. By considering the inventory classes. commodity groups and , 
agreement types with vendors, they carried out a time/cost analysi~ for the components selected as to evaluate the 
cost effectiveness of the conventional purchasing and quality control. They reported the findings on savings in terms 
of inventory-related costs and inventory turnover through the implementation of JIT. 

CONCLUSIONS 
In this paper. the JIT publications, which are presented by the Turkish authors in past 15 years, have been studied. 
The studied publications have concentrated on design of the JIT production systems and the availability of 
necessary condition~ for JIT in Turkey. Simulation techniques and/or mathematical models are used to design and 
manage the JIT systems in the publications. Beyond these subjects. comparison or integration of MRPII and JIT 
systems is dealt with in some publications. Supplier relations and purchasing under JIT umbrella are also examined 
as an important factor by various authors. However. lack of publications on the savings from JIT applications is 
conspicuous. It is concluded that JIT is in the infant stage and there is no complete application in Turkey, yet. The 
increasing number of JIT publications indicates that the JIT philosophy has been spreading countrywide. 
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