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PREFACE 

This book features the proceedings of the 1994 Annual International Conference on Industry, 
Engineering, and Management Systems (IEMS '94), held March 14 -16, 1994 
in Cocoa Beach, Florida. IEMS is organized by the University of Central Florida, Department of 
Industrial Engineering and Management Systems (UCF-IEMS). The conference is an excellent 
opportunity for academicians and practitioners to present their work and to exchange views on a variety of 
issues which relate to industry and its engineering management. 

Authors from 11 countries have contributed more than 135 papers and presentations. All papers 
submitted for the proceedings went through a blind peer refereeing process where each paper was 
reviewed by at least two reviewers. Abstracts for presentations only and for those papers which did not 
make it in the final cut are also included in this document. In fairness to the authors I have asked that 
they limit the papers to six pages which may have affected the quality of some papers that did not make it 
to the final round. 

The papers are organized into eight tracks encompassing all sessions of the conference. The tracks are: 

I. Quality Issues 
II. CIM and Manufacturing Technologies 
III. Computer Based Systems 
IV. Human Engineering 
V. Systems Engineering and Control 
VI. Simulation, Training, and Engineering Education 
VII. Optimization and Decision Support Systems 
VIII. Global Issues 

Conference sessions and the papers are organized for each track per the table of contents. 

In my view, this proceedings provides a good source of important issues facing management and industry 
these days. It should be of great value to executives, managers, scientists, and engineers who have the 
responsibility of running and managing modern industry. 

Yasser A Hosni 
Orlando, Florida, U.S.A. 
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TEAMWORK IN THE CLASSROOM 

In a traditional classroom, the concept of teams usually manifests itself in the form of project teams. These 
teams usually consist of two or more students working together to accomplish only the class project. 
However, the teamwork concept of TOM involves much more than the traditional project teams. In 
particular, two types of teams should be in action in the classroom. In the first, all students in class and 
the instructor function as one team. The main objective of this team is to achieve the best class format and 
an environment conducive to enhancing the learning process. Therefore, students should be continuously 
involved throughout the semester. Their input regarding the course, its organization, exam format and 
course improvement should be continuously solicited, encouraged and rewarded. 

In the second type of team, all students in class are grouped into teams that wiU function as such 
throughout the semester. All students in every team (two or three students) are expected to work closely 
together as one unit. All team members mentor and help each other in and out of class, with team 
responsibility for all homework and computer assignments, and maybe even quizzes and exams. In case 
of an absence of any team member, other students in the team are responsible for helping him/her make
up the missed class. This includes handling any handouts, assignments and class notes. 

This teamwork concept of TOM has been applied in three different courses in order to explore its potential 
and limitations. These courses are: Two undergraduate courses required of all Business Administration 
students (OuantitativeAnalysis for Business Decisions, and Production and Operations Management), and 
one required class for POM concentration students (Seminar in Production Management Strategies). 

RESULTS 

Positive Results 

The positive results observed during the use of the teamwork concept of TOM in the three courses are as 
follows: 

* Most students were actively involved, providing ideas for continuous improvement throughout the 
semester. They exhibited a greater interest in the course, felt •ownership" of the class, and 
participated in making many decisions that affected them. Some of the issues to improve the 
learning process that were discussed and debated by the students and instructor working as one 
team are: 

number of cases covered versus field trips 

number of exams and their timing 

grades assigned to homework vs. computer assignment and term project 

individual exams or team exams 

exam format (true/false, multiple choice, essays, or quantitative problems) 

comprehensive exams or not 

types and number of handouts 

presentation style (use of overhead transparencies versus other visual aids) 
Students provided very valuable and useful ideas for improvement. These ideas helped the instructor to 
alter, adjust and improve the course in a timely fashion and before the course was over. 

* Students gained valuable benefits working in teams. During this experience, every team member 
tutored, mentored, helped, discussed, debated and convinced other members in the team. 
Consequently, the ability of students to interact and communicate effectively with others was greatly 
enhanced. Needless to say, these skills are definitely needed in the business world and cannot 
be developed in a classroom which does not encourage students to share some responsibility 
toward each other in a team environment. 
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* Students and the .instructor both seemed to enjoy the teamwork approach. The instructor was 

* 

* 

* 

* 

* 

* 

excited about the new class environment created by this approach fLe., he felt closer to the 
students). The instructor was happy with the progress achieved in improving the teaching and 
learning process as a result of the implemertation of student ideas. Students formal and irlormal 
feedback indicated that the students enjoyed the class more and appreciated the opportunity to 
contribute in the course improvement. In addition, they claimed that they learned more and had 
tun in the class as well. Students appreciation of the teamwork approach in the classroom was 
reflected in their positive course and instructor evaluations. · 

There was a significant reduction in students coming to the instructor for trivial issues [Le., copies 
of handouts, simple clarification, and missed homework assignments). Fellow team members took 
care of these issues. When students came to the irmructor, usually they came as a team and with 
more important questions. 

CHALLENGES 

Students, in general, need training in developing teamwork skills. 

Some students, for various reasons, camot join any team. Tois may put them at a disadvartage 
compared to other students in teams, especially in team exams. 

1he team evaluation system needs improvement in order to make it as fair as possible to all 
members of the team. This system should involve all students in every team in assigning grades 
to team members. 

Students need to be constantly motivated in order to sustain their interest in course improvement. 
Many students at the beginning of the course are skeptical about the seriousness of the instructor 
concerning course improvements and the student's role in it. It is onJy through examples and 
insistence from the instructor that the vast majority of students become actively involved. 

Team exams and quizzes need to be designed very carefully. In order to gain the main benefits 
of team exams and quizzes, questions and problems should be designed in such a way that 
encourage student members of every team to discuss, debate, agree and convince each other of 
the answers. 

Most importantly, instructors have to have an open mind and be receptive to students' ideas and 
suggestions. They must have the courage to implement the student ideas that have merit and 
which wil improve the course and the teaching and learning processes. 

CONCLUSIONS 

This study provides evidence that applying the teamwork concept of TOM in the classroom can have a 
positive effect on improving the learning process. Even though the experience with this approach is stiU 
limited, it definitely seems that there is great potential for this teamwork approach. Students reactions and 
responses were overwhelmingly encouraging and supportive. StiD, there are a few chaDenges which need 
to be tackled before this approach can reach its potential. 
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ABSTRACT 

Today there are at least 23 states that already have health reform initiative in the works, and 
many are trying to reform the system altogether. Today several areas on the heath care system 
are automated. However, without a communication standard to facilitate proper linkage 
between these units, the system remains slow and expensive. The need for streamlining the 
health care industry, coupled with the rapid increase in computation and communication 
powers, prompted a multitude of ideas and innovations. It is our expectation that these 
innovations will lead to a better and more effective health care system. This paper investigates 
some of the health care automation issues. Such issues include balance between patient 
privacy and the accessibility of information using Smart-Cards, required standardization. for 
central health care data-banks, and the legal implications of a patient driven basic health care 
system.-

INTRODUCTION 

The need for streamlining the health care industry, coupled with the rapid increase in computation and 
communication powers, prompted a multitude of ideas and innovations. Examples of such innovations include 
the use of Smart-Cards and the storage of patient records electronically in distributed databases. Innovations 
such as smart cards make all patient information immediately available to health care providers. Another 
example is the creation of a nationally accessible health care data-bank, which can be remotely accessible via 
the communication networks. Such innovative ideas have gone as far as automating some of the very basic 
parts of health care system allowing the user to directly access some of the health care professional's 
knowledge. Clearly such ideas present big strides in the streamlining and improvement of health care. 
Nevertheless, these ideas present a multitude of technological, ethical, and legal problems. 

This paper attempts to investigate some of the health care automation issues. Such issues include balance 
between patient privacy and the accessibility of information using Smart-Card, required standardization for 
a central health care data-bank, and the legal implications of a patient driven basic health care system. These 
issues will be examined through health automation projects currently in place and others that are being built 
in southern USA. Some of the problems encountered and their solutions are examined. The paper will finally 
discuss the future implications of health care extrapolating from the existing examples of automated health care 
systems. 
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HEALTH CARE REFORM 

Health care reform is a major topic now. It is only civilized to expect the provision of good health care to all 
citizens of this nation. Today there are at least 23 states that already have health reform initiatives in the 
works, and many are trying to reform the system altogether [1 ]. However, given the cost of health care today, 
such a concept becomes difficult to achieve. Many efforts are currently being made to streamline the health 
care system in a hope that it could be stretched to cover the entire population of this nation. To achieve such 
a universal coverage would place an intolerable burden on an already overburdened economy. Furthermore, 
such a step would probably compromise the quality of health care. Though health care reform bas been a 
major item in presidential candidates' agendas, national health care reform will not occur unless politicians 
and special interest groups can patiently negotiate and compromise on key issues (2]. Today the thrust for 
reform is much greater that it has been in earlier years, and a reform package is imminent. 

Of the few avenues left open for the achievement of a more efficient health care system is automation. In the 
following sections of this text an attempt will be made to identify the areas in the health care system that are 
suitable for automation. Finally, the social and legal implications of such automation are examine~ 

THE AUTOMATION OF HEALTH CARE 

Several areas in the health care system are currently automated. Such areas include laboratory testing 
procedures, billing, health care personnel management etc. Unfortunately, these areas make for isolated islands 
of automation without communication standards to link them. This in turn demands the use of manual 
techniques to bridge these automated infonnation islands. The result is slower and less efficient system. The 
issues of standardization have been examined by inany researchers. Now the health care industry is moving 
steadily toward a standard for the storage and retrieval of medical information. The impact of automation on 
this industry has been nicely summarized by Andrew Bardbury, MD [3]. He stated; "Anyone who has dealt with 
a hefty handwritten patient chart, or waited hours to obtain a patient's old records can easily identify several 
benefits to be gained from using computers. Ideally the computerized medical record will be typewritten and 
unambiguous. The massive storage capacity and rapid access time of these modern machines will make it 
possible to extract desired patient data in a few moments." Useful tabulation and displays of the data will 
also be possible. These will all be obvious improvements in existing modes of practice. Other exciting 
possibilities will one day change the practice of medicine dramatically. With massive quantities of patient data 
on tap, searches across a patient panel or a whole practice will be possible. One may access data on all patients 
with a given diagnosis or receiving a given therapy. Epidemiological trends may be explored; much new 
medical knowledge will come once the data on thousands or millions of patients is uniformly available to 
research. Large scale monitoring of health maintenance protocols will become possible. Due to computer 
networking and electronic mail the nature of medical consulting will change, and consultants thousands of 
miles away will one day be available to the office practitioner. Diagnostic aids in the form of expert systems 
will rise up as additional tools in our armamentarium. 

Clearly the automation of medical records will enhance the efficiency of the health care system. Some 
problems facing this automation are a unified standard for health care data, data volatility, the wide variety 
of data forms, the methods of data entry or computer physician interface and computer down time. Most of 
these hurdles have been overcome. The availability of WORM storage, especially that it is now legally 
equivalent to a hard copy, solved the volatility problem. The introduction of the information superhighway and 
the massive data storage capabilities will allow for easy storage and transport of the different types of data. 
Finally, now that machines are capable of voice and cursive handwriting recognition, the physician computer 
interface will no longer be such a big hurdle. As for computer down time, the industry may have to wait for 
some time before a comprehensive solution is here. Nevertheless, using graceful degradation techniques, fault 
tolerant machines, etc., this problem may somewhat be aJleviated. This leaves the unification of standards for 
data storage and retrieval as the next hurdle facing the automation of medical records. 
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THE AUTOMATION OF MEDICAL RECORDS 

An attempt has been made in southern USA to automate the entry storage and retrieval of medical records. 
This system, though in use, is still being tested to verify its viability [4]. The system has six major components. 
These are: 

1. Computer based medical records. 
2. Smart cards. 
3. Community data bank. 
4. Machine mediated learning. 
5. Clinical decision support system. 
6. Monitoring and quality. 

The system is a comprehensive health information network of health care participants whose goal is to improve 
quality, access, and cost effectiveness of health care. The mission of the system is to plan, design, promote, 
and implement a health information network. This network will then be used to coordinate and facilitate the 
electronic linkages and transfer of relevant information among participants in the system. Anticipated benefits 
of this plan can be summed as: 

1. Automated access to patient data for previous history, listing of medications, lab testing 
results, demographics and family history. 

2. Reduction in duplication services. 
3. Decrease administrative cost for health care providers and lower health care cost for the 

patient. 
4. Empowerment of the patient. The patient becomes a partner in the health care process. 
5. Quality care and community wellness can be monitored and studied. Toe end result of an 

effective and efficient automated health care system. 

For patients' data entry, the system utilizes an icon driven computer program. This program allows the health 
care professional to enter patients' data by simply selecting from a set of icons and menus. The system is 
capable of generating reports that can directly be added to the patient data base. These patient records are 
to be created in adherence to the basic standards. These are: 

Standard I: An adequate medical record should be maintained for each individual who is 
evaluated or treated as an inpatient, ambulatory patient, or emergency patient, or 
who receives service in a hospital-administered home care program. 

Standard II: Toe record should contain sufficient information to identify the patient, support the 
diagnosis, justify the treatment, and document the results accurately. 

Standard III: Medical records should be confidential, secure, current, authenticated, legible, and 
complete. 

Clearly today's technology lends itself to all these standards. With the advances in distributed data base, 
medical records may be made readily accessible [5], allowing prompt retrieval of information and statistical 
data. Again with the advances in man-machine interface, the generation and integrity of medical records are 
enhanced. Today there are many data entry techniques that are easy to use. One method that is now emerging 
as powerful data entry tool is voice recognition. Such techniques coupled with the low cost of data storage and 
retrieval (as in WORM storage), allow for comprehensive data storage and better confidence in the data. The 
only item that might suffer with this technology is patients' privacy. 

Another advantage making the introduction of modern technology to the health care profession viable is that 
the vocabulary in each of health care sub-fields is limited and well defined. For example, taking the fields of 
pediatrics, emergency room medicine, obstetrics and gynecology, etc., in each case the vocabulary is well 
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defined and limited. This makes the generation of software Jess complicated. In turn, this makes for menus 
of usable sizes, and therefore a usable system. Fwthermore, the anticipated Jeap in communication technology 
in the 1990s is expected to make such a system even more efficient. 

Although a formal evaluation of the system is yet to be completed, it is anticipated that the system will achieve 
its objectives. 

Of the main drawbacks of this system is the patient's privacy protection. Carrying a smart card is equivalent 
to carrying all of one's medical records. Hence, accessing a smart card allows access to all of the patients 
medical records. Although this has the advantage of making all necessary information available to the health 
care professional, it does take away some of the patient's control over his or her records. Nevertheless, with 
the popularization of smart card technology, the system can then be fine tuned to address such problems. 

Another problem that might be faced is the legal repercussions of a machine assisted medical care system. 
Having a machirte perform some of the medical professional's tasks moves some Jegal liabilities to the patient 
machine environment. These being untested grounds prompt the need for much care and caution in 
introducing such a system. 

IMPACT OF MACffiNE MEDIATED LEARNING 

Another aspect of automated health care systems is machine mediated ]earning. In such a setting the patient 
is allowed to log into a system that could answer some of the basic health care questions, and possibly give 
medical advice on basic matters. 

A system of this nature will immediately relieve some of the health care professional's load. Here cases 
handled by the machine are resolved at much lower cost, also allowing the health care professionals more time 
for the cases that do need their intervention. Clearly the more power one places in such a system the more 
efficient the entire health care system becomes. Such a system, however, is rather vulnerable and can easily 
be abused. Abusing this system can be very costly, therefore all guards should be taken against such an 
occurrence. It is hence anticipated that very little power will be allowed for this system. As the user becomes 
more educated, more power can be transferred to the system. 

In conclusion, machine mediated learning, though it might not play a major role in the health care automation 
initially. However, the impact of machine mediated learning should steadily expand with the increase of users' 
education level. Another area where machine mediated learning could have an impact is preventive and 
community health care. Here the system may act as an educational tool that can raise health awareness of the 
population, hence relieving the burden on the health care system. 

CONCLUSIONS 

The use of automation is a promising solution for the health care dilemma the nation is facing. With the 
advent of the rapidly advancing computer technology, and the establishment of the information superhighway, 
an automated health care system is realizable. Such a system will allow for wider coverage and better care. 
However, the transition to an automated system should be conducted gradually and with care as such a system 
will be testing new grounds. 

Innovations such as the use of smart card and machine mediated learning should be embarked upon gradually 
and with much caution. Though they present big strides health care reform, Such bold ideas have legal and 
ethical implications that may shock the system producing a negative effect. In short, the automated health 
system should be tested in smaller community setting, and only when its ramifications are better understood, 
should it be generalized to create a reformed national health care system. 

\ 
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ABSTRACT 

The first phase of a three year University of Central Florida (UCF) 
research project entitled: Inter-/Intra-facility Comparison of 
Operational Processes at the Kennedy Space Center (KSC) has 
recently been completed. This research project, sponsored by the 
National Aeronautics and Space Administration (NASA) is designed 
to evaluate published internal, external and functional 
benchmarking approaches for possible use in improving Space 
Shuttle Processing across a wide range of activities. An important · 
component of this phase of the project is the development of a 
systematic procedure to isolate specific common processes for 
comparison across multiple, dissimilar facilities. This approach is 
identified as the Analytical Disaggregation Process Development 
Supporting Competitive Benchmarking Initwtives. A structured 
methodology has been developed which integrates process 
identification tools and group process/consensus building, with 
project selection techniques, process analysis procedures, and 
development of Process Performance Measurements to identify, 
analyze, isolate and measure common processes across three Orbiter 
Processing Facilities, the Hypergol Maintenance Facility and the 
Rotation, Processing and Surge Facility at KSC. Through use of this 
methodology the UCF research team has developed a procedure by 
which these functionally and operationally separate facilities are 
able to identify common, critical processes within Shuttle Processing 
for detailed performance analysis across facilities. The ability to 
share information about process performance levels, enables 
participants to learn from each other and improve their individual 
procedures, while preparing for future Benchmarking activities 
across the aerospace industry. 

lNTRODUCTION 

The National Aeronautics and Space Administration at the Kennedy Space Center in Florida 
(NASA-KSC) has been the site for an inter-facility comparison study for process improvements since 
January 1993. This research has been conducted by a team from the University of Central Florida. 
This paper summarizes the first year (Phase I) of a planned three year project activity which has 
been centered around operational processes from three types of processing facilities which prepare 
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the Space Shuttle Orbiter Vehicles for their next space flight mission, following successful 
completion of their previous missions. The facilities selected for the intra-facility benchmarking 
during Phase I of the research are the three Orbiter Processing Facilities (OPF Bay One, OPF Bay 
Two and OPF Bay Three), the Hypergol Maintenance Facility (HMF) and the Rotation, Processing 
and Surge Facility (RPSF). These facilities are considered intra-facility since they are internal to 
shuttle processing and generally do not cut across shuttle and payload processing activities. Each 
type of facility performs a unique function in support of the Orbiter Vehicle Fleet, yet they each 
operate under similar operational constraints and pressures. For example, the OPFs are the 
maintenance facilities (similar to an aircraft hangar) where the flight vehicles are refurbished and 
prepared for their next space flight. The HMF is a remote site at KSC where maneuvering rocket 
subsystems on the orbiter are prepared for the next mission. Two of these rocket subsystem 
components are the Orbiter Maneuvering Systems (OMS Pods) and the Forward Reaction Control 
Systems (FRCS). The final facility used in this first year research project is the RPSF which is the 
primary facility for preparing the solid rocket boosters for their short (yet powerful) ride off the 
launch pads at KSC. The first two facility types (the three OPFs and the HMF) are currently being 
operated by Lockheed Space Operations Company (LSOC) while the RPSF is being operated by 
another support contractor, Thiokol, which is also the manufacturer of the solid rocket boosters in 
Utah. 

Intra-facility benchmarking opportunities are being utilized during the first year to take advantage 
of internal organizational communications, resource sharing and commonality across processes 
since the foundation of the entire shuttle processing operation is based on a common style of 
documentation, similar operational and organizational philosophies and a common schedule driven 
objective. These internal advantages permit the research analysts to explore the benefits and 
problems associated with benchmarking studies without the added complications of inter
organizational communications and dissimilar operational procedures. 

In preparing for this research activity, an extensive literature search was conducted to determine 
the state of the art in benchmarking. It was determined that the benchmarking literature provided 
a wide range of models on how to perform the benchmarking functions from Robert C. Camp's Ten 
Step Model [1], to AT&Ts Twelve Step Process [2] to Alcoa's Six Steps to Benchmarking Model [2], 
to A Copycat's Cheat Sheet [3], but the steps or procedures cited were at a high level and therefore, 
generally insufficient to instruct novice benchmarking participants as to which processes should be 
selected and how to proceed through the measurement and data collection process to obtain 
relevant data for process improvements across the participating units. This deficiency in defining a 
means to identify and select appropriate processes for benchmarking was the initial focus for 
developing the methodology cited herein. 

PROCESS DISAGGREGATION PROCEDURE 

The Process Disaggregation Procedure (PDP) was developed by the research team at the University 
of Central Florida to provide managers with an efficient method for selecting high priority processes 
for a detailed process analysis between participating organizational or business units. This 
methodology allows stakeholders to focus organizational resources on those high priority processes 
which are most appropriate for detailed process improvement analysis. Some of the tools and 
procedures used during the research activity thus far are covered below. Figure 1 provides a 
graphical representation of the disaggregation procedure, however it obviously requires some 
additional clarification. Initially, the analysts obtained as complete a list as possible of processes 
within each facility. This Global Set of Organizational Processes was the starting point for the 
analysis, since it was felt that any elimination of processes prior to the analysis phase would be 
prejudicial and would limit the scope of the methodology. 
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Several techniques were used across different facilities to identify the processes in question and to 
collate the lists for the next phase of the project. For example, in the OPFs, a computer database 
was used to compile the list of processes. Since the vast majority of processing activities occurs in 
the OPFs, over 1500 processes were collected across the three OPF Bays using this approach. An 
initial discussion was held with OPF stakeholders to focus on the appropriate set of processes to be 
used for ranking and prioritization in the next phase of the project. It was determined that the 
processes which were described exactly the same and had the same process uientification numbers 
across all three facilities would be used as the starting point for the disaggregation sorting routine. 
This criteria resulted in 142 common processes across all three OPFs for a total of 426 processes. 
The HMF used a more manual technique to generate the processes in question. Since there were 
only 25 processes identified for that facility, the engineering staff determined that they could 
generate the list of processing activities using a manual data entry form developed for the project. 
At the RPSF, two documents, identified as B5308 and B5309, contained the complete set of 
processes associated with preparing the solid rocket booster assemblies. In these two documents, 71 
operational processes were called out. 
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Figure 1 - Disaggregation Pyramid 

Each group of stakeholders (three from the OPFs, two from the RPSF and one from the HMF) were 
asked to rank the processes with respect to the need to analyze the specified processes in more detail 
in order to define opportunities for process improvement. The objective was to identify those 
processes which continually caused problems for the decision makers in their individual 
environments. Note that this ranking was not performed based on the importance of the task by 
itself: since it was considered that all tasks were important during this phase of the project. The 
analysis was designed to concentrate on process selection and measures, therefore, the need to 
determine which processes should be retained and which ones should be eliminated were outside 
the scope of this research activity. The determination of the correct set of operational processes 
may provide other research teams with Business Process Reengineering (BPR) opportunities in this 
complex operational environment. Our focus was centered around benchmarking process 
identification and it was felt that the process importance criteria would complicate the task for the 
decision makers without identifying the primary objective of the improvement analysis. 

Due to the low numbers of processes identified for the HMF, the stakeholder was able to rank the 
processes using a High - Medium - Low priority scheme. The resulting rankmg identified four 
processes in the high level category. The decision maker was requested to identify the very high 
priority processes from the list (given the option to retain all four processes as very high or to 
identify none of the four as very high or any combination of the above). The decision maker selected 
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two of the four processes as very high priority processes from a process improvement standpoint. 
The RPSF decision makers were uncomfortable with a ranking schema similar to the one used in 
the HMF since they felt their criteria should consider support activities as well as problem 
generation criteria, therefore, the analysis team modified the data collection form to include three 
categories on the list to aid the decision makers in making their choice. Three categories were used 
as follows. The first category was External Support Required. The second category was tied to the 
generation of Problem Reports (PRs) as a result of performing the process. The third category was 
tied to the generation of Process Deviations (DEVs), similar to the PRs cited above. Each of the 71 
processes were then ranked by the stakeholders using a O to 10 scale ( 0 = Unimportant and 10 = 
Critically Important). The results of the RPSF rankings were compiled using a Quattro Pro for 
Windows™ spreadsheet [4]. The rankings across three categories resulted in a set of data which 
were used to develop a Pareto chart of combined ranks across the three categories. Initially, equal 
weighting was assigned across the three categories to show the decision makers the unweighted 
results. The center category (PRs) was held at its unweighted value (0.333) and the weighting for 
the high priority category (External Support) was increased by 0.05 while the low priority category 
(DEVs) was lowered a corresponding amount. The original Pareto analysis was presented along 
with the Weighted Pareto analysis to aid the decision makers in selecting the proper set of processes 
within the RPSF for further analysis. There were three processes in each analysis which emerged 
as clear candidates for analysis, however, the combined weights were closely grouped for the next 
fifteen processes using the unweighted approach. The weighted analysis proved useful in 
determining which of these fifteen should be selected for the inter-facility comparison. It was 
determined that nine of the RPSF processes would be used in the Phase One research activity. 

The OPF selection process was more complex since the number of processing activities far exceeded 
the other facilities combined. It was necessary to develop an effective selection procedure which 
would quickly focus the research activities on the selected processes. It was determined that a 
modification of the Q-Sort procedure [5] would be useful in determining the subset of processes for 
inter-facility comparison [Figure 2]. The 142 common processes across all three OPF Bays were 
used as the data set from which the processes would be selected. Each process description along 
with a unique identification number was placed on a 3" x 5" card and the 142 cards were then used 
to perform the Modified Q-Sort as shown below. 
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One benefit to this procedure is the short time required to obtain a consensus concerning a large 
array of processing activities. For example, the time required for each stakeholder to perform the 
Q-Sort procedure using all 142 was less than 30 minutes duration. The results of the Q-Sort were 
available the following day to begin the detailed process analysis. The end result of the OPF Q-Sort 
was that seven (7) Very High Priority processes, common across all three OPF facilities, were 
selected for further detailed analysis. The seven processes from the OPF, the nine from the RPSF 
and the two from the HMF showed no outward indications of commonality and were therefore 
unlikely candidates for benchmarking analyses. The PDP considers this condition and permits the 
higher level process descriptions to be disaggregated until commonality is found which may benefit 
some benchmarking partners. The advantages of considering lower level processes include: 

• A better understanding of an organization's own processes before 
beginning the external search for industry best practices. 

• Commonality of subprocesses found embedded within higher level 
processes provide additional benchmarking opportunities using 
functional process descriptions. 

• Avoidance of process uniqueness issues when two or more groups 
compare high level organizational process descriptions. 

• Functional process descriptions provide more direct support for 
an organization's core competencies when compared to high level 
process descriptions. 

The UCF analysis team used a generic/functional coding system to identify common processing 
elements within the selected processes. Ten sub-processes were identified as common across the 
specified facilities and a recommendation was made to NASA management concerning the 
appropriate subset of processes to be studied, based on resource constraints. The welding process 
and the leak check processes were selected to complete the phase one effort. Critical components of 
the welding and leak check processes are being evaluated at this time to aid in developing 
appropriate Process Performance Measures (PPMs) for comparative benchmarking across shuttle 
processing at the Kennedy Space Center. 

CONCLUSION 

The Process Disaggregation Procedure, as developed and applied by the University of Central 
Florida, has been a valuable tool in selecting high-priority processes for comparative analysis at 
KSC. The PDP is designed to help fill a void in the benchmarking literature where process 
selection is cited as a critical component of the various benchmarking models. There is a strong 
assumption implied in these models that the managers and stakeholders in the organization 
automatically know which processes are best suited for a detailed process improvement analysis 
and furthermore, that the managers can agree on how limited organizational resources should be 
employed to meet the process improvement goals. Ideally, process improvement teams would be 
developed to address each common area where process improvements could be made. If an 
organization has the resources and the corporate structure to support fully integrated 
benchmarking under a Total Quality Management (TQM) umbrella, the ultimate goal should be to 
benchmark everything. Clearly, this is not possible in most organizations currently, therefore, a 
system like the Process Disaggregation Procedure is needed to assist the decision maker in his/her 
selection process. · 
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LEARNING CURVE BENCHMARKING 

DR. TERRI FRIEL 
Eastern Kentucky university 

ABS!?RACT 

Benchmarking has become a popular method of 
keeping track of the competition. Many 
companies are keeping records of their 
competitors through the use of data collected 
in all areas of the business. However, much 
of this data is a "photograph" of the current 
performance of the competitor and simply 
indicates their current position. Learning 
curve analysis and other time indicative 
methods of benchmarking should also be 
employed so that future positions can be 
forecasted. A simple method of calculating a 
learning curve benchmark and how this could 
enhance current benchmark data is 
demonstrated. Data from the personal 
computer industry over a ten year period are 
used to demonstrate the effectiveness of this 
approach. 

INTRODUCTION 

While benchmarking can be a highly effective tool for 
strategic planning and competitive analysis, the data accumulated 
often represent information only on the current status of the 
competition. This, in effect, represents merely a "photograph" of 
the competition and not a direction of the future accomplishments 
of the competition. Therefore, if a company makes plans to compete 
with yesterday I s "benchmark" they may simply be planning to compete 
with yesterday's competitor rather than today's. It is important 
to realize that a firm is constantly changing and the rate of 
change as well as the data must be determined in order to develop 
a meaningful and competitive strategy. 

one simple method for analyzing rate of change of a firm is 
the well-known and often validated learning curve analysis. 
Learning curve analysis indicates the rate at which a producer is 
able to improve the process thereby enabling reductions in costs 
and possibly prices. Comparing learning curve factors between 
corporations could be an important benchmarking tool that would not 
have the disadvantage of being simply a "photograph" of yesterday's 
results. 

RESEARCH 

One disadvantag e of using learning curve s is the difficulty in 
gathering accurate historical data that will allow the calculation 
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of the learning curve factor. Learning curves are usually derived 
as a relationship between the number of hours required to produce 
a unit and the total number of units produced. However, this data 
is nearly impossible to compile unless the competition is willing 
to divulge this information. 

Learning curves can also be constructed using cost per unit 
information. These data are more readily developed allowing a 
company to compare learning curve information where previously it 
might have seemed impossible to derive. 

The hypothesis for this research was: It should be possible, 
with public domain information, to develop learning curves for a 
group of similar competitors whereby predictions, benchmarks, and 
strategic plans could be developed. 

From annual reports, the Cost of Goods Sold and Total Sales 
were readily available. This information was used to develop an 
estimate of each corporation's unit cost. Since learning curves 
are meant to indicate the improvement in productive ability of a 
company to produce products as experience is gained, the unit cost 
of the product is an adequate indicator of this also, albeit 
somewhat different. 

For any public company, the Cost of Goods Sold is an aggregate 
amount and using it to calculate the unit cost causes some inherent 
inaccuracies. It was for this reason that the three companies 
Compaq, Apple, and Dell were chosen for this research. Since the 
product lines of all three are not only similar, but of · a much 
smaller scope and more uniform in nature than that of a larger 
corporation such as IBM, the data would be better for indicating 
the actual unit cost of a single product line. 

The other the information required was the number of units 
sold in the total market. For the industry chosen, the PC market, 
these data were relatively simple to acquire in dollars for the 
last 10 years. 

The Cost of Goods Sold (CGS) data collected are displayed in 
Table 1 for each of the three companies chosen. 

Reported market share data by company are widely di verse. 
Instead of using reported market share, these were estimated using 
the total sales of a company and the total sales in the world. The 
Sales data are illustrated in Table 2. The world sales for PC's are 
illustrated in Table 3. 

The total annual reported sales divided by the reported world 
PC sales for each year was used to derive an estimate of the yearly 
market share for each firm. This is indicated in Table 4. This 
information was then used to determine an estimate of the total 
number of units sold by year for each firm. 

The calculated unit costs, for the most part, reduced annually 
the longer each company was in business. However, during 1987, 
this was not true for any of the firms. All three indicated a 
major increase over the previous year in unit costs. Examination 
of the annual reports for 1987 indicated that this was a tough year 
for all competitors of IBM. IBM announced the introduction of a 
Macintosh-like PC which severely affected the sales and shares of 
all three competitors. 
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TABLE 1 
COST OF GOODS SOLD BY YEAR 

YEAR DELL APPLE Cc»!PAQ 
C000'S) (000 1S} (0001 S} 

1993 1.s64.4n NA NA 

1992 607,768 3,991,337 2,905,024 

1991 364 183 3 314 118 2 053.576 

1990 278 9n 2.606 223 2,057.886 

1989 NA 2,694 823 1.715.243 

1988 109,012 1,990,879 1,233,283 

1987 53 420 1 296 823 717 336 

1986 27 206 891.112 360 698 

1985 BECAME PUBLIC 1,117 864 325,804 

1984 NA NA 232,197 

1983 NA NA 80 ,491 

Data reported in Annual reports by each respective corporation by 
year. 

YEAR 

1993 

1992 

1991 

1990 

1989 

1988 

1987 

1986 

1985 

1984 

1983 

TABLE 2 
SALES BY YEAR 

DELL APPLE 
C000 ' S) cooo•s> 

2,013,924 NA 

889 939 7 086 542 

546 235 6 308 849 

388,558 5 558 435 

NA 5,284,013 

159 037 4 071.373 

69 .450 2 661 068 

33 685 1.901.898 

BECAME PUBLIC 1,918,280 

NA NA 

NA NA 

Sales data are from respective annual reports by year. 

C04PAQ 
(000 1 S) 

NA 

4 099.758 

3,271.367 

3 598,768 

2,876,062 

2 065,562 

1 224.067 

625.243 

503.880 

329.013 

111,221 

The data collected was transformed from curvelinear to linear 
form through the use of logarithms. Regression analysis to 
determine the equation of the line and the learning curve equations 
below allow the c a lculation of the learning curve factor. 
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where: Y = Cost of unit number k or 1 
k = cumulative number of units produce to unit# k 
b = learning curve factor 

TABLE 3 
WORLD PC SALES BY YEAR 

YEAR SALES IN AVERAGE$ COST IJORLD SALES 
BILLIONS PER PC IN UNITS 

1993 NA NA NA 

1992 94.6 [3000] 31.533 000 

1991 [88] [3300] 26,667 000 

1990 82 [3500] 23,400 000 

1989 70 [3700] 19,000,000 

1988 50 [4000] 12 500 000 

1987 50 [4000] 7,500 000 

1986 30 [4200] 7.100 000 

1985 30 [4500] 6,700,000 

1984 25 [4550] 5,500 000 

1983 15 [5000] 3;300,000 

Sales figures are from Wall street Journal, April 19, 1991 

(1) 

This equation may be transformed into the equation of the line 
as shown below by taking the logarithm of both sides and separating 
the terms using common laws of logarithms. 

(2) 

This separation gives an equation of a line and indicates the 
slope as "b." This can be used to find the learning curve factor 
for each firm by taking the inverse logarithm of the computed slope 
"b. II 

The learning curve factors and the R-squared factors for the 
calculated regression equation for each firm are presented in Table 
5. The R-squared factors indicate that of the three sets of data, 
the curve fit is best for Compaq. 

Graphs of the actual and calculated data are shown in Figures 
1,2, and 3. 

The one data point that severely affects the regression 
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equation fit for both Dell and Apple, is for the year 1987 that was 
previously identified as an outlier. This data point, if removed 
from the calculations improves the R-sguared factors to better than 
. 75, and only slightly changes the slope calculated for the 
companies. In fact, the change of the learning curve factors was 
slight, but the relative standing of the firms remained the same. 
These two "rogue" data points were left in place for the 
completeness of the research evaluation and because the overall 
effect on the learning curves and the relative ranks was minimal. 

TABLE 4 
MARKET SHARE ESTIMATED BY YEAR 

YEAR DELL APPLE COMPAQ 

1993 NA NA NA 

1992 0. 9% 7.5% 4.3% 

1991 0.6% 7.1% 3.7% 

1990 0.5% 6.8% 4.4% 

1989 [0.4%] 7.5% 4.1% 

1988 0.3% 8.1% 4.1% 

1987 0.1% 5.3% 2.4% 

1986 0.1% 6.3% 2.1% 

1985 BECAME PUBLIC 6.4% 1.7% 

1984 NA NA 1.3% 

1983 NA NA 0.7% 

[] INDICATE AN ESTIMATE WAS MADE 

The calculated learning curve factors indicate that of the 
three companies studied, Apple has the steepest slope or the best 
learning curve factor of 85.2. Dell is the next competitor with a 
learning curve factor of 86.1. Compaq is last of the three with 
the worst learning curve factor of 89.6. Therefore, Apple is the 
benchmark, Dell is second and Compaq is last. 

R·s uared 

Learning 
Curve Factor 

CONCLUSIONS 

Dell 

.53 

86.1 

Table 5 
Learnin curve Factors 

A le 

.54 

85.2 

Com 

.93 

89.6 

The data indicate that Apple should be the benchmark for 
improvements in the capacity and unit costs of the firms studied. 
Dell is shown· to be highly competitive and the improvements made, 
While not overtaking Apple, should keep it well within striking 

21 



/EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

distance of Apple's competitive position. Compaq, however, appears 
to be falling behind in its ability to compete both for capacity of 
production and its ability to compete on cost. 

In conclusion, the hypothesis that it should be possible, with 
public domain information, to develop learning curves for a group 
of similar competitors whereby predictions, benchmarks, and 
strategic plans could be developed is supported by this research. 
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Figure 3 
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REENGINEERING OBSOLESCENT MANUFACTURING INFORMATION 
SYSTEMS:ASUCCESSSTRATEGY 

JOHN H. MANLEY 
Professor of Industrial Engineering 

Director, Manufacturing Systems Engineering Program 
University of Pittsburgh, Pittsburgh, Pennsylvania 

ABSTRACT 

Traditional manufacturing paradigms are financially-driven and include top
down management structures supported by business information systems 
that provide feedback on progress in meeting directed enterprise goals and 
project milestones. The most important cost elements measured by these 
systems are labor, materials, and overhead. Uncertainties of customer 
demand and manufacturing process reliability are hedged by building up 
inventories of raw materials and finished goods, which accountants consider 
as valuable assets, and manufacturing managers view as required for 
emergencies, ''.just in case." New manufacturing paradigms such as just-in
time, total quality management, and concurrent engineering are market
driven and focus on providing customers with a wider variety of higher 
quality products delivered on demand. Management information required to 
determine the impact of new paradigms, such as product desirability and 
manufacturing cycle times, are becoming more important than traditional · 
cost elements. This transition has become especially problematic for 
engineers who try to make manufacturing systems more responsive to 
customer needs, but are still being evaluated by often counterproductive 
traditional management control systems. This paper describes an enterprise
wide information system reengineering strategy and recommends a 
supporting methodology that can solve this complex business information 
system problem. In essence, this is accomplished by improving the quality of 
information and its transmission throughout the enterprise in order to 
increase human, computer, and machine mutual understanding. The 
methodology can also be used to solve a wide variety of cross-functional 
process performance measurement problems in financial, engineering and 
business systems to include hardware and software manufacturing processes. 

THE PROBLEM WITH TRADITIONAL MANUFACTURING INFORMATION SYSTEMS 

The traditional command and control view of manufacturing is based on the premise that 
management and engineering experts should be able to optimize manufacturing processes, and 
then control such processes and the organization for maximum stability and efficiency until some 
external event forces change. Alternatively, the new manufacturing paradigms endorse just-in
time and concurrent engineering philosophies, for example, and shift attention to serving customer 
needs by providing them with a wide variety of high quality products, delivered when they want 
them, and serviced efficiently throughout their useful lives [1,2,3,4,5,6,7,8]. Although traditional 
labor, materials and overhead cost control elements are still important under the new paradigms, 
there are new difficult-to-measure factors that are even more important, e.g., product desirability 
to the customer, time from order entry to delivery, and inventory level requirements. Many 
manufacturing enterprises that try to adopt new manufacturing paradigms therefore encounter a 
conflict between business and engineering process control information systems that become 
logically and often technically disconnected, and thus counterproductive. 
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THE SOLUTION 

The new manufacturing paradigms must be supported by reengineering and integrating inefficient 
and obsolescent processes fill.d. their enterprise-wide control systems. The reengineering 
methodology required goes far beyond so called "business process re-engineering" as popularized by 
Michael Hammer, or upgrading selected physical communication systems. As discussed elsewhere, 
the Object Transformation Process Model (OTPM) information system architectural tool and 
implementation methodology can help satisfy this need by identifying the minimum essential 
information (MEI) required for planning, directing, controlling, evaluating, and continuously 
improving~ enterprise process of interest [9]. Since the OTPM treats physical, intellectual, 
financial, and nonfinancial information equally, it can also be used to solve a wide variety of cross
functional process performance measurement problems in financial and business systems that 
include hardware and software manufacturing processes. Furthermore, an OTPM developed 
logical architecture can be physically implemented with help from the Embedded Computer 
System (ECS) physical model [10,11,12]. 

Thus, the OTPM, MEI and ECS can ease the transition from traditional to new manufacturing 
paradigms by increasing the value of the corporate knowledge base through efficient, enterprise
wide, integrated information systems. This is accomplished by improving the quality of 
information and its transmission throughout the enterprise in order to increase human, computer, 
and machine mutual understanding. The most important concepts supporting the OTPM and ECS 
architectural tools are: (1) mutual understanding, (2) minimum essential information, and (3) 
process as the focal point for communication. 

MUTUAL UNDERSTANDING 

Two individuals communicate with each other by exchanging ideas based upon personal mental 
models of what each mutually believes is the subject of conversation. Their mental models are 
derived from each individual's prior experiences, which have been technically determined by how 
the neurons and synapses in their brains have been interconnected over time into unique memory 
patterns. Since these patterns are also dynamic the transmission of information between humans 
by means of spoken language, body language, sign language, or any other face-to-face method is 
filled with noise and frequent miscommunication. 

This imperfect communication process is normally supported by a physical computing
communications environment whose imperfections can also hinder human-to-human mutual 
understanding. In prior research, the author developed an enterprise-wide model of large-scale 
science information system development life cycles that, in part, explains management-engineering 
communication issues [13]. The integrated, layered, life cycle conceptual model was called the 
Dual Life Cycle Model (DLCM). 

What is novel about the DLCM is that it connects relatively independent parallel management and 
engineering product development support life cycles with a communication transmission support 
system that draws attention to the communication paths that transfer project information back 
and forth between the two parallel (dual) life cycles. 

Another important DLCM notion is the relationship between management and engineering 
intellectual object work products. The combination of these valuable insights differentiates the 
DLCM from traditional "waterfall" product development models, as well as from acquisition 
management life cycle models used to buy expensive and complex products such as aircraft, 
automated production lines, or multi-location telecommunication systems [14]. In this regard, the 
dual life-cycle mode1 distinguishes and interrelates four generic work product categories that can 
be represented by an orderly progression of artifacts over the life-cycle of any information (or other) 
system product of interest: (1) communication work products or artifacts produced by managers 
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for engineers, (2) communication artifacts produced by engineers for managers, (3) management 
artifacts produced by managers for their own use, and (4) technical artifacts produced by engineers 
for their own use. 

Mutual understanding by line managers and engineers of how to achieve the objectives and goals 
set forth by enterprise management is required in order to successfully communicate between the 
DLCM layers. In other words, personnel in all management and product development layers of the 
DLCM must clearly understand organizational objectives, and the specific goals they are trying to 
achieve as individual members of the enterprise team. Without this mutual understanding of each 
other's roles, complex undertakings face an unnecessary risk of failure through miscommunication 
between the layers, not to mention the ever present noise in physical communication channels. 
The general concept of mutual understanding is illustrated in the figure below. 

Engineer 
understands 

Manager 

Engineer 
does not 

understand 
Manager 

Manager 
understands 

Engineer 

Mutaal 
Understanding 

One-Way 
Communication 

Manager 
does not 

understand 
Engineer 

Persuasion 

Cannot 
Communicate 

This figure illustrates the four possible states relating the level of understanding existing between 
managers and engineers. Note that the same model applies to communication between other 
employee categories that exhibit cultural differences, e.g., union-management, marketing
manufacturing, design engineers-customers, etc.. The model illustrates that whenever there is a 
lack of understanding between a manager and his or her employee, in this case the engineer, one of 
the following situations always occurs: 

1. The engineer (employee) tries to persuade their manager of their position on some 
subject, which is not understood by the latter, i.e., "Please listen to me and try to understand." 

2 . The manager communicates to their employees, i.e., commands them to do something 
even though they do not fully understand what is required, i.e., "Don't ask questions, just do it." 

3. Neither party understands the other, so they cannot communicate at all, i.e., "the blind 
leading the blind." 

4. Both parties clearly understand each other's mental models and have reached a state of 
mutual understandinc. 

It should be obvious that everyone should always strive to achieve a state of mutual 
understanding in their interpersonal relationships by listening carefully to what the other person 
has to say, and by using communication objects that speak the other party's own language. 
Unfortunately, this is seldom the case. 

MINIMUM ESSENTIAL INFORMATION 

Assuming that managers and workers have established a mutual understanding of each other's 
mental models and desires, another question arises. "What is the minimum, yet essential, life 
cycle information artifacts that should be produced by managers and workers for each other to 
most efficiently achieve enterprise objectives?" This minimum essential information (MEI) is 
defined as the minimum set of necessary a,ul sufficient information that is required for one human 
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to communicate to another that achieves mutual understanding in regard to a task to be 
a,ecompl'ished. The essence of this concept is that both too little and too much information is bad, 
so there exists a desirable optimum set of information for any communication between human 
beings (or between humans, computers and machines as illustrated by the ECS architectural 
model). MEI communication work products will reduce overall information system complexity, and 
improve the effectiveness of both management and engineering life cycle processes when properly 
produced and utilized, by reducing ambiguity and noise in all important enterprise communication 
channels. 

Enterprise-wide information clarity and transmission noise minimization is especially critical to 
the success of information-intensive manufacturing enabling processes such as: (1) concurrent 
engineering, (2) business planning and control, (3) controlling engineering changes to complex 
manufactured products, (4) software development, and (5) TQM implementation activities. 

PROCESS AS A COMMUNICATION FOCAL POINT 

Processes are of overarching importance to any manufacturing enterprise. Therefore, I consider 
that process improvement is the most important single challenge that can help or obstruct the 
implementation of new manufacturing paradigms. My strong belief is that accurate process 
descriptions are absolutely essential for planning, directing, controlling, and effectively executing 
any human, machine and computer activity. 

Of utmost importance is the fact that a process description (an annotated flow chart for example) 
should be used as a primary communication tool between enterprise managers, project managers 
and engineers to achieve mutual understanding (15]. The reason is that different groups of people 
in most organizations, especially manufacturing enterprises, very often cannot widerstand each 
other due to excessive noise in their communication channels caused by differences in their 
vocabularies, mental models, priorities, educational levels, and in general, their cultural 
backgrounds. For example, some of the most important cultural differences between 
manufacturing enterprise management, project management, and engineering are indicated in the 
table below. 

ATTRIBUTE ENTERPRISE PROJECT ENGINEERING 
MANAGEMENT MANAGEMENT 

Driving interest Profit Project completion Technical 
recognition 

Time horizon Short to medium Project schedule Longterm 
term 

Mode of work Partnerships Project team Individual 

Mode of expression Simple, absolute Simple, absolute Technical, qualified 

Desired outcome Company success Project success Technical success 

Primary day-to-day Budget, personnel, Project cost, Methods, 
concerns facilities, policies schedule, technology, tools 

performance 
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IMPROVEMENT STRATEGY 

We should always begin any obsolescent information system reengineering project by first 
reviewing the products and services that our enterprise intends to be producing (the "product 
portfolio") at the time our new system is to be implemented. We then sequentially perform the 
following steps, with iterations between them as the improvement project progresses: 

1. Simplify and improve the repetitive, order-to-delivery·object transformation processes 
that are required to manufacture specified products or deliver defined services. 

2. Simplify and improve the supporting facilities and equipment necessary to support the 
required object transformation processes. 

3. Simplify and improve the organization or people structures required to carry out the 
transformation processes, as well as operate and maintain all required facilities and equipment. 

4. Simplify and improve the human-to-human, machine-to-machine, and human-to
machine information systems required to support processes, facilities, equipment, and especially 
people. 

5. Definitely last, but certainly not least, automate or mechanize any and all operations 
that can provably benefit from automation or mechanization. 

The global optimization strategy outlined above can be successfully carried out in a top-down, 
structured decomposition manner using proven systems engineering, and project management 
methods and tools with two possible exceptions. In most cases the existing enterprise financial 
accounting system will need to be modified, and a formal system for technology transition may 
need to be established. 

To carry out Step 4 of the above strategy, we assume that the first three steps have been 
satisfactorily completed. During that process, we will discover that for both continuous 
improvement and total enterprise reengineering, we face two major challenges that most popular 
reengineering methodologies do not address: (1) integrating four logically and often physically 
different major information systems that support management, finance, engineering and process 
improvement functions, and (2) physically interconnecting various types and sizes of computers 
and software which are often globally-dispersed to a wide variety of organizational units in order to 
support an enterprise-wide, real-time, integrated information system. A systems approach 
combined with an OTPM-based informatwn system analysis and design methodology can help meet 
both of these challenges. 

MATERIAL AND INTELLECTUAL OBJECT TRANSFORMATION PROCESS 
INTERACTION 

In order to do things right the first time, we need to know what to do, when, and how. Therefore, 
for every process that involves a flow of materials, there must also exist supporting information 
flows which occur in the form of "intellectual objects" as illustrated in the figure below. 
Intellectual objects are actually physical representations of human mental models which include 
communication products as defined by the DLCM. The material and intellectual object flows 
shown above are not normally included as a part of traditional industrial engineering material 
process flow models. Therefore, we need to also take into account a concurrent information object 
flow process which I call an intellectual object transformation process. This type of process is an 
enablini: process which deals essentially with representations of human thought in the form of 
paper, telephone conversations, charts, graphs, electronic mail, etc.. The intellectual object 
transformation process when understood introduces another complicating factor or issue that we 
must deal with when trying to improve manufacturing process technologies and control systems. 
This involves a combination of physical material and intellectual object transformation processes. 
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Notice also that each node of the figure above represents an individual primary or enabling 
manufacturing process. When such processes are connected together, the totality describes 
enterprise operations. This concept points to an important issue that arises whenever we attempt 
to implement a new manufacturing paradigm, i.e., isolated improvements to individual processes 
without investigating their possible interactions with other processes can be all too often highly 
counterproductive. To underscore this point, a different representation shown below illustrates the 
ubiquitous nature of these interacting processes. 

Customers Vision/Strategy/Business Plans 

···············-· ·····-············· 
Get 

Work 
Manufacturing 

Process 

Enabling Processes 

Deliver 
Work 

• Human Resources • Measurements 
• Finances 
• Facilities 

• Info Systems 
• Communications 

• Suppat 

~---------------
Product Development 

People Development 

Customers 

Customers 

Customers 

Customers 

The main point is that all processes in an enterprise must be evaluated to determine their purpose 
and value-adding c~pahility within a global context. Since every process requires supporting 
information, which is also dependent upon interacting physical information systems, it is 
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mandatory that such information systems be thoroughly understood. This is the primary purpose 
of the recommended OTPM and its derivative methodology and tool set. 

SUMMARY 

. Many manufacturing enterprises that try to adopt new manufacturing paradigms encounter a 
conflict between business and engineering process control information systems that become 
logically and often technically disconnected, and thus counterproductive. The new manufacturing 
paradigms must be supported by reengineering and integrating inefficient and obsolescent 
processes mm their enterprise-wide control systems. The OTPM information system architectural 
tool and implementation methodology can help satisfy this need by identifying the MEI required 
for planning, directing, controlling, evaluating, and continuously improving .fil1X enterprise process 
of interest. The most important concepts supporting the OTPM and ECS architectural tools are: 
(1) mutual understanding, (2) minimum essential information, and (3) process as the focal point for 
communication. A five-step improvement strategy is recommended that relies on a systems 
approach to information systems reengineering that integrates both material and intellectual 
object transformation processes, a unique feature of the OTPM methodology. 
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Integrated Product Development Techniques 
as an Approach to Business Process Reengineering 

Joseph J. O'Call~an 

Martin Marietta Corporation 

ABSTRACT 

The need to perform business process reengineering is accepted by most companies today. However, the real 
challenge is to determine how to start An organizational perspective can provide a jumping-off point. Those 
companies that have been structured using concurrent engineering's integrated product development techniques 
can take advantage of the integrated product teams already in place to get a running start in the race to radical 
change through process reengineering. 

INTRODUCTION 

The Process Reengineering Mandate 

The gauntlet has been thrown down, and business after business is taking up the challenge issued by Hammer and 
Champy in Reengineering the Corporation [I] to engage in corporate soul searching to stay competitive, or in 
some cases to stay alive. They define reengineeri.ng as "the fundamental rethinking and radica, redesign of 
business processes to achieve dramatic improvements in critical, contemporary measures of performance, such as 
cost, quality, service, and speed." Its essence is "starting over." 

Business process reengineering (BPR) differs from total quality management (fQM) and Total Quality 
Improvement (fQI) initiatives in two vital ways. One is that with BPR, a candidate process is not accepted or 
validated in any way prior to analysis. There are no "givens," and a process (or subprocess) is just as likely to be 
scrapped as it is to be reinvigorated. The other critical difference between BPR and TQM/fQI is that BPR 
emphasizes the dramatic and radical approach to change rather than the incremental and gradual approach 
advocated by most continuous process improvement initiatives. Once the work of reengineering is done, then the 
"new" process is St].bject to being monitored and improved over time, but the initial reengineering effort bears little 
resemblance to traditional TQWI'MI methodology. 

Lon Roberts [2] in his book on process reengineering provides an interesting set of curves that depict how cycle 
time can be improved for a given process using BPR versus gradual and incremental improvement. (See Figure l.) 
Roberts points out that "the quantum leap in cycle time improvement is what is meant by the expression often 
associated with BPR-break-through success." 

PROCESS REENGINEERING 

Cycle time 

Process efficiency 

Figure 1. Cycle Time Improvement with Reengineered Process 
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GETTING STARTED 

With the wealth of literature and testimonial available espousing process reengineering and in the face of difficult 
economic times, it is not difficult for top management to decide that BPR is worth trying. What is difficult is 
getting started. The techniques for reengineering have been distilled, filtered, and packaged by numerous 
consultants, and it can be quite a challenge to determine which course to choose when embarking upon the seas of 
reengineering. It must be remembered that BPR as a business discipline is relatively new and is far from an exact 
science. In fact, Hammer and Champy caution that it is a "young art." 

One intimidating aspect of reengineering is that it is seen as an all or nothing-at-all initiative. One can easily get 
the impression that unless an entire company is reengineered, there is no sense in reengineering any part of it. 
However, it is easy for a reengineering program to become engulfed by the enormity of the problems that it is 
Uying to solve corporate-wide, and controlling the scope of the program, by testing on smaller organizational units 
prior to global implementation, is a useful approach. It is wise to first look at a company's organization to 
determine if logical partitions exist wherein BPR could be engaged, and if successful, exported to other 
organizational units and ultimately the entire company. 

One organizational unit that is particularly well suited to the initiation of process reengineering activity is the 
integrated product team. 

INTEGRATED PRODUCT DEVELOPMENT 

Integrated product development (IPD) is an element of the concurrent engineering movement and advocates the 
use of multidiscipline teams to integrate and apply all necessary processes to produce a product or service that is 
responsive to customer requirements/needs. Companies whose programs or operating units are structured using 
the IPD approach de-emphasize or eliminate functional alliances. IPD grew out of the need to ensure that product 
design, development, and production were carried out with the full involvement and input of all functional units in 
order to achieve quicker product development at reduced cost and increased quality. 

However, IPD requires coordination, and this coordination is best achieved \-ia the formation of integrated product 
teams (!PT), which are multi-disciplined teams devoted to the production of a product or service. An electro
optical weapon system program, for example, might be structured with the following IPT's. 

1. Processor 5. Software 
2. Sensor Assembly 6. Systems 
3. Laser 7. Support (e.g., Business Operations) 
4 . Structures 

These IPTs would be responsible to a senior IPT and the program director and would be empowered to execute all 
effort required to produce their product or service. 

A company that is organized under the auspices of integrated product development has positioned itself, either 
knowingly or unknowingly, to take advan~ge of reengineering opportunities. 

REENGINEERING AND THE IPT CONSTRUCT 

TheBPRTeam 

Perhaps the most important step in the BPR effort is the selection of those processes to be reengineered. It is 
obviously critical that time and talent not be wasted working with processes that are not strategically important or 
that are otherwise not viable BPR candidates. A close second in importance to process selection is BPR team 
selection. The team must be crossfunctional: it must contain representatives of all process stakeholders; it must be 
able to function as a team; and it must have a viable leader. 

The integrated product teams that exist in a company so organized provide ready-made process reengineering 
teams because they already have all or most of the qualities that a BPR team must have to be successful. They are 
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by definition, crossfunctional. Most process stakeholders are present on the team, and those not on board can be 
dded for the duration of the BPR project. Teamwork is the byword for IPT activity, and most teams have been 

:orking together for some lime. Finally, program directors have a vested interest in ensuring that IPTs have 

viable leadership. 

How it Works 

In the Fire Control Systems Mission Area at Martin Marietta Electronics & Missiles in Orlando, Florida, the Vice 
President's staff serves as the executive steering committee for process reengineering. Candidate processes are 
brought forward, reviewed, and if selected for reengineering, assigned to a director who then assembles a BPR 
team to perform the reengineering. The team regularly reports progress to the steering committee. The BPR teams 
are often selected from among the IPTs that exist on programs in the mission area. The BPR assignment is taken 
on in addition to the regular program work that the teams perfonn. 

Once a reengineered process is ready for "piloting," the BPR/IPT team works with the program area selected fo~ 
the trial. (Usually it is the program on which the IPT resides.) If the "new" process works as anticipated, the BPR 
team helps with he migration of the process to other program areas. 

CONCLUSION 

Business process reengineering has demonstrated its worth; however, getting started with BPR is no easy matter. 
An organizational perspective will help get BPR off the ground, and if a company is structured in accordance with 
integrated product development techniques, then the initiation of BPR will be greatly enhanced. 
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ABSTRACT 

Confusion exists regarding the many suggested 
methods for achieving organizational change . As new 
techniques {or new names for old techniques) appear, 
organizations are often unable to determine whether 
these change prescriptions are right for them. In many 
cases, efforts to implement such prescriptions falter, 
resulting in disappointment, disenchantment, and more 
confusion. 

Reengineering is currently one of the hottest 
topics among the multitude of recommendations for 
organizational change. This paper takes a close look at 
the changes suggested by the reengineering advocates. 
The reengineering philosophy is compared and contrasted 
with the philosophy of total quality management (TQM) as 
defined by recognized quality experts such as Juran and 
Deming. Specifically, the concept of breakthrough 
change, as opposed to continuous incremental 
improvement, is discussed. 

The authors discuss some of the weaknesses 
underlying both reengineering and TQM. Some advantages 
and disadvantages of incorporating a reengineering-like 
component in an existing TQM process are discussed. An 
analysis of some possible reasons behind the popularity 
of reengineering is used to suggest improvements in the 
implementation of TQM in an organization. 

CASE FOR ACTION 

The first of Deming's fourteen points is the admonition to create 
constancy of purpose for improvement of product and service. The first of his 
seven deadly diseases is the lack of constancy of purpose. A historical look at 
suggested improvement processes clearly indicates that many companies have failed 
to achieve constancy of purpose. This is seen in the rise and subsequent fall 
in popularity of an improvement methodology (e.g., quality circles ) , with the 
replacement of that methodology with a new "king of the hill" (e.g., TQM). This 
phenomenon, in its worst form, is popularly known by such disparaging terms as 
"management by fad" or "management's program of the month . 11 The f ollowing 
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partial list of change prescriptions (grouped by common emphasis) should be more 
thall sufficient to demonstrate the magnitude of the problem: 

• MRP, CRP, DRP, MRP II, MRP III, ERP 
• JIT, one-piece flow, demand flow technology, pull, kanban, OPT, TOC 
• JIT II, American "keiretsu" . 
• QUality circles, Self-managed teams, Self-directed teams, empowerment 
• strategic planning, Hoshin planning, QFD 
• CWQI, TQI, TQC, TQM, CQI, CI, Kaizen, Zero Defects, SQC, SPC 
• ISO 9000, MBNQA, Deming prize, Shingo prize 
• sMED, Concurrent engineering, cycle-time reduction, 
• Managerial breakthrough, breakthrough thinking, reengineering, BPR 
• Downsizing, restructuring, rightsizing 
• versatile mfg, FMS, CMS, GT, CIM, FAS, agile mfg, lean mfg 
• Taguchi methods, process variability reduction, 6-sigma 

All of these tools and processes have their advocates. Those who advocate 
one methodology often resort to direct or indirect attacks on the others. Fa~ 
example, three books by popular management writers include the following quotes: 

"Forget what you know about how business should work - most of it is 
wrong!" [7] 

"Forget your old, tired ideas about leadership." (13] 

"Conformance to specifications, Zero Defects, Six Sigma Quality, and other 
nostrums, all miss the point ... " [4] 

How can management know when to abandon a current practice and move on to 
a new methodology, and when to simply improve the methodologies already in use? 
In a conversation with the authors, a middle manager for a major automaker 
recently used a biblical quotation in describing the confusion existing in his 
organization. He stated that his company appeared to be "tossed to and fro by 
every wind of doctrine" and that the organization was "beginning to enjoy it." 

In practice, it appears that few, organizations thrive on such chaos. The 
following scenario is a better picture of reality in many organizations: 

• Awakening/concern/desperation 
• Search for a cure 
• Choice of a prescription 
• Hasty implementation (e.g., massive early training) 
• Promising results (including claims of results from unrelated activities 

and removal of special causes) 
• Diminishing returns (the system is actually unchanged) 
• Concern 
• Redoubled efforts 
• Continued diminishing returns (still no real change in the system) 
• Disappointment/disenchantment/disaster 
• Abandonment 
• Repeat the cycle (with increasing desperation) 

This cycle of desperation has been described in slightly different forms by 
Deming (3] and others. Leaders have the task of breaking this cycle by carefully 
examining the various prescriptions for change and designing a system which meets 
their needs. Not only must they design a good system, but they are also 
responsible for the effective implementation of the system. 

VISION 

We believe that a synthesis of some of the ideas found in TQM and 
reengineering will yield an improved methodology for organizational change. A 
critical question remains - how is this synthesis to be accomplished? If we 
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believe in a particular improvement methodology, we should use its tools to 
improve the methodology itself. Therefore, we will use a fundamental TQM tool 
(i.e., the Plan-Do-Study-Act Cycle) to create a synthesis of TQM and 
reengineering. The remaining sections of this paper will describe the 
application of each step in the Shewhart cycle to the design of improved 
organizational change methodologies. 

PLAN 

To begin the synthesis process, we will use a recommendation common to TQM 
and reengineering. Both methodologies suggest identification of customers and 
their needs as a logical first step towards improvement. According to Hammer and 
Champy [7], "the best place for the reengineering team to begin to understand a 
process is on the customer end. What are the customers' real requirements?" The 
same reconunendation is seen throughout the TQM literature (e.g., [3], [8]). 

If the product is an improved methodology for organizational change, who 
are the customers? Certainly top management is a key customer group. A logica'i 
next step, then, would be to attempt to define the needs of top management. 
Although we cannot, within the limited scope of this paper, develop an exhaustive 
list of top management's needs, we can identify some needs. We plan to 
accomplish this through a study of the factors which appear to have influenced 
the relative popularity of TQM and reengineering. 

DO 

In this section, we will begin to execute the plan presented above. This 
will be done by simply listing the factors which have influenced the popularity 
of TQM and reengineering. 

The current popularity of reengineering is evident. Much of this 
popularity can be attributed to the claims which are made by the advocates of 
reengineering. These claims include the following [7]: 

• Dramatic reductions in cost 
• Dramatic improvements in quality 
• Dramatic improvements in service 
• Dramatic reductions in throughput time 
• Quicker improvements than TQM 
• More results-oriented than TQM 

The disappointments with TQM are evident (e.g., [1], [2], [6], [10], and 
[11]) We believe this disappointment can be attributed to several real and 
perceived characteristics of TQM. These characteristics include [S]: 

• Emphasis on incremental improvement (as opposed to breakthroughs) 
• Emphasis on long-term improvements (need for patience) 
• High implementation costs (due to massive early training, development of 

vision and mission statements, etc.) 
• Across-the-board incremental process improvement (i.e., lack of focus) 

The four points above describe many TQM implementations. Evidence has shown that 
such systems are not attractive to management and that they often do not work. 

STUDY 

In this section, the factors listed above will be examined in order to 
determine what the customers of an organizational change prescription (i.e., top 
management) appear to want. This will enable us to formulate recommendations 
regarding the elements of TQM and reengineering which can be combined to yield 
an effective improvement process. 
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Management obviously desires dramatic improvement (i. e . , breakthroughs) in 
terms of quality, cost, schedule, and throughput (the first four reengineering 
claims listed above). There is empirical evidence that supports these first four 
clai ms. However, these claims are also presented as advantages of reengineering 
over competing recommendations, particularly TQM. For example, Hammer and Champy 
describe the primary difference between reengineering and TQM in this way : 

"Quality programs work within the framework of a company's existing 
processes and seek to enhance them by means of what the Japanese call 
kaizen, or continuous incremental improvement. The aim is to do what we 
already do, only to do it better. Quality improvement seeks steady 
incremental improvement to process perfonnance. Reengineering, as we have 
seen, seeks breakthroughs, not by enhancing existing processes, but by 
discarding them and replacing them with entirely new ones." [7] 

It is not surprising that managers across the country have pursued reengineering. 
Who would not prefer a breakthrough to incremental improvement? 

Can a TQM process include a breakthrough component, in addition to 
incremental improvement? Have reengineering advocates accurately portrayed TQM? 
Consider this quote from Deming's preface to Out of the Crisis: 

"The aim of this book is transformation of the style of American 
management . Transformation of American style of management is not a job 
of reconstruction, nor is it revision. It requires a whole new structure, 
from foundation upward." [3] 

Deming was not alone among quality pioneers in emphasizing the importance 
of breakthroughs in organizational change. Juran' s 1964 book, Managerial 
Breakthrough, shows that breakthroughs have been an essential part of quality 
improvement philosophies for some time. Consider this quote, for example: 

"Breakthrough means change, a dynamic, decisive movement to new, higher 
levels of performance." [9] 

Not only can TQM accommodate and encourage breakthrough, but those who taught a 
strategic focus on quality preached breakthrough at least 25 years before the 
term reengineering was coined. More recently, Rossler and Sink [12), describe 
a TQM process which includes steps called "improvement" (incremental changes) and 
"improvementn" (breakthroughs). Obviously, TQM is not limited to continuous 
incremental improvement, as some have suggested. 

Although the last two reengineering claims above are true for many 
attempted TQM implementations, they are not universally true. Unsuccessful TQM 
implementations have generally been characterized by extensive preparatory 
activities, which delay the realization of the expected benefits. On the other 
hand, the many successful TQM implementations are characterized by "emphasizing 
quickly improving customer-valued outcomes." [SJ 

The disappointing aspects of TQM are not characteristics of the methodology 
itself, but rather characteristics of some common implementation schemes. As we 
have demonstrated, breakthrough improvement should be as much a part of TQM as 
incremental improvement. The high front-loaded costs of many implementations are 
a result of a lack of awareness by consultants of the needs of their customers 
(top management). The same can be said for the lack of balance between long-term 
improvements and short-term improvements. 

The decision to implement TQM across-the-board from the start violates one 
of the fundamental principles of TQM, the Pareto principle. Juran discussed this 
principle in detail in 1964 [9]. Not only can the Pareto principle be used to 
focus implementation, but many authors have discussed the utilization of a 
critical mass within an organization to focus efforts and increase the 
probability of a successful implementation. 
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We have shown in this section that the characteristics of reengineerirtg 
that have made it so popular can also be characteristics of TQM. The primary 
reasons behind the disappointing results in TQM implementation efforts a:re 
related to the process of implementation [5]. Reengineering is also subject to; 
disappointing results if the implementation is not optimized [7] . Additionally; 
the tools of TQM are much better developed. and understood than the tools of. 
reengineering. This may make it easier for m6st organizations to implement ·TQM. ·· 

ACT 

In this section, we will present some recommendations that result from the 
synthesis of the strengths of TQM and reengineering. Hopefully thes 
reconunendations can serve as a foundation for the development and implementatio 
of successful improvement processes. 

customer focus. customer focus is a common element of TQM 
reengineering. It will drive a balance between short-term and long-terjn 
improvements, and between process and results. It also should be used :i..n 
designing the implementation, that is, the customer of the improvement process< 
( top management) should be considered in customizing the process to the custornE:b: ; 
rather than attempting to customize management . .. 

Focused implementation. It is tempting to apply a new improvement 
methodology equally throughout an organization from the start. This approach is 
characteristic of unsuccessful implementations [5). Focus is required in order 
to exploit areas of quick payback potential, to maximize training effectiveness, 
and to provide the critical mass of leaders needed to establish and maintain the 
momentum required for success. 

Double-edged improvement strategy. The most successful improvement efforts 
are based on both incremental improvement and breakthrough improvement [9]. TQM 
can incorporate both. On the other hand, the reengineering process does not 
include an incremental component. However, the pursuit of incremental . 
improvement sometimes results in breakthroughs and vice versa. 

Research on the process of systems implementation. We believe 
disappointing results from organizational change efforts are more likely caused 
by improper implementation strategies, rather than by weaknesses of 
particular change strategy itself. FUrthermore, it appears to be likely that the 
organizations which have been unsuccessful in implementing one change strategy · 
(such as TQM), will experience similar difficulties with the implementation of 
their next effort. This points to the need for research on the process of .. 
implementing organizational improvement methodologies. Specific research area~ 
should include the design of a critical mass, the development of methods f .or 
customizing improvement strategies, and the development of a general model which 
can be used to test various process improvement prescriptions. 

SUMMARY 

This paper has presented a brief comparison of TQM and reengineering, wi~fi 
special attention given to how elements of the two methodologies can be combiri~p 
to design an effective improvement strategy. The paper uses the Plan-Do-study; 
Act Cycle to formalize this analysis. 

Based on the strengths of TQM and reengineering which are identif i~p 
herein, several recommendations are given which may be used as a foundation f9~ 
further analysis of the design of organizational change strategies. These. 
include (1) the importance of customer focus, including a focus on the custom~fs 
of organizational change methodologies (e.g., managers), (2) the importance of 
using a focused implementation, (3) the use of both incremental improvement a~ 
breakthrough improvement as parts of the change strategy, and (4) the need fof 
further research on the process of systems implementation . 
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ABSTRACT 

Monte-Carlo simulation and design of experiment techniques were used to.develop 
simple fommlas to determine the joint average run lengths (ARLs) for X and R 
charts. each one with its own set of control rules for detecting shifts. trends. and cycles 
both in the mean and the variance. Since the most common sample size used in 
practice for X and R charts is five and. for any process. it can be assumed (with a 
proper change in scale) that its target mean is µ 0 = 0. the simulation study was 
perfonued assuming that we were controlling a process with µ" = 0. n = 5 and 
o O 

2 
/ n = I. Fonnulas for computing in-control and out-of-control ARLs and 

examples of their used are provided for the practitioner. 

INTRODUCTION 

Without doubt. Shewhart control charts for sample averages and ranges ( X and R) arc the most commonly used 
control charts. The original Shewhart control charts with control limits only have been modified by the addition of 
warning limits and run rules. Several investigators have calculated the average-run-length (ARL) properties for the X 
chart with supplementary run rules. For example, C. W. Champ and W. H. Woodall [21 calculated the ARL for 
fourteen sets of supplementary run rules and compared their results with the ARL for the traditional Shewhart control 
chart. Artiles and Perez [ 1] used recurrent events theory to calculate the ARL for several supplementary run rules. 
Little attention. however, has been giYCn to the ARL of joint X and R charts. This paper provides simple computing 
formulas to approximate the ARL for X and R charts with supplementary stopping rules. ARLs arc given for in-control 
and a variety of out-of-control situations. 

WARNING LIMITS AND RUN RULES 

The basic Shewhart control chart has only two action limits known as "Upper Control Limit." UCL. and "Lower 
Control Limit" LCL. The positions of these limits are usually ±3o from the center line (the target value of the process 
parameter). The typical control rule is to signal an out-of-control situation when a single sample point falls outside 
the control li.tnits: however, th.is simple control rule tends to be slow in detecting small shifts in the process paran1eter. 
To make the original Shewhart control chart more sensitive to small shifts. the use of warning limits and supplementary 
run tests has been suggested [4]. These supplementary run rules were developed to detect "unnatural" patterns in the 
process parameter such as: 
1. Trends: Several successive points in the control chart show a gradual increase or decrease in the process 

parameter. 
11. Small shifts: Several successive points fall above (or belO\-v) the central line but within the control limits. 

A runs test calls for corrective action when some samples out of a predetennined number of samples fall outside a 
specified warning limit: e.g. the AT&T Statistical Quality Handbook l4) reconunends to take a corrective action if: 
1. A single point out of the 3 o limits. 
11. Two of three successive points fall above ~below) the 2o warning limits. 
n1. Eight successive points fall above (below) the central line. or 
1v. TI1ree of five successive points fall above (below) the Io warning limits. 
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For any set of rules used. there is a probability. o:. of receiving an out-of-control signal when the process is in control. 
i.e .. conunitting a Type I error. Also. there is a probability (B) that the chart shows an in-control process when actually 
it is not: this is known as a Type II error. The addition of run rules decreases the probability ofType II error but it 
increases the probability of Type I error. 

THE A VE RAGE RUN LENGTH 

The effective design of control charts requires the knowledge of the average run length. The ARL is the expected 
number of samples taken before an out-of-control signal is obtained. Large ARL's are desired when the process is in 
control. Sm.all ARL's are desired when an out-of-control situation is present. The ARL for in-control situation (ARL0) 

indicates how often the control chart gives a false signal, while the out-of-control ARL indicates how fast the control 
scheme gives an alarm signal. When a typical Shewhart control chart is used, it is simple to calculate the ARL when 
the process is in control or the parameter remains constant but not at the target value (a shift has occurred): 

ARL = 1/p 
where p is the probability that a sample point exceeds the control limits. 

When X and R charts with run rules are used together and other out-of-control situations like trends or cycles are of 
interest it is very difficult to calculate the ARL by using simple formulas . For this reason. in our study, Monte Carlo 
simulation was used to estimate the ARL for these schemes. 

OBJECTIVE AND ASSUMPTIONS OF THE SIMULATION STUDY 

Since the most common sample size used in practice for X and R charts is five and. for any process. it can be asswned 
(with a proper change in scale) that its target mean is µ 0 = 0. our simulation study was performed assuming that we 
were controlling a process with µ 0 = Q...n = 5 and o/ in= 1. The objective of this study was to develop simple 
fonnulas to detenuine the joint ARLs for X and R charts each one with its own set of control rules for detecting shifts. 
trends, and cycles both in the mean and the variance. The following control rules were used in each control chart. 

XCHART 

i. Warning limits and run rules. Artiles-Leon and Perez-Matos ( l l considered several control schemes using run 
rules to decide which scheme was the most powerful. TI1eir research showed that, among the schemes that they 
considered, the scheme giving the smallest out-of-control ARL for a fixed in-control ARL is: "Take corrective action 
if (i) a single point.falls ouL'>ide the control limits, or (ii) if 3 out of Jhe last 5 points fall between the upper control 
limit and the upper warning limit (or between the lower control limit and the lower warning limit) ." For this reason. 
this was the run rule used in our simulation. TI1eir paper provide the control limit and warning limit positions to obtain 
a desired in-control ARL. 

ii. Regression. Since we want our control rules to be able to detect trends in the process mean, an additional control 
rule was included. Regression analysis using the last 12 sample averages and the corresponding t-test were used to test 
if the slope was significantly different from zero. 

R-CHART 

i. Control Limit. An upper control limit was used in the R chart. Its position was chosen such that a desired in-control 
ARL, ARL0• was attained. The probability density function of the sample range is 

b-r 

g(r) = n (n-1) J [F (r+z) - F (z)!" - 2 f (r+z) f (z) dz (1) 
a 

for O < r < b-a. where f( ) and F( ) are the probability density function and the cumulative probability function. 
respectively. of the i.i.d. random variables that constitute the sample of size n. It is assumed that (a.b) is the interval 
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in which f(x) is strictly positive. TI1is research asswucs that, when the process is in control. the observations are i.i.d. 
normal variables with µ 0 = 0. o / = 5 and n = 5. so 

I -x 2 
f(x) .,., --exp(-) 

J10 1t IO 

TI1en. the cwuulative probability function of the sample range is given by 

r 

G(r) = f g(t)dt 

0 

(2) 

(3) 

Finally. to detenuine tl1c position of the upper control limit. UCL. to attain a desired in-control ARL. ARL0• the 
equation ARL0 = l / [l - G(UCL)] should be solved. 

ii. Regression. To detect trends in the process variability. regression analysis using the last 12 sample ranges and 
corresponding t-tests were used to test if the slope was significantly different from zero. 

FORMULAS TO ES'fIMATE IN-CONTROL AND OUT-OF-CONTROL ARL 

The formulas discussed here provide a sintple way to estimate in-control ARL's. ARL0• and ARLs for different out-of
control conditions assuming tltat a given set of control rules is being applied. The equations are given in temlS of the 
ARL0 for each rule. Tables and fommlas are provided to determine the position of the control and warning limits and 
the value of the t-test that should be used to obtain tlte ARL0 wanted for each rule. The notation used in all formulas 
is given below. 

a = ARL0 for the X chart using only warning limits and run rules 
b = ARL0 for the X chart using only regression analysis 
c = ARL0 for tlte R chart using only tlte upper control limit 
d = ARL0 for the R chart using on~regression analysis 
CL = Control limit position for tlte X chart 
WL = Warning Limit position for tlte X chart 

To obtain the control and warning limit positions in the X chart. the following fommlas should be used: 

CL= 2. 727952 - 0.000674 a+ 0.075233 ✓ a 
WL = 1.134864 - 0.000211 a+ 0.024024 ✓ a 

(4) 
(5) 

The critical value for the t-test can be obtained from Table 1. Once a set of rules is chosen. the joint ARL0 can be 
estimated using the equation: 

ARL0 = 24.2041+0.1652083 a+ 0.0324917b + 0.0555917c + 0.0389756 d (6) 

The above and the following equations are valid for 700 S a S 1100: 500 S b S 2500: 500 s c S 2500; and 
500 :S d :S 2500. Fonuulas to estimate joint ARLs for different out-of-control situations arc: 

For shifts in the 1>rocess mean: o = shift in mean (in oj ✓n units): equation (7) is valid for 0.50 :So :S 2: 

ARL = 281.0563 + 0.0693208 a+ 0.0053467 c + 0.0070567 d + 162.2904 o -
-22. 75252 1>2 + 130.11521 o - 0.039284 a o- 0.0031665 co - 0.0042038 do (7) 

For shifts in the process standard deviation: o = shift in standard deviation ( o out-of-control = 0 o 0): equation (8) 
is valid for 1.5 :S o S 3 . 
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ARL = 276.5945 + 0.0045654 c + 108.224 o-13. 7567 o" + 232. 78181 o- 0.001648 co (8) 

For trends in mean: 111 = slope of the trend; equation (9) is valid for 0.05:::: 111:::: 0.2 

ARL = 8.36096 + 0.0040232 a+ 0.0001418 c- 27.3425 m~73.904 m:z+ 0.852479/m- 0.171675 am (9) 

For trends in standard deviation: m = slope of the trend: equation (I 0) is valid for 0.05:::: m::: 0 .2 

ARL = 5.3658 + 0.002032 a+ 0.0021706 c - 20.3437 m - 2. 8 8x10- CZ+ 
+ 72.0995 m 2

- 0.10125905 am - 0.0058299 cm+ 0 .3314614/m 

Cycles in process mean : Cycles, as shown in Figure L are defined by two parameters: slope (m) and cycle length 
(L). Equation (11) can be used to estimate the ARL in when there arc cycles in the mean. and it is valid for 0.05 :::: m 
:::: 0 .15. 6 .::: L .::: 18. 

ARL = - 4.8553 + 0.115227 a + 0.09996 b + 0.098878 c + 0.111542 d - 0.0000221 b2 
• 

· 0.0000142 c- 0.0000194 d2 + 671.6855 m - 4.118401L+0.0014152 b L -
- 0.24i6i m d -539.3534 I L-61.2112 m L -0.2036i4 m b-0.28644 m c . (11) 

Cycles in standard deviation: Equation (12) can be used to estimate the ARL when there is a cycle pattern in the 
process standard deviation, and it is valid for 0.05 .::: m.::: 0.15, 6.::: L.::: 18, 800.::: a.::: 1000; 1000 ,:s b:::: 2000: 
1000.::: c.::: 2000: and 1000 .:S d.::: 2000. 

ARL =- 577.1802 + 0.206167 a+ 0.045235 b + 0.094129 c + 0.072476 d - 0.133024 a in+ 
+ 31.13406 L + 2 011.114/L - 0.002748 b L - 33.57045 m L - 0 .13233 m d-
- 0.002904 L d - 0.0052658 c L - 0.011173 a L + 2. 7447 Im (12) 

Cycles 
o_.z -

O.J.5 
a,:: 

0-1 <:: -~ o_o.s 

"--- 0 

""' ~ -0.05 
~ 

= -0 . ..L -Q.... -0 . .Z.S 

-0-.:Z 

..r .:z .3 .s s 6 7 s 9 ..ro ..r..r ..r.:z ..r.3 ..r.s ..r.s 
Sczrnple ..N'Z4rnber 

Figure 1. Cycle pattern with slope m = 0.10 and length L = 6. 

USING THE FORMULAS FOR DESIGNING CONTROL CHARTS 

The formulas presented in this paper are easy to use in practice. An example of their application is dis.cussed in this 
section. Consider a hypothetical situation in which one is interested in designing a control scheme using X.and R charts 
with n = 5 producing a faise alann. in average. only once every 450 sampies for a process with µ 0 = 0 and o//n = I. 
TI1en. one wants to find the set of rules' parameters that will give the desired ARL0 of 450. Using Equation (6) one 
gets 

450 = -24.2041 + 0.1652083 a+ 0.0324917 b + (l.0555917 c + 0.0389756 d 

To solve this equation. one fixes any three of the variables (a.b.c.d) and then solve for the others. Many possible 
combinations can be found. One of the combinations that solve the equation is a= 950. b = 2500. c = 2500. d = 2500. 
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Now one can detcnnine the location of the warning and action limits for the X using equations ( 4) and (5). One just 
has to substitute the value of a in these equations to obtain 

Warning Limits: µ 0 ± 1.675 oj ✓ n = ±1.675: Control Limits: µ 0 ± 4.406 oj ✓ n = ± 4.406 

To determine the position of the UCL .for the R chart. the equation ARLo = c = I/ (1 - G(UCL)l = 2500 must be 
solved. l11is can be done using equations (I)_ (3) and a mathematical software package such as Matl1Cad®. Maple 
~. or MathLab.r.. For a process with µ

0 
= O and o// n = L the appropriate position of the upper control limit is 

12.97. The critical values for the t-test are given in Table l. In summary. ifone applies the following rules. one will 
have a control scheme that will have a combined false alam1 rate of one in every 450 samples: 

On the X chart: 
uw A corrective action should be taken if (i) a single point falls outside the control limits. or (ii) if3 out of the last 

5 points fall between the upper control limit and the upper warning limit (or between the lower control limit and 
the lower warning limit) . 

~ Using the last 12 sample points on the X chart, estimate the slope. ~~ . of the least-squares line through these 
points. and if 

t = 1 ~:r 1 ; Jvar(~,) > s.20 
(From Table l. with b = 2500) then a corrective action should be taken. 

On the R chart: 
m:-a- If a san1ple point falls above the upper control limit ( 12. 97) then a corrective action should be taken. 
nli' Using the last 12 sample points on the R chart, estimate the slope. ~Ri. of the least-squares line through these 

points. and if 

t = I PR I / Jvar(J3R ) > 4.98 

(From Table l, with d = 2500) then a corrective action should be taken. 

Table 1. Critical Values fort-tests 

500 4.14 500 : 3.93 ·························· ·- ········ .. ····· -----···················-······ ·· -· --................................................................... . . . 
1000 : 4.58 1000 : 4.36 

.. ............ ~.~~········· ·· ··l· ··········· ··4.93 ...... ... ............ .. .. . J~~·············· i .............. ~~~·~··············· 
2000 ] 5.05 2000 i 4.82 

····--·-······················································· ·········· ················ ······ ········-··-·· .. ···································· . . 

"" : <:; ~ : 

HOW TO ESTIMATE THE OUT-OF-CONTROL ARL 

Once one has designed the control scheme. one would like to kno\v how long would it take to detect an out-of-control 
behavior. TI1ere may be some critical situations in which one is specially interested. For example. asswne that it is 
critical to detect a shift in mean of one oj ✓ n units. Using equation (7) and substituting o = l. a= 950 and 
b = c = d = 2500 an out-of-control ARL of 29 . 72 is estimated. Other out-of-control situations can be assessed 
analogously. 

USING A DESIRED OUT-OF-CONTROL ARL TO DESIGN THE CONTROL CHARTS 

Asswne that one needs to get an alanu at least every 15 samples. on the average. when the process means shifts one 
oj J n. Then, using equation (7): 
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15 = -281.0563 + 0.0693208 a+ 0.0053467 c + 0.0070567 d + 162.2904 (1)- 22.75252 (1)2 
+ 130.1152/(1) - 0.039284 a (1) - 0.0031665 c (l) - 0.0042038 d (l) 

one can fix values for any two variables and.solve for the third one. Fixing c = d = l 000 and solving for a, one gets 
a== 711.465. Notice that b. the ARL0 for the X chart using only regression analysis, docs not affect the out-of-control 
ARL: so, to maintain a large ARL0, one should set it to its largest yalue. Now one can dctem1inc the position of the 
limits and the critical values for the t-test. In this case you will have: 
Warning Limit: µ0 ± 1.625544 oj ✓ n; Control Limit: µ 0 ± 4.255 l47oj ✓ n UCL for the R chart: 12.27 
Critical t-value X chart: 5.20: Critical t-value R chart: 4.36. TI1e joint ARL0 for this scheme is: 269.13 

1l1e same procedure can be used with any other of the presented out-of-control situations. 
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• ABSTRACT 

The problem of selecting an economic optimal policy for controlling the process quality is one of striJcing a balance betW<Cn the cost of operation and that of control. Economic 
models arc generally formulated using a tot.I cost function and thus oplimized to adUC\'C the minimum expected cost~ the time period that elapses between sucxcsvvc 
process adjuslments. Statistical Process Control (SPC) models recognize three danents of opcntion C05t. 1be cost of operation under the two process states, and that 
associaled with the measurement error. Whcn:as, Prooess Control (PC) models use the squue-cror function to mc:asun: the cost of <Imation &om the product design target. 
This paper presents a comparison between these modeling approaches, their underlying assumptions and the cost dements considered by each. Findings indicate that the use 
of one approach does not exclude the other. In addition., it is shown that continuous improvement efforts can favorably inOuence the feasibility of PC implementation. 

INTRODUCTION: 
In a manufacturing environment, control costs are those of monitoring and adjusting the 

process. It is commonly assumed that there is a fixed cost associated with each process adjustment and 
that the dynamic characteristics of such adjustments are of no significance. Operation costs are those 
associated with failing to meet part design requirements. Estimates of these costs or losses are based on 
the mathematical modcl(s) used to present the process behavior over time. 

Under the statistical process control (SPC) design models, the process is assumed to be stable 
(in-control) around a fixed value, until a random shock that changes the level of the process occurs. 
Whereas, Process control (PC) models, assume ~hat the process level tends to wonder over time. As 
such, periodic observations are serially correlated. The main objective of both modeling approaches is 
to determine optimal control policies to minimize the e:-..-pected cost over a production cycle. The length 
of the cycle is measured either by the number of items produced or the time that elapses between 
successive adjustments. 

This paper presents a comparison between these modeling approaches. The paper is structured 
as follows. First, the general structure and underlying assumptions employed in SPC economic design 
models are presented. The models developed by Duncan (1956) and Lorenzen and Vance (1986) are 
summarized. Second, the basic features of PC economic design models are presented together with the 
models developed by Box and Jenkins (1974), and Taguchi, et .al. (1989). Finally, a comparison 
between the two models and concluding recommendations are made with the objective of guiding 
practitioners in selecting the appropriate approach. The terms used to present the various models are 
defined in the glossary section of the paper. 

SPC ECONOMIC DESIGN MODELS: 
Statistical process control uses control charts as a tool for monitoring the process variation. 

The basic methodology consists of taking a sample of n observations from the process output every h 
hours. A search for an assignable cause is undertaken if the calculated sample statistic exceeds certain 
control limits. In computing these limits it is assumed that the observed characteristic Yt = µ+at, where 

µ is a fixed mean and at is a sequence of independently distributed normal errors N(O,o-2) . Economic 

design models seek the determination of such control policy which minimizes the long-term costs. Two 
of the most credited models are those developed by Duncan (1956) and Lorenzen and Vance (1986). 
The cost elements considered in each are summarized in Table l. Common to these models are the 
assumptions of a memoryless exponential distribution of the time in-control, and a single assignable 
cause of known magnitude. Unlike Duncan's, the model developed by Lorenzen and Vance is based on 
the in-control and the out-of-control average run lengths (ARL), rather than the a and /J risks. In 

addition, Lorenzen and Vance considered a general process model using the indicator variables to 
determine if the process continue during the search or repair stages. 
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Table l. Cost elements in SPC models. 
Cost Elements Duncan's 

In-control None 

Out-of-control * ME(OOC)D 

False Alarms SaT 

Ad.ustment w 
Measurement b+cn 
* E,--pected time of operation while in the out-of-control stage. 

PC ECONOMIC DESIGN MODELS: 

Loren7,en-Vance 

* CiE(OOC)L 

TS 
ARLI 

w 
b+cn 

Process control models recommend the use of an automatic control system to continuously . 
monitor and adjust a manipulated input variable, whose effect on the quality characteristic of interest is 
already known. Based on periodic observations, a decision is made to adjust the process when the one
step-ahead forecasted deviation exceeds the control limit D. This decision variable is determined based 
on the squared error loss of the predicted deviation from the target value and the process adjustment 
cost CA· The optimal control policy determines when to adjust and how much adjustment is required so 
that the average loss in running the system is minimized. Models of this type have been developed by 
Box and Jenkins (1974) and Taguchi et al., (1989). The cost elements considered in each model are 
summarized in Table 2. 

Table 2. Cost elements in PC design models. 

Cost Elements Box-Jenkins Ta chi 

Deviation 

Adjustment None m 

CA 
Measurement u 

Both models assume that the process is repetitive and that the quality characteristic can be 
described in terms of a single continuous variable (yt)- Box & Jenkins (1974), assumed an Integrated 
Moving Average process of the order (0,1,1) to model the sequence of observations at a fixed sampling 
frequency that is, t.y1 = (1- 0B)at . The forecasted deviation is based on an exponentially weighted 

moving average (EWMA) ofN observations. Taguchi et al. (1986) did not specify the underlying 
stochastic model used. Forecasted deviations are based on the most recent observation assuming 
Brownian motion process. Taguchi's on-line model includes the measurement cost and allows 
estimation of the optimal sampling frequency. Also, the model considers a lag of f. items produced 
from the time of measurement to the time of adjustment. Both models use a squared-error function to 
measure the cost of deviation from design target. 
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COl'vfPARISON BETWEEN THE TWO MODELING APPROACHES 
First, the models arc similar in that both types, l) determine optimal control policies based on 

the minimum loss criterion, 2) assume that the process is essentially repetitive and the quality 
characteristic can be described by a single variable, 3) as~ume a fixed cost per process adjustment, 4) 

· assume that the dynamic characteristics of adjusting the process are of no significance that is, the 
adjustment is effective at once. However, the underlying assumptions of the two types of models are 
different with respect to the process behavior, sources of variation, cost of quality and the control 
strategy. 

1) Process Behavior: 
The basic assumption made in SPC models is that the data generated by the process when 

operating in a state of statistical control are independent. As indicated by Montgomery [ 1991] 
conventional control charts do not work well if the charted characteristic exhibits even low levels of 
correlation over time. The results can be misleading in terms of the number of false signals. Whereas, 
PC models assume that successive observations are dependent random variables. An assumption that 
seems more realistic in most manufacturing processes as the sampling interval approaches the part 
processing time. 

2) Source of Variation: 
The process control models presented are concerned with the "error signal" of the process 

output characteristics and require no accurate knowledge of their sources and magnitudes. The only 
requirement is an accurate knowledge of the relationship between the output and input variables, with 
an ability to manipulate the latter. Assignable or "measurable" disturbances are compensated for 
through some other feed-forward control scheme or an alternative off-line control activity. Clearly, this 
is not the case with SPC models which require knowledge of the magnitude and frequency of occurrence 
of the assignable cause. Such knowledge is usually gained during the initial stages of applying SPC 
techniques. 

3) Cost of Quality: 
PC and SPC models are quite different in the way quality costs are specified. SPC models are 

more comprehensive as they consider more cost elements. One need to specify the cost while operating 
in control, the cost while operating out of control, and the cost of investigating false alarms. However, 
these costs can be very subjective and hard to quantify, as indicated by Woodall (1986). Suggested 
methods for estimating these cost elements are in sharp contrast with the squared-error loss employed 
by PC models. 

4) Control Strategy: 
Another key difference between the two modeling approaches is that SPC models allow 

controlling the quality characteristic around an average value which may or may not be the design 
target. Process adjustment is based on the statistical evidence of an out-of-control condition. This is in 
contrast with PC models which associate quality losses to deviations from target and allow adjustment 
whenever the cost incurred is justifiable. 

FINDINGS: 
From the above discussion, it appears that the assumptions give advantages to both types of 

models, at the same time can limit their applicability. Figure 1, presents a summary of the 
implementation requirements of each. As shown, the cost of deviation from design target is a driver 
towards PC application. However, this requires accurate knowledge of the cause-effect relationship 
between the process input and output variables. When such knowledge are limited SPC becomes a 
prerequisite. On the other hand, as process adjustment costs increase, implementing SPC becomes 
more appropriate. The sampling interval is shown to have an adverse effect on the application of SPC. 
As the time interval between samples gets smaller, the assumption of independent observations becomes 
questionable. 
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Figure 1. Summary of implementation requirements 

Sullivan [ 1987) stated that Taguchi's on line methods have reduced the need for SPC. Such 
generalization is hardly justifiable without consideration of the type of process, and the costs involved. 
An opposing suggestion made by Montgomery [1991], is that SPC can be used to monitor the 
performance of the feedback control system. Under this scheme, control charts are applied to either the 
control error or the adjustment sequence. Points that lie outside the control limits on these charts 
identify opportunities to search for assignable causes. The elimination of these causes would result in 
an improvement in the controlled output variable. 

Both of the above e:-.1remes ignore a key element involving the amount of knowledge available 
about the process. Control charting is a useful technique in providing information regarding the cause
effect relationship between the various process input variables, and the output quality. Fig 2, represents 
the recommended application sequence of the two approaches. As shown, achieving process stability 
enables the identification of the key input variables. When such information are made available, 
economics of the feedback control can be considered. The second loop in Figure 2, presents the rule of 
continuous process improvement in altering the feasibility of using feedback control. Process 
improvement efforts can lead to a reduction in the number of input variables to be controlled, and the 
cost of measurement and process adjustment. When these efforts are conducted on-line, statistical 
monitoring becomes a necessity. The proposed sequence of application is likely to produce better 
results in today's competitive environment. 

Process 
Improvement 

Statistical Monitoring 
(SPC) 

ID Key Variables 

No 

No 

Feedback Control 
(PC) 

Remove 
assignable ca~ 

Figure 2. Recommended application sequence 
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· sample size. 
sampling interval. 
loss cost of operation in the out-of-control state. 
number of samples drawn while in the in-control state. 
cost of investigating false alarms. 
fixed and sample size dependent me!surement cost. 
process adjustment cost 
loss cost proportionality constant. 
average run length when in-control. 
number of units between samples. 
process adjustment limit. 
in:.plant cost of nonconforming unit. 
average number of units produced between adjustments. 
parameters of the (0,1,1) process. 

cost variable for estimating within change loss. 
half the product tolerance width. 
rate of occurrence of the assignable cause. 

type 1 error probability. 
deviation from target at time t. 

backward shift operator. 
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ABSTRACT 

This paper presents an overview of a high level planning and control system for the functional 
design and analysis of a quality system of a computer integrated manufacturing (CIM) facility. Special 
emphasis is devoted to the architecture of quality system, its functionality and some important aspects for 
its implementation. The quality system is studied thoroughly and the functional models of the system are 
designed which consist of quality planning, quality checking, statistical quality control and quality 
infonnation management This paper relies heavily on IDEFo technique which was found to be a powerful 
functional modeling technique minimizing the need for elaborate descriptive text and its graphical 
presentation providing a clear representation of a complex aspect of manufacturing. An expert system 
architecture with a user-friendly interface is proposed to computerize this functional model of quality 
system which has a potential for future work in this area. 

INTRODUCTION 

During the last decade, increased attention has been paid to functional design as a task in the 
requirements specification of the innovation process of large-scale industrial systems. The increasing 
competition facing the manufacturing industries both in the domestic and international market created a 
need for the emergence of many computerized technologies in manufacturing systems. As a result, quality 
assurance has indeed made much headway in using computer-based instrumentation for quality 
inspection. In addition, the information systems presently used for quality systems are largely restricted to 
manufacturing and confined to such applications as vendor quality rating or shop floor scrap monitoring 
and not as much from a quality perspective. This is in line with the conventional view of quality as being 
relevant only to manufacturing and, at that, largely inspection oriented. Other than these shop floor 
quality systems, the full involvement of the entire manufacturing cycle is hardly represented in the 
existing quality information systems. Hence these systems do not suffice to help a manufacturer in 
attaining significant competitive edge in today's economy. As a matter of fact, quality involves activities 
ranging from the highest management level to the shop floor operator's level. It is also related to the entire 
production cycle, from market research, product design and development, manufacture to post-sale 
service. With the fast moving world of software & hardware coupled with the recent advances in CIM, it 
is virtually impossible to predict trends in the long term development of quality systems. 

For any manufacturing organization contemplating the introduction of computer aided quality 
function (or any other sub-system of CIM), the heuristics and established practices of the existing system 
must be understood and integrated with the CAQF system. To establish integration requirements the scope 
of the candidate system must also be clearly understood. Both aspects can prove a major obstacle to the 
selection and adaptation of the right CAQF system to satisfy specific needs. Manufacturing organizations 
are based on a complex arrangement of inter-dependent sub-systems and the ability to provide a clear 
logical description of such structures is vital, particularly when a common understanding is necessary as 
the basis of change and development 

The ICAM Definition (IDEF) technique, a structured systems analysis methodology, developed 
by the U.S.Airforce is designed to describe manufacturing in a structured graphical form. Three IDEF 
methodologies are available, namely IDEF0 , IDEF1 and IDEF2. IDEF0 provides a structured analysis 
methodology capable of representing the complex functional relationships of a manufacturing system. 
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IDEF 1 is used to generate an infonnation model that represents the structure of infonnation needed to 
support the functions of a manufacturing system. IDEF2 is used to produce a dynamic model that 
represents the time varying behavior of functions, infonnation and resources of a manufacturing system. 

IDEF0 FUNCTIONAL MODEL 

The program formed by U.S.Airforce to aid in the design, development and dissemination of 
information is called integrated computer aided manufacturing program (ICAM program). A first step in 
the ICAM project mission was the development of a communication and design tool that could be used to 
quantify system design. The design tool (methodology) has been named ICAM Definition language and is 
commonly referred to as IDEF. 

IDEF[12] technique which derives from SADT[9], is based on the premise that the human mind 
can accommodate any amount of complexity as long as it is presented in a way easy to grasp chunks. The 
objective of this method is to discover those chunks, make them and their collective structure visible, and 
model the relevant relationships concisely enough to achieve the stated purpose. Specification of the 
manufacturing environment provides communication capability and future design enhancement 
compatibility testing. 

IDEF0 is a functional model that describes the manufacturing environment through 
manufacturing systems and interrelated infonnation/object transfer. The IDEF0 model provides motivation 
for the IDEF 1 model, a description of the infonnation requirements complete with data item description. 
IDEF2 permits the modeler to investigate the systems dynamic capabilities through a user friendly 
simulation package. A generic IDEF0 model is one that represents the generally accepted or intrinsic 
activities that exist within a defined process or system and will represent all occurrences of those 
activities. Such a model can be used as a reference or standard from which to evaluate the 'as is' model. 
An 'as is' model represents a situation as it exists in practice, that is the inter-relationship between 
activities, information, objects, people and facilities that make up a system, defined in company specific 
terminology. Constructing an 'as is' IDEF0 model of a manufacturing function is the first step to 
understanding and changing the existing system. 

In constructing any of these types of models the diagram at the highest level of an IDEFo model 
is known as the 'environment' and is designated a node number AO (A zero). This is a multi-activity 
diagram and is used to establish an overview environment in which the model exists. To clearly identify 
the subject and extent of the model under review a 'context' diagram node number AO (A zero) is 
established. The top level diagram at AO defines the subject of the model. The external interfaces, inputs, 
outputs, mechanisms and controls that create a boundary model with the wider environment providing the 
context of the subsequent decomposition. The single box at AO captures all the activities and information 
flow displayed in the multi-activity diagram at node Al which is a 'viewpoint' and one level down in the 
hierarchy compared to AO. To complete the graphical element of a model, the 'viewpoint' diagram is 
decomposed to whatever level of detail is considered necessary for the application. The decomposition of 
boxes are done based on the IDEF technique guidelines. In addition to the graphical element of an IDEFo 
model is supported by a node index and a data dictionary. The node index lists, in a hierarchical format, 
all activities together with their corresponding node numbers. The data dictionary is a list, in alphabetical 
order, of the information and objects i.e. the inputs, controls, outputs and mechanisms that support 
activities throughout the model. 

This brief discussion of IDEF0 should permit the reader to understand the concepts presented 
throughout the remainder of this paper. 

FUNCTIONAL MODEL FOR THE QUALITY SYSTEM 

In recognition of the fact that quality is influenced by activities and decisions in all phases of the 
manufacturing cycle, there must be an overall organizational responsibility for quality. The entire quality 
activity is related with human, material, capital organization. It is often considered as strategy and a 
process, and constitutes a closed loop of Plan, Do, Check and Action. The functions implemented in a 
qu:1lity assurance system can be illustrated by Figure 1. 
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FiJ?ure 1 : Functional loop of quality assurance 

It i~ to say that not only have the quality problems in manufacturing process to be dealt with, but 
also every quality link in the production chain have to be inspected and monitored. Therefore it is 
indispensable to establish from function modules such as quality plan, checking plan, statistical quality 
control and quality information management so as to control the whole manufacturing process. The entire 
manufacturing process if analyzed by IDEF0 technique the range viewpoint and purpose must be 
determined initially. The overall interfaces are defined and the inputs, outputs and environment are 
defined at a macroscopic level. Then the system is disintegrated level by level until each sub module 
represents one specific action. This step by step disintegration of the system enables recognition of the 
quality system from a much more detailed and deeper perspective. 

In ideal circumstances, quality planning is carried out only once in the life of the product. 
however component design modification, changes to plant and equipment, changes to process selection 
criteria, etc. will all call for a reappraisal of manufacturing instructions. A generic model must therefore 
reflect the iterative nature of quality planning. 

The top level diagram AO, that is a relation between the inside and the outside CIM facility is 
shown in Figure 2. The macro function of the quality system for the CIM facility is also outlined by Figure 
2. This AO diagram is further disintegrated into four sub-systems in the next level diagram as seen in Al 
diagram within the same information range as in AO diagram. This means to say that the four functions 
of quality plan, checking plan, statistical quality control and quality information management make up the 
quality system of the manufacturing system. The interfaces and the relationship between the modules is 
defined in the Al diagram as shown in Figure 3. This paper is intended to introduce an approach for 
capturing the complexities in the design of a quality system. However the complete decomposed model of 
the quality system is not discussed in this paper. Each function in the Al diagram, as shown in Figure 3, 
is further decomposed into sub functions. This process of decomposition is continued until the required 
level of information detail is achieved. The depth wise decomposition is limited by the generic nature of 
the system being studied. As decomposition is continued depth wise the functions tend to lose its generic 
nature and become more company specific. _The study of decomposing each of the functions is being 
continued and the resulling model is intended to be published as another paper. 
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FiRure 2 : AO diagram for Computerized quality system of a CIM facility 

PROPOSED ARCHITECTURE FOR DESIGN AUTOMATION 

The objective of computer aided quality function can be established using the knowledge based 
approach for the design of integrated systems. The processing and management of quality information are 
supported by using a common quality database which supports the operation of expert systems. Expert 
systems for quality level plan, quality checking plan and statistical quality control make up the knowledge 
based integrated quality system. Also, to make the system more robust, expert systems could be developed 
for any other function considered critical. The quality database which is a pivot of all the expert systems, 
could be set up using any high level relational database management system (RDBMS) like Oracle, 
Sybase or db2. This database could be coupled with the knowledge based quality system with some 
interfacing software. 

The quality information of a typical quality system as perceived by experts could form the 
heuristic knowledge and be stored in the quality database. The system analyst would then design the 
existing system to generate the 'as-is' model of the system. The next step would be to design the 'should
be' model of the proposed or intended system. The two models are then compared for the changes 
required. The stored knowledge would provide a useful help for the system designer during the design of 
the model. Currently no software tools exist in the market which incorporates a knowledge based 
approach to aid the system design process. 

The expert systems could be developed using CLIPS which has excellent interfacing capabilities 
with high level languages such as C, C++ and also with other relational database management systems. 
The CAD abilities of C++ makes it possible to represent the quality system in a more graphical manner to 
the user. The graphical representation could be made just the same way as explained in the IDEFa 
technique with the user viewing the quality system level by level, which is easily comprehended. The 
quality database should typically be able to maintain quality specifications, receive product quality reports 
and also collate the information to generate reports. The database design could be tailored to meet the 
specific needs of the company. 
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CONCLUSIONS 

The major area focused in this study has been a systems approach to quality assurance. The 
capacity of any analyst is limited and drives the need to break down complex systems into smaller sub
systems that can be readily understood, manipulated and redesigned. Careful definition of tenns, 
objectives, specifications and procedures used in quality assurance provides for the systematic control of 
processes and communications of quality information. This paper proposes a methodology for designing a 
typical quality system in any CIM facility which would be easy to comprehend and implement. Thus a 
systems analyst would find it very easy to understand an existing system and design the intended system 
more efficiently. In addition, new and transferred personnel can be trained effectively about the complex 
nature of the quality related activities. 

The potential of IDEF0 as a quality system design and improvement tool become apparent 
through use in a practical design situation. In addition IDEFo is a valuable aid to companies or consultants 
seeking to design systems in accordance with quality standards such as the ISO 9000 series. IDEFo is of 
great value for the design of automated systems that form a part of a larger human activity system. The 
resultant IDEF0 model proved able to incorporate and integrate the themes of continuous improvement 

IDEF0 also has great value in quality problem solving as a tool to support the improvement 
process. It is concluded that a simple method for planned evolution of systems is particularly appropriate 
to a process of never-ending quality improvement IDEFo allows a top-down step by step refinement, using 
a graphical representation with few constructs and simple rules. It is based on the widely accepted concept 
of a function or activity transforming inputs into outputs under external constraints. It forces the analyst to 
examine in detail what constrains and enables activities to present a divexse group of activities in ordered 
graphic form. The use of a graphical presentation minimizes the necessity for elaborate text and provides 
clarity in a standard form for the diverse aspects of a manufacturing organization. 
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ABSTRACT 

Ordinary Shewhart charts are based on the 
assumption that the variables charted are 
i.i.d. normal. When the data are correlated, 
Shewhart charts give erroneous results. To 
monitor and regulate correlated processes, a 
combination of statistical process control 
techniques and automatic process control 
techniques is needed. We review some 
important results in this area and also 
present a general methodology for the 
concurrent use of SPC and APC. 

1. INTRODUCTION 

Companies worldwide are now using control charts as a means 
for product and process quality control. The use of control 
charts such as the Shewhart X-bar and R charts is commonly known 
as Statistical Process Control (SPC). Shewhart charts find wide
spread use in the industry because of their ease of use and 
simplicity. However, the term "control" in SPC is misleading. 
Shewhart charts are used for monitoring processes and do not in a 
real sense control processes by manipulating some controllable 
variable. When an instability is detected on a Shewhart Chart it 
is up to the operator to search for an assignable cause, and if 
there is one, to take corrective action. 

On the other hand, Automatic Process Control (APC) 
techniques such as those practiced by chemical engineers utilize 
feedback and feedforward controllers to actually regulate the 
process once a deviation is detected. For example, in feedback 
control, if some deviation from target is detected at the process 
output then the controller makes an appropriate adjustment to the 
process to bring the process output back on target. 

In recent years there has been increasing emphasis on the 
concurrent use of SPC charts and AFC mechanisms[l]. The combined 
use of SFC and AFC offers the greatest promise in the area of on
line quality control especially when the data are correlated. In 
this paper we present a methodology for the concurrent use of SPC 
and APC in the discrete parts manufacturing industry. In the next 
section we explore some of the difficulties in using standard SPC 
charts for correlated data . 
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2. CONTROL CHARTS 

Shewhart Charts: Shewhart charts form the basis for 
statistical process monitoring~ Much of the basic philosophy 
behind Shewhart charts was laid down by Shewhart and Deming. 
Guidelines to create X-bar and R charts can be found in any basic 
quality control textbook[2]. Consider the X-bar chart. Here, X
bar, the mean of a sample of size n is plotted and any X-bar 
value that falls outside the control limits warrants 
investigation. The central idea is that when the process is "in
control", the process parameter should be predictable within the 
limits. If the limit lines are placed at plus and minus three 
standard deviations and if the process is "in-control" then there 
is only a very small chance that these limits will be crossed due 
to random effects. Thus if any reading falls outside these limits 
then it is likely that an assignable cause caused the deviation. · 
The null hypothesis that the process is "in-control" forms the 
basis of the control chart. 

CUSUM Charts: The cumulative sum control chart was developed 
by Page[3] and Barnard[4] for testing the hypothesis that the 
process mean is equal to the target value against the alternative 
hypothesis that the mean deviated by some amount. Again it is 
assumed that the data are independently and normally distributed 
with a constant mean and a constant variance. In the CUSUM 
procedure one plots the cumulative sum of deviations from target. 
One advantage of CUSUM charts is that they are able to detect 
smaller shifts in the mean much more rapidly than Shewhart 
charts. 

EWMA Charts: The exponentially weighted moving average chart 
was proposed by Roberts[5] and also by Hunter[6]. In this 
procedure the EWMA of the observations are plotted and when the 
EWMA exceed some action limits an adjustment is called for. Again 
the assumption of constant mean and constant variance holds. 

As mentioned earlier, the assumption of constant mean and 
constant variance is central to the effective implementation of 
Shewhart charts. But many industrial processes exhibit drift in 
the mean,i.e., the mean is non-stationary. In such cases the 
implementation of Shewhart charts results in a high number of 
false alarms. In cases where the data are correlated, Alwan[7] 
have shown that use of two charts called the Common Cause 
Chart(CCC) and a Special Cause Chart (SCC) can lead to better 
control over the process. The Common Cause Chart is a chart of 
fitted values of the data and gives a view of the current level 
of the process. This chart as defined by Alwan has no control 
limits. The Special cause Chart is a chart of the residuals. In 
the ideal case the residuals should be i.i.d normal and all the 
assumptions about Shewhart should hold. In the presence of 
special causes the chart of residuals will show departures from 
the mean. Some advantages of this approach are: (1) the fact that 
the data are correlated can be made use of in making forecasts of 
the quality variable,(2) the sec chart is based upon the 
assumption that the residuals are iid normal and therefore all 
the assumptions and rules applied to Shewhart charts are met, and 
(3) the sec chart can be used to detect special (assignable) 
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causes. 

SOME SIMPLE PROCESS CONTROL MODELS 3. 

PUre gain or steady state process: For a process with pure 
gain and in steady state the output deviation is given by- the 
equation, 

Yt = c + g xt-1 
where y~ is the change in the output at time t as a result -of a 
change in the input xt at time (t-1), g is the steady state gain 
and c is a constant. This model implies that for any input change 
made at time t-1, the output will have attained a new steady 
state value at time t. This is common in the parts industry where 
a change in the setting of a machine is readily apparent in the 
next time interval. 

Dynamic models: When transient effects are present i.e., 
when a change in the input is not immediately shown on the 
output, the process may be modelled by using linear dynamic 
models. The following first order difference equation shows a 
process sampled at discrete intervals, 

Ye =c + oyt-i + g(l - o) xt-i 

where, (1-o) is the proportion of the output response in the 
first time interval after the step change has occured in the 
input and c is a constant.In some cases transfer functions of an 
higher order may be needed. 

Box and Jenkins[8] have shown how to derive the discrete 
transfer functions using time series analysis. The approach 
adopted here is to model the disturbance by a suitable time 
series model and the inertial characteristics of the system by a 
suitable transfer function model. It is then possible to write 
down an optimal control equation. When there are non-zero costs 
for inspection and adjustment then is possible to derive minimum 
cost control schemes. Derivation of discrete transfer function 
for the dynamic case is briefly described in the next section. 

4. TRANSFER FUNCTION MODELS. 

In process control terminology, the relation between the 
input and output is given by standard differential equation of 
the form; 

where, 
Y(t) = output 
X(t) = input 
D = the differential operator, d/dt 
E,H = unknown parameters of the model 
b = the time lag or delay. 

The difference equation equivalent of the differential 
equation shown above is: 
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where, 

..1 = the difference operator 

~ , ri = unknown parameters 

b = the time delay. 

The difference equation above may be rewritten in terms of 
the past values of the input and output as; 

i.e. , 

(1-olB- ... -orBr) Yt= (tijo-ti11B- •. . -msB 5 )Xt-b 

The R.H.S of the above equation may be written as 

(ti10Bb-ti11Bb+l_ .... -u5~b+s) Xe 

where, 

Then we can say that the input and the output are linked by 
the linear filter whose transfer function is; 

11' (B) = Q (B) / o (B) = 0-1 (B) Q (B) 

Once the transfer function of the process has been derived 
we need a model of the disturbances that affect the process. 
Using time series analysis, a variety of models for the 
disturbance may be derived as shown by Box and Kramer(9]. A 
common disturbance model used for a process in a state of 
statistical control assumes that the model may be written in the 
form of a white noise sequence. If the disturbance is given 
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denoted as Zt then, zt = at. This model is known as the random 
walk model. However, if there is a tendency to wander from the 
target it implies that there is dependence between successive 
deviations. A general class of models used to describe 
stationary processes is the stationary autoregressive models of 
order p. Drifting behavior may be described using the · 
nonstationary Autoregressive Integrated Moving Average (ARIMA) 
models. The simplest of the ARIMA models is the Integrated Moving 
Average (IMA) model given as; 

zt = zt + at 

where, 

Zr; is the EWMA forecast 

and is defined as; 

It follows that, 

As each new value is available then the forecast can be 
readily updated. This forecasted value of the disturbance can 
then be used to set up minimum variance controllers. If we assume 
that the cost of being off-target is proportional to the square 
of the deviation, then the minimum cost control scheme is simply 
the minimum variance control scheme. Kramer[lO] has derived 
minimum cost schemes for the case where the process disturbance 
is modelled as an IMA taking into consideration non-zero 
monitoring and adjustment costs. 

Vander Wiel et.al(ll] show an application of the combined 
use of SPC and APC. They model the intrinsic error as a first 
order autoregressive sequence and the transfer function 
describing the sequence is modelled as a autoregressive moving 
average series. The minimum mean squared error feedback control 
action is derived for cases where there is no time delay in 
analyzing and reporting the measurement and for the case where a 
time delay is present. A CUSUM chart is then used on the output 
data to visually monitor the process. 

5. EXTENSIONS and CONCLUSIONS 

Kramer[lO] assumes that the disturbance is non-stationary 
and is the cumulative effect of many common causes. If one 
assumes that the process is "in-control" then the deviations 
above the control limits are mostly caused by special assignable 
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causes. For the dual purpose of process regulation and detection 
of assignable causes we propose the following procedure. First, 
model the process using time series analysis and derive a 
transfer function of the process using the method shown in 
section 3. The transfer function thus derived can be used to set 
up the feedback controller. The Common Cause Chart(CCC) will then 
be a chart of the fitted values. This chart may be then used for 
process regulation using the feedback controller. Economic 
control chart design techniques may be used to fit control limits 
to this chart and also to determine the sampling interval. The 
Common Cause Chart can also be used as a predictor of future 
process behavior. When each sample reading is ready a forecast of 
the future process level is made and regulatory action is taken 
depending on whether or not the forecast falls outside the 
controls limits. The Special Cause Chart(SCC) is the chart of the 
residuals with the usual 3-sigma control limits. This chart · 
indicates if there are any special assignable causes affecting 
the process. For example, if the process output is modelled using 
an ARMA (1,1) model, then it can be shown that the variance of 
the process output forecast is: 

O~cc = ( (¢1 - 61 ) 
2 o!) / (1 - <l>i) 

This is the variance of the fitted model i.e., the CCC. 
Economic control limits may be then derived for the CCC taking 
into account the monitoring and adjustment costs. When the output 
forecast crosses the control limits then an adjustment indicated 
by the transfer function is made to the process. At the same time 
the sec will keep track of any assignable causes affecting the 
process. The authors are currently working on this methodology. 
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GRAPHICAL IMPLEMENTATION OF ECONOMICALLY DESIGNED 
CONTROL CHARTS FOR VARIABLES 

Vinod Lall, P.h~D. 
Assistant Prof ., Aero Manufacturing Engineering Technology 

North Dakota State University, Fargo N.D. 

ABSTRACT 

Control charts are a common Statistical Quality 
Control (SQC) tool. Design of control charts involves 
specifying the sample size, sampling frequency, and a 
multiplier to calculate the control limits. Douglas 
C. Montgomery developed a computer program for 
economic design on an X-bar control chart based on a 
cost model proposed by A.J. Duncan. The author 
modified Montgomery's program to develop similar 
models for other control charts for variables . This 
paper discusses cost models for economic design of 
control charts for individual measurements, moving 
average, geometric moving average, and warning limit 
control charts. Results of sensitivity analysis on 
the models are also discussed. 

INTRODUCTION 

An important consideration in the use of any control chart is the proper 
design of the chart. To design a control chart , the following parameters have 
to be specified: 

- the sample size, n, 
the time interval, h, in hours between two successive 
samples each of size n, and 

- the multiplier, k, in units of standard deviation to 
obtain control chart limits . 

Control charts can be designed on the basis of statistical or economic 
criteria. Traditionally, the design o f control charts has been based on 
statistical criteria alone. It involves selecting the sample size and c ontrol 
limits by specifying two variables : the power of the control chart to detect 
a particular shift in the quality characteristic and the type I error 
probability. 

The objective in economic design is to minimize the net sum of quality costs. 
Economic design of conventional Shewhart control charts has been investigated 
by several researchers. Most of the earlier work was semi-economic in nature. 
This was because of the omission of some cost parameters and application o f no 
formal optimization technique to the cost function [6] . Duncan was the first 
to apply a fully economic model to a Shewhart type control chart and use 
optimization methods to determine control chart parameters. Duncan proposed a 
cost model for an X-bar chart. Duncan's model was modified to design the 
individual control chart , the moving average chart, the geometric mov ing 
average chart, and the modified control chart with warning limits. 
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DUNCAN'S COST MODEL FOR AN X-BAR CONTROL CHART 

Duncan's cost model became popular because of its simplicity and was chosen to 
form the basis of economic design . The model requires the values of several 
cost parameters . Optimal estimates of these parameters are seldom available, 
but the model has the advantage of not being very sensitive to the values of 
these parameters . The assumptions used in the model are very practical and 
include the following: 

- the in-control state of the process corresponds to the mean of the 
quality characteristic being monitored, 

- the process starts in a state of statistical control with mean µ0 and 
standard deviation cr, 

- the period of time during which the process stays in control is an 

exponential random variable with mean 1 / A. That is, the occurrence of 

assignable cause is a Poisson process, with A occurrences per unit time, 

- a single assignable cause shifts the mean from µ 0 to µ0 ±0tr, where o is 

the magnitude of the shift in mean in multiples of cr, 
- samples of size n are taken every h hours, and a sample statistic is 

plotted on the control chart with the center line at µ 0 and control 

limits at µ 0 ±kcr/✓n, 
- a search for assignable causes is made when a point falls outside the 

control limits . The process continues to be in operation during the 
search. 

Duncan's cost model is shown in Table 1 . It is a mathematical function that 
expresses the relationship between the control chart design parameters and the 
various quality costs. These costs fall into two main categories . The first 
category includes the costs incurred in the in-control period, and the second 
category is made up of costs in the out-of-control state. The following costs 
were considered in the model: 

COSTS OF SAMPLING AND INSPECTION: This cost category is made up of two 
components. The fixed component, a 1 , is independent of the sample size 
and c onsists of the expenditure on calibration and measurement equipments 
and manpower costs. The second component, a 2 , is a variable cost 
incurred as each sample is taken and includes the cost of sampling, 
testing, and charting . Therefore, the total cost of sampling per hour is 
(a 1 +a2n) / h in dollars per hour. 

COST OF INVESTIGATING OUT-OF-CONTROL SIGNALS AND CORRECTING ASSIGNABLE CAUSES: 

After an out-of-control signal is detected in a control chart, it is 
necessary to identify the reasons for the out-of-control condition . 
After the reasons are isolated, the process must be brought back into 
control by rectifying the assignable cause. The expenditure incurred in 
finding and correcting the assignable causes is modeled by a single cost 
coefficient, a 3 , in dollars. 

COST OF INVESTIGATING A FALSE ALARM: At times, a process exhibits an out
of-control condition even though it is actually in control. The 
condition is referred to as a Type I error condition. The cost of 
investigating a false out - of - control signal is represented by the 
c o efficient, a 3 •, in dollars. 
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COST OF PRODUCING DEFECTIVE ITEMS: This category is made up of internal and 
ex ternal failure costs . The internal failure cost is made up of t he cost 
of rework and scrap. The external failure cost consists o f replacement 
or repair costs for units under warranty. Both costs are represented b y 
a single cost coefficient, a 4 , in dollars. 

Table 1: Duncan ' s Single Assignable Cause Model [3] 

E (L) 

where 
E(L) = Expected cost per hour incurred by the process 

B = (1/(l-B)-l/2+Ah/12)h + gn + D 

a4 
Cl 

13 

= 
= 
= 

= 
= 
= 

Fixed cost of sampling 
Variable cost of sampling 
Cost of finding an assignable cause 
Cost of investigating a false alarm 
Hourly penalty cost for operating out of control 
Probability of type I error 
Probability of type II error 

g Time to sample one item and interpret the results 
D Time to find assignable cause 
~ Parameter of exponential distribution of time before 

assignable cause occurs 
n Sample s i ze 
k = Multiple of standard deviation of statistic plotted on 

chart 
h = Sampling interval 

AVERAGE RON LENGTHS (ARL's) FOR CONTROL CHARTS 

An important consideration in the optimal economic design of any control chart 
scheme using Duncan's cost model is the proper calculation of two parameters. 
These parameters are the average run length while in control, ARLl=l/a, and 
the average run length while out of control, ARL2=1/(1-l3). The ARL's 
represent the number of units that must be sampled until an out-of-control 
point is identified and are proportional to the number of units produced. 
When the process is operating in control, the ARL is large. When the process 
is out of control, the ARL should be small in order to minimize the number of 
defective units produced. The computation of the ARLs requires specifying the 
correct values of the following two parameters: 

a probability of type I error 
= probability of out-of-control signal when the process is in control 
= probability (LCL $Mean$ UCL) and 

l-f3 power of the chart 
= 1-probability of in-control signal when the process is out of control 
= probability (UCL< Mean< LCL) . 

The values of a and 1-!3, for each control chart type, are obtained by 
substituting the appropriate values of LCL and UCL for each chart type in the 
above general expressions. Montgomery [5] developed the following expression 
for a and 1-13 for an x-Bar Chart. 
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a = 2 0 ( - k) and 

~ = 0 (k-o✓n) - 0(-k-o✓n), where 0(*),is the standard normal 
distribution function with parameter*. 

The values of a and 1-~ for other control cha.rt types were developed by the 
author and are as follows : 

Individual Chart: The manner in which the control limits are calculated 
for an individual chart is the same as that for an X-bar chart. The only 
difference is that in an individual chart, the moving range of two 
successive observations is used to estimate the variability, while in an 
X-bar chart, the overall range of the data set is used. Therefore, the 
values of k and h for an individual chart will be the same as an X-bar 
chart. Also, since one sample per subgroup is taken, the sample size, n, 
will always be one . Therefore : 

a = 2 0 ( - k) and 
~ = 0 (k-o✓n) - 0 ( -k-o✓n) . 

Moving Average Chart: 
a 20 ( ~k/✓ (nw) ) and 
~ 0(k-6✓ (nw))-0(-k-o✓ (nw)), where w is the subgroup span used for 

calculating the moving averages. 

Geometric Moving Average Chart: 
a 2 0 (-k✓r/✓ (2 -r )) and 
~ = 0(k-o/(✓r/✓ (n{2-r)))- 0(-k-o/(✓r/✓ (n(2-r))))), where r is the 

weight assigned to the most recent data. 

X-Bar Chart with Warning Limits: X-bar charts with warning limits are 
made up of the usual action limit, ka, and the warning limit, kw, where 
0<kw<ka. Design of this chart requires specifying the warning limits, 
kw, in addition to the action limits, ka, the sample size, n, and the 
sampling interval, h . Traditionally, the ratio kw/ka=2/3 . Chiu and 
Cheung (2) showed that when kw/ka is fixed at 2/3, the ordinary X-bar 
chart results in lower costs than the modified X-bar chart with warning 
limits . Therefore, fixing kw/ka at 2/3 may not be desirable from an 
economic point of view. The authors further suggest that in situations 
that warrant the application of a modified Shewhart chart, one should set 
kwfka=O. 85. 

In this paper, the action limits, ka, are obtained by using the same ARLs 
as the X-bar chart . The warning limits, kw, are calculated by 
multiplying the action limits, ka, by 0.85 . 

OPTIMIZATION OF THE COST MODEL 

The economically optimal design parameters for each control chart are obtained 
by optimizing the cost model discussed above in the following two stages: 

OPTIMIZATION STAGE I: In this stage an approximate value of the sample 
size, n, and a starting value for the multiplier, k are calculated. The 
power of the chart, 1-~. is constrained to a value of 0 . 90, with 
probability 0 .1 0 for a type II error . The sample size , n, and the 
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ultiplier, k, are then calculated by the solution of the equations: 
m 2 I 

(Z+k)/0(k)=(O a 3 )/(a2 +Aa4g) and 

o✓n-k=Z. 
The sample size, n, is an integer. Therefore , the calculated value of n 
is truncated to the next lower integer value. The resulting value of n, 
say nl, is used to fix the upper and lower limits for the search of the 
optimal value of n. 

OPTIMIZATION STAGE II: The second optimization stage is used to find the 
optimal values fork and h, for every value of n in a search interval . 
The lower range of this interval is the maximum of O and nl-10. The 
upper range of this interval is nl+lO . For each n, the search starts 
with a local exploration, in small steps, around the starting values of k 
and h. The starting value of k is obtained from the optimization module 
I. The starting value of his obtained by the solution to the following , 
equation: 

As discussed earlier, the values of a and 1-~ are different for each 
chart type. The cumulative standard normal distribution values required 
to obtain the values of a and 1-~ are calculated by using the 
approximation proposed by Abramowitz and Stegun [1] . 

The starting values of k and hare used to obtain the value of the cost 
function . If there is a reduction in the cost function from the previous 
step, the search is a success, and the step size is increased. If there 
is an increase in the cost function, the search is a failure, and the 
step size is reduced. This search is continued until the step size is 
reduced to a specified value . The values of the cost function, k, and h, 
for each value of n, are stored in the form o f arrays. A DO-loop is used 
to search the minimum value of the cost function from among these values. 
The values of n, k, and h, corresponding to this minimum cost, are the 
optimal design parameters for the control chart. 

The optimal design values are used to calculate the center line and the 
control limits for each chart type. The economically designed control 
charts are plotted by making calls to appropriate Graphical Kernel System 
(GKS) [7] subroutines. 

SENSITIVITY ANALYSIS OF THE COST MODEL 

A sensitivity analysis to study whether the control chart design values vary 
in the way expected was carried out on the cost model . Sensitivity analysis 
requires systematically changing the values of input parameters and observing 
the effect of these changes on the output from the model. The input data set 
was obtained from Montgomery [5], who uses it as an example to test Duncan's 
model. For example, the fixed cost of sampling was varied from 1.0 to 3.5 in 
increments of 0.5 . Increases in the fixed cost causes h to increase. This is 
consistent with the desirability to have infrequent sampling when the sampl ing 
costs are high. This and other results from the sensitivity analysis 
indicated that the optimal design parameters for each control chart type 
varied appropriately . 
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CONCLUSIONS 

Montgomery's computer program, based on Duncan's cost model, designs an 
economically optimal X-bar control chart. This paper discussed the salient 
features of programs developed to economically design individual control 
chart, X-bar control chart with warning limits, moving average and geometric 
moving average control charts. 

COMPUTER PROGRAM 

A listing of the computer program developed is available from the author. 
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TQM IN FACTORY LAYOUT AND FACTORY PLANNING 
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Seagate Technology, Oklahoma City, Oklahoma 

ABSTRACT 

. nciples have been applied in many areas. One area that has not been studied in great 
TQM ~{iis factory planning and factory layout. At Seagate Technology's Customer Service Center, 
detaible work areas have evolved as production areas are continually redesigned by Total customer 
flexi faction (TCS) teams to adapt to changing customer requirements. A technique for applying 
satis rinciples to plant layout and factory planning is to start with the traditional project 
TQM pement approach to define the project frame work. Next, a cross functional team develops 
lllaJl.l.gngful targets with clear units of measure to be reviewed during project progress. The 
me~ts are based on defects or things that went wrong during previous projects. Obstacles which 
~~ded the scheduled completion date or reduced customer satisfaction with the finished project 
1

~ reviewed and designed out or planned around. The integration of quality in every step of the 
ar · dl h du .. planning and an effective ep oyment approac ensures success e to two-way communication. 

:CNTRODUCT:ION 

Total quality management and continuous improvement programs usually 
involve proactive, customer oriented, problem solving teams. Factory planning 
and plant layout require a knowledge of construction principles, the ability 
to schedule and manage projects, process flow data, the ability to influence 
internal service providers without direct authority, and information about the 
expectations for the completed work area. The challenge at Seagate's.Customer 
service Center is to efficiently rearrange the production areas and manage the 
finite quantity of floor space while responding to constantly changing 
requirements of the disc drive repair industry. Limited floor space had to be 
allocated based on often conflicting needs. This sometimes involved 
reallocating floor space between buildings around Oklahoma City. Increasing 
warranty periods combined with the need to establish repair capability for new 
product introductions and shortening product design cycles further complicate 
the situation. Contract obligations often required that repair capability be 
maintained even though the return volume for a certain product is very small. 
The Customer Service Center was housed in a 180,000 square foot building 
repairing over 23 different disc drive models. 

The turn around time and customer service level had to be maintained so 
that changes within the factory were transparent to external customers. It 
was important to optimize the factory layout process so that projects did not 
impact the production schedule. Production workers were expected to perform 
precision assembly and diagnostic operations. A quality work environment and 
layout affect their ability to perform the job. A good process flow can 
translate into reduced rework. It has been said that the cost of the job is 
~ess when done right the first time. This is also true for layout 
implementation. A well-designed layout with input from all areas, costs less 
than working around several revisions. Changing the layout design is easier 
and cheaper than redoing construction or living with a sub-optimal process 
flow. 

The alternative to team involvement in factory layout and design might 
be to use PERT and other project management techniques, computer flow analysis 
and simulation, layout checklists or layout planning expert systems. All of 
these require input data and valid assumptions provided by the project manager 
~r factory planning expert. Involving team members with experience, di verse 
ackgrounds and view points increases ownership by the users of the area and 

results in better acceptance of the finished product. 
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LITERATURE REVIEW 

Most (80%) quality program implementations fail because TQM is seen as a 
quick fix and a real shift in attitude does not take place (l] . A failed 
implementation is one where slogans and banners are not backed up with action. 
If a random sample of employees cannot answer questions about their TQM 
program and discuss its impact on their job, then you can usually conclude 
that the TQM program is not very strong. However, criticism of the way TQM is 
implemented at the company should be viewed as positive because TQM promotes 
examining facts, accepting input from all levels and finding better ways to do 
things [2]. Input from people close to the manufacturing process is key to 
designing a workable factory layout. Maintaining competitiveness and 
improving customer satisfaction have motivated some companies to try TQM [3]. 
They are also reasons why creating better process flow layouts is important. 

Another idea commonly found in TQM programs is the emphasis on 
customers. Customers that are internal to the company are often over looked, 
Paying attention to internal customers is a good reason why TQM techniques 
should be used in layout planning. Assumptions are often made about the layout 
without much consideration of the users' viewpoint. Responsiveness to 
customers and knowing their needs can translate into increased profi.t in 
regards to both internal and external customers (4] . Concentrating on 
preventative TQM solutions saves more money than fixes after the fact [5] . 
This is evidenced by the ease of making changes to floor plan drawings versus 
the difficulty of reconfiguring complex material handling systems. 

Team work and teams are generally part of successful TQM programs 
[6]. Utilizing cross functional teams can aid in collecting process details. 
The layout can only be as good as the data and assumptions it was formulated 
with. Project management can be enhanced by involving team members. Two way 
communication and milestones developed by the team show relevant progress 
towards the goa1(7]. A good time to make improvements may be when areas are 
being consolidated. Cross functional teams can handle the complex task of 
changing the process while consolidating production areas [8]. 

Gains in factory efficiency from implementing TQM should result in 
reductions in floor space requirements due to smaller inventories and better 
scheduling [8] . In addition, electronic devices are being designed in 
smaller packages. Factory layouts should be planned to take advantage of this 
trend. 

CASE STUDY 

A new product from Seagate's Minneapolis design center was being 
transferred to high volume production in the Far East. At the time of 
transfer off shore, a repair line for this product was to be established in 
the Oklahoma City Customer Service Center to handle warranty returns. 
Several older products repaired at the Oklahoma City Repair Center were in a 
prime location near the receiving dock and the finished goods area. The 
return volumes for these older products were declining but contract 
obligations required that repair capability be maintained for a couple more 
years. To make space for the new product, it was decided to merge the repair 
lines and move them to a smaller test floor at the other end of the building. 
Relocating the repair lines and changing the process at the same time would be 
a complex task. The project had to completed in six weeks time. An updated 
layout of the area, an equipment list and capacity model were required. The 
standa-rd procedure was for an industrial engineer to design the layout and 
also manage project implementation. The industrial engineer would formulate 
the project plan and milestones, then follow up with the responsible parties 
to verify that their work was progressing according to plan. The new area 
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ould be only soi the size of the existing area. It was thought that there 
was excess equipment which could be retired and several operations could be 
wonsolidated to fit the production lines into the new area. A forecast of the 
~quipment requirements based on the number of drives expected to be repaired 
was needed . The production control department was asked to provide a current 
returns forecast. The product lines' manu_facturing engineer was asked to 
provide an updated process flow chart. Process times were reviewed with lead 
technicians and production operators . The returns forecast was plugged into an 
equipment capacity model and compared with the current equipment on hand. A 
team of production operators, technicians , material handlers, production 
schedulers, manufacturing engineers and production supervisors was assembled 
to review the results and make a recommendation. Production management was 
concerned about maintaining some surplus capacity as a safety margin. 
unforcasted events had forced sudden schedule increases in the past. 
comparing the actual returns to the forecast for the last six months showed 
this to be true. Also, because these were mature products and most of the 
test equipment was built in-house, it would be almost impossible to ger 
replacements once equipment was scrapped. It was decided to maintain a small 
amount of surplus capacity on critical equipment and then use overtime shifts 
for additional capacity if the need arose. Since the team had already been 
assembled to look at the capacity model, it was decided to keep meetiJJ.g to 
review the equipment arrangement on the layout drawing and project 
implementation . 

The first draft showed the equipment in almost the same arrangement in 
the new area . Process flow charts dictated which stations were located next 
to each other. The team began identifying problems with the new layout and 
pitfalls to avoid from the current arrangement. Production management 
requested improvements to the lighting scheme. A tiled floor was requested to 
help with cleanliness and also made the area look brighter. The production 
people were interested in seeing a well lighted area with aisles that weren't 
too narrow or congested. Considerations were made in the layout for a 
computer based data collection system. Many of the stations were connected to 
the building's local area network. The system had been installed after the 
current layout was in place. Setting up a new layout provided the opportunity 
to make improvements to the cabling pattern. Equipment maintenance technicians 
would give their input on the equipment arrangement based on the requirements 
to perform preventative maintenance and repair. Combining operations would 
mean reconfiguring test equipment. This could affect the function and 
reparability of the equipment. However, the new configurations would result 
in less floor space required and make it possible for one operator to run 
multiple stations. The facilities department wanted to install a more flexible 
power distribution system because frequent requests to change the layout made 
it difficult to keep up in the past. This would make the area more easily 
adaptable for a new product once the older ones were taken out of production . 
Production control wanted to see a reduction of work-in-process (WIP) . A 
request was made to change the layout in the cleanroom to a new head- to-tails 
flow into and out of the room. Some negotiating with equipment support was 
done to reduce the maintenance access behind cleanroom equipment . The servo 
track writers were critical to the process and were given special 
consideration when moved. Conveyors into and out of the room were shortened. 
A double layer was used to increase the queue space. The drawing was reviewed 
several times and a narrative was written explaining the assumptions before it 
was agreed to by the team . It was then sent to the facility engineering 
department for construction contractor bids. 

A major goal was to keep the cost low since these were mature products 
with a slim profit margin . The second important goal was to make sure that 
the scheduled shipments were made. ' Production management decided that costs 
could be kept down by relocating the equipment during the week to avoid paying 
the weekend premium. The schedule was built up ahead of time so the move 
could be completed during the week without missing shipments. The facilities 
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department came back with the date they could have the construction work 
done. Also the cleanroom had to be recertified to ensure that the particle 
count, temperature and humidity were within the specification. Time for 
recertifing was added into the schedule. After the layout was setup, the QA 
department performed a process maturity test (PMT) to verify that any changes 
associated with the rearrangement did not affect the production output 
quality. · Shipments would resume only after, the PMT was complete. This time 
was added into the project milestone chart. The air lines, vacuum lines and 
power buss were to be set up before the move, but the individual buss boxes 
were installed during the move. The power had to be in place so that equipment 
support could test and check out the equipment. A numbering scheme was used 
to plan the order of the move. The move by the number made it easier for 
people not familiar with the layout to help out. It also reduced the risk of 
misplacing things. All WIP would be boxed and labeled so that it would start 
at the same point in the process after the move. Finally the move date was 
set. The project team assigned milestones to be "keyed" off during project 
progress. With inputs from facilities and operations a timeline was 
established. A final meeting took place in the new work area. Any · last 
minute changes were noted and all concerned parties could visualize the task 
before them. 

Manufacturing engineering technicians assisted with building up. new 
burn-in racks that held more drives in the same amount of floor space. These 
were completed in the new area and were phased in while the old ones were in 
use. The janitorial crew gave the test floor a final clean up before the 
move. The clean room equipment was moved first. The maintenance staff 
worked along with the movers to provide power as needed while equipment was 
being set up. The overhead electrical power buss was used to make the 
cabling for the new local area network and WIP tracking neater in appearance 
and easier to install. Labels were affixed to all the equipment and were easy 
to remove after things were in place. Because production was involved with 
the design, the move of equipment went relatively fast and right into place. 
The move went according to plan without any major problems with the 
equipment . A walk through the area with management was done to develop a list 
of follow items and possible improvements for the next move. 

CONCLUSION 

The requirements for good factory layout implementation and the elements of 
good TQM implementation make the two perfectly suited for each other. The 
desired outcome of implementing a TQM program are the same as those of many 
other business strategies; reduce cost, improve productivity, and increase 
profits. The advantage of TQM over some other strategies is that it can 
incorporate under-utilized human resources and proactive methods. 

FUTURE STUDY 

Future studies would look at ways to build the project team and collect 
information from a variety of sources, organize it into a database of factory 
rearrangement history, share ideas with others, and define company goals in 
terms of each project team's output. 
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ABSTRACT 

The global market is becoming more and more prominent as we enter 
into the 21st century. Competing in this global market will require a new 
approach to conducting business. The European Community (EC) realized 
that it is difficult to conduct business, even within their own continent, 
because of differences in language or culture. Therefore, they adopted the 
ISO 9000 series of quality system standards to help unify and harmonize an 
organization's approach towards quality. Their objective was to defme a 
single market place as an area without internal frontiers, in which the 
movement of goods, persons, services, and capital were ensured. Rockwell's 
Collins Commercial Avionics Division realized the importance of this global 
market place. This paper presents a case study of the approach used by 
Collins Avionics to obtain ISO 9002 certification for its manufacturing 
facility in Melbourne, Florida. This paper also provides an overview of the 
ISO 9000 series of quality standards. 

BACKGROUND 

The ISO 9000 series of quality standards consists of five documents, three standards and two guidelines. 
The first document, ISO 9000 is titled Quality Management 011d Quality Standards - Guidelines for Selection 
and Use. This document has two purposes. The first is to clarify the principle quality concepts. These 
principle concepts address an organization's capability to provide confidence to their management and 
demonstrate to their customer the ability to achieve and maintain its intended level of quality. The second is 
to provide guidelines for the use of a series of international standards on quality systems that can be used for 
internal quality management (ISO 9004) and for external quality assurance (ISO 9001 through ISO 9003). 

ISO 9001 through 9003 are the three standards to which a company can be certified. These three 
standards deal with quality system models that can be used for external quality assurance purposes. Each 
model represents a distinct form of functional or organizational capability suitable for two-party contractual 
purposes. ISO 9001 is titled Quality Systems - Model for Quality Assurance in Design/Development, 
Production, Installation, and Servicing. This is the most stringent of the three standards, because it includes 
all 20 elements of the system model. The requirements specified in this standard are aimed primarily at 
preventing nonconformity at all stages from design through servicing. This standard is intended for 
organizations such as engineering and construction firms, and manufacturer's that design, develop, produce, 
install, and service products. ISO 9002 is titled Quality Systems - Model for Quality Assurance in Production 
and Installation . The requirements of this standard are aimed primarily at preventing and detecting 
nonconformity during production or installation, and implementing preventive action. This standard is 
relevant for those industries where the specific requirements of the product are stated in terms of design or 
specifications. ISO 9003 is titled Quality Systems - Model for Quality Assurance in Final Inspection and Test. 
The requirements of this standard are aimed primarily at demonstration of any product nonconformity 
during final inspection and test. This is the least referred to standard. It concerns small shops, divisions 
within an organization (such as a laboratory) or equipment distributors that inspect and test products. 
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ISO 9004 is titled Quality Management and Quality Systems Elements - Guidelines. This document offers 
guidelines for interpreting the elements required in ISO 9001 through 9003. The acceptance and application 
of these elements within this standard are dependent upon factors such as market sector, nature of the 
product, the production processes involved, and the customer's needs. 

Four factors, in general, are driving the trend for adherence to the ISO 9000 series of quality standards. 
First, some governments are requiring that companies, selling certain products or services in their country, be 
certified to this set of quality system standards. Secondly, through contractual agreements, many companies 
that purchase imported goods and services are demanding that their suppliers be ISO 9000 certified. Thirdly, 
manufacturers have found that implementing the ISO 9000 standards enables them to institute, monitor, and 
improve the quality of their business. Finally, the formation of the European Community has strongly 
encouraged the adherence to the ISO 9000 series of standards. 

The quality system requirements of ISO 9001, as stated previously, are most stringent because they 
include all 20 elements of the system model. Each of these elements is concerned with the major stages of a 
product's life-cycle. A brief discussion will be presented for each element. 

Management Responsibility 

Quality System 

Contract Review 

Design Control 

Document Control 

Purchasing 

It is management's responsibility to clearly define the company's quality 
goals and objectives. This is typically expressed in the company's "Mission 
Statement". Management must also define who has the authority and 
responsibility for the operation of the quality system. This too must be 
clearly defined. 

There is no canned formula for a quality system. The system should be 
designed so that the company's interest and the customer's needs are 
equally balanced. The system must address all facets of operation which 
affect the quality of the product. Most importantly, the system must be 
documented and made available. 

A formal contract review must be documented and in place to review each 
contract before work begins. The review process can be performed in any 
way suitable, provided the end result achieves all the requirements of the 
contract. 

The design control is primarily based on three fundamental elements. The 
control system must ensure that qualified people check the design. The 
design control system must be confidant that the work can be successfully 
completed within their organization. Finally, the design must meet the 
requirements stated within the contract. 

The documentation method of the quality system includes the procedures 
necessary to complete the work as well as the instructions for what work 
needs to be performed. This documentation must be organized, up to date, 
and easily accessible. 

Control needs to be provided to ensure that the materials purchased are of 
the quality ordered and that the subcontractor's performance is acceptable. 
The selection method of a contractor must be formally written and records 
of their performance must be documented. 
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Purchaser Supplied Product 

Product Identification 
and Traceability 

Process Control 

Inspection and Testing 

Inspection, Measuring, 
and Test Equipment 

Inspection and Test Status 

Control of Nonconforming 
Product 

Corrective Action 

Handling, Storage, Packaging 
and Delivery 

Quality Records 

Internal Quality Audits 

Material is sometimes supplied by the purchaser. A system must be in 
place to provide control of purchaser supplied product and to prevent it 
from any subsequent damage. ~ 

Different products which might be confused or may require traceability 
should be marked in some way. This traceability may prove to be vital 
when product liability issues arise. 

This element applies primarily to the manufacturing industries. A formal 
definition of the process steps and how they are to be performed must be 
documented. The requirements of design should be reflected in these 
instructions as well as workmanship standards and assembly details. 

The degree of inspection and testing depends on the need. However, the 
results must be documented and records must be kept according to a 
formal procedure. 

When measurements are made that will be used to determine the quality of 
the product, the instrument used shall be the appropriate tool and must be 
calibrated to some standard. 

The inspection and test status of a product must be identified. This can be 
accomplished by any suitable means such as tags, labels, stamps, or even 
product location. 

Control must be provided to prevent material which does not meet 
specified requirements from inadvertent use. Procedures shall be 
established and maintained that describe how a nonconforming material 
shall be identified, segregated, and disposed. 

A system should be established which evaluates both short term and long 
term solutions to problems to prevent reoccurrence. The system, in general, 
must be capable of continuous process improvements. 

Handling, storage, packaging and delivery pertains to all the elements of 
the product, from the receipt of raw materials to the delivery of finished 
product. A control system must be established which demonstrates that due 
care is exercised when addressing these elements. This includes proper 
identification, monitoring, and disposal of materials that are date sensitive. 

Quality records are required to be maintained to verify that the product 
meets all the design requirements. The records should be readily accessible 
and easily retrieved. 

Demonstration of an effective system is a major objective. The internal 
audits are used to verify the performance of the system. The frequency of 
the audits is generally dependant on the importance of the process. It is 
imperative, however, that all aspects of the company that affect the quality 
of the product be periodically audited. 
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Training 

Servicing 

Statistical Techniques 

All personnel affecting the quality of the product must be trained in their 
respective duties. The required training must be defined, and records shall 
be kept to illustrate an individual's ability to perform those duties. 

Servicing is a broad category. The activities, in most cases, are defined 
within the contract. This category, however, may be expanded to include 
installation procedures and spare parts support. 

Processes which exhibit variables during operation must be monitored using 
some statistical means to ensure that the product meets the design 
requirements. 

The overall objectives of most quality systems are to meet the defined design requirements of the product, 
supply a product on time which meets the customer's needs and expectations, and to provide the product at a _ 
cost which makes a profit. This international standard is a guideline which enables these objectives to be 
realistic. The realization depends on the implementation of the system and, of course, the product or service 
being offered. ISO 9000 certification does not address the quality of the product or service, only the system's 
quality with which it is being manufactured or offered. 

CASE STUDY 

Collins Commercial Avionics Division resides within Rockwell's electronics sector. Four divisions make up 
the Collins Commercial Avionics Division. These four divisions are Collins Air Transport, Collins General 
Aviation, Railroad Electronics, and Mobile Communications. This case study will focus on the efforts put 
forth by the Collins General Aviation Division to obtain ISO 9002 certification. 

The Collins General Aviation Division (CGAD) is considered one of the "Big Three" within the civilian 
aviation arena. The division is headquartered in Cedar Rapids, Iowa. The division's functions are primarily 
located at the headquarters with the exception of production operations. Production operations is located in 
Melbourne, Florida. Production operations manufactures avionics products for use in general aviation 
aircraft, including regional airline, business jets, turboprop and piston aircraft, and helicopters. The avionics 
products are all manufactured in accordance with controlled design specifications and manufacturing 
processes. The products are primarily manufactured under Federal Aviation Administration (FAA) 
regulations and guidelines, with a few exceptions. It is important to note that the United States Government 
and the governments of some foreign countries purchase limited quantities of CGAD products as "complex, 
non-critical, off-the-shelf' commercial equipment. All Collins Avionics equipment which meet government or 
military standards are manufactured by the Collins Avionics & Communications Division. 

A number of factors attributed to the pursuit of ISO 9002 certification for this division. Some of the more 
common reasons were to maintain a competitive posture in the market place and the realization of a global 
market. The certification was strongly encouraged by the sister division, Collins Air Transport. Both of the 
divisions share a number of the same customers. It was considered a strategic business move for the General 
Aviation Division to pursue ISO 9000 certification after it was strongly encouraged by a major european 
customer of the Air Transport Division that they should consider certification. This, however, is not the most 
significant factor that attributed to the decision to pursue certification. The most significant reason, 
underlying all these obvious reasons, was the fact that management identified the genuine need for a quality 
system improvement. 
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A commitment to pursue a quality system certification of this magnitude is an enormous undertaking, 
considering the complexity and the size of this division. The level of management's commitment is a key 
clement to the success of the goal. The decision to pursue only ISO 9002 certification was based primarily on 
the existing quality system currently in place. Production operations for this division is geographically 
separated from the design groups. The geography of the production operations and the rivalry with the sister 
Air Transport Division lent itself to a strong foundation for a qllality system. This foundation has been 
rooted for several years. It was influenced primarily by the Federal Aviation Administration (FAA), however, 
other standards such as MIL-Q-9858A strongly influenced the system. The production operation's quality 
system was documented fairly well. A quality system manual was in place which described the overall system. 
A hierarchy of procedures and work instructions followed. The design groups are currently developing a 
quality design system based on common design practices. The system is not completely in place and 
functional. Pursuit of ISO 9001 certification is forthcoming. 

The management commitment was made in the fall of 1991. A restructure of the quality system manual 
was the first action. The restructure or rewrite of the system's manual was to better align the document with 
ISO 9000 format and requirements. The requirements that were previously stated, either by FAA or other 
contractual agreements, were not by any means dissolved. They were used as a focal point in the new format. 
The objective of the new format was to improve the structure and enhance the quality system. A unique 
aspect of the new manual was the uniformity imposed on each element of ISO 9002 requirements. The -
manual addresses a scope, the applicability, the policy, and the requirements for each and every element. 
This approach focuses the quality system on each element and insures adherence to every requirement. The 
revised system's manual played a significant role in the success of obtaining certification. It was used as a 
rallying point to focus on during the implementation process. The restructure developed what would be 
considered a living document. This is a document which is flexible enough that changes to the lower 
operational documents and procedures do not subsequently impose changes to the system's manuaL The 
most significant impact, due to the system's manual restructure was the level of visibility that the manual 
achieved. The manual was considered a production operational document only prior to the commitment to 
pursue certification. The manual was raised to a divisional level upon completion of the restructure. The 
significance of a divisional quality system manual is that concurrence is required from each director within 
the division. Concurrence at this level of management assures complete divisional commitment to the ISO 
9002 requirements. 

The final version of the system manual was complete in spring of 1992. The approval process of the 
manual provided management with a through understanding of the ISO 9002 requirements. The next task at 
hand was to create a steering committee to guide production operations through the implementation process. 
The steering committee was formed out of the Quality department. Internal auditing and self assessment was 
going to play a major role in the success of the project. Therefore, a few selected individuals attended a 
formal work shop on audit training and techniques. The objective of the work shop was to develop 
facilitators of the steering committee. These facilitators would later provide the necessary audit training to a 
cross functional group that would perform the internal assessments. 

The selection of the third party auditor was the next goal. KEMA-Registered Quality Inc. (KEMA), of 
the Netherlands, was selected as the third party auditor. This decision was primarily influenced by a 
particular european customer and the sister Air Transport division. KEMA, however, fits the mold of the 
Collins Avionic's business. Collins Avionics has a number of european customers. KEMA's main activities 
are to assess quality systems in accordance with ISO 9000 standards, European Community (EC) directives 
and European (EN) standards. KEMA also has a sound understanding of the electronics industry. 

KEMA was invited to perform a pre-assessment of the quality system in the early summer of 1992. The 
results of that assessment provided the direction needed for the steering committee to address system 
inadequacies. The steering committee was expanded to include a cross functional team. The decision to use a 
cross functional team was to broaden the scope of the steering committee. ISO 9002 requirements influence 
all aspects of an organization that affects the quality of a product. A steering committee with a broad 
perspective of the organization would better support the efforts. This cross functional team was provided with 
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the necessary audit training and techniques by the facilitators. 

A rigorous internal assessment was conducted in the fall of 1992. The initial assessment revealed a great 
umber of system inadequacies, non-compliancies, and inefficiencies. The following months were used to 

:ddress the findings of the assessment. The largest impact was the extent of procedures that required 
improvements. Even the Quality department had to revise an extensive amount of their internal quality 
documents. The Quality department, in fact, eliminated one level of its documents in order to better align 
itself with the objectives. The improvements that had to be made were directed by management. Focus was 
sometimes blurred during the corrective action stage. Some departments within the organization required an 
extensive amount of effort. It was difficult to maintain focus of the priorities for the needed corrective action 
and still conduct business. This task was difficult and painful at times. It was realized, however, by all 
involved as being a positive step to the achievement of the goal. Training, besides procedures, was another of 
the greatest obstacles to overcome. The entire production operation's work force had to be introduced to the 
new quality system manual and the ISO 9002 requirements. A training scheme had to be developed to better 
define the training needs for a specific duty and to document the training that had been provided. Contract 
review, a more formalized management review process, and a better definition of authority and responsibility 
were among the other hurdles that were crossed during this reorganizational period. 

KEMA was invited to conduct the certification audit in the early spring of 1993. The certification audit 
lasted about five days. The audit approach was process oriented. The auditor quizzed the employees to 
determine their knowledge and level of training that they received for that duty. The supporting work 
instructions or documentation for that process was reviewed to confirm the employee's responses. Associated 
results were reviewed to insure that proper records were being retained. Some discrepancies were noted as 
the audit progressed. Prompt responses were provided for the discrepancies. KEMA, announced the 
recommendation for certification late in the afternoon on the last day of the audit. 

Recommendation for certification is not the end of the system transformation. The certification process 
has provided new challenges. The internal assessment audits continue to be scheduled and orchestrated to 
maintain compliance with the certification. A cross functional team is still being used for the internal 
assessments. This not only provides a different perspective, but reduces some of burdens that the quality 
department wrestles with, scheduling and reporting the audits. These internal audits continue to play a 
significant role in the quality system. The attitude that stems from the audit process seems to be a more 
proactive approach to the process. An on-going effort continues with the creation of new procedures and the 
revision of the existing documents. This effort seems to be insurmountable, but with patience and persistence 
a regimental review of the operating procedure will lend itself to a continuous process improvement format. 

Certification has created a noticeable effect within the factory. It has raised the employee's level of quality 
awareness and attention to detail, immeasurably. Certification has sparked some interest within the 
immediate industrial community. A number of professional organizations, local industries, and educational 
institutions inquire about their efforts and success with the certification process. Certification has added a 
new dimension of credibility to their business. The requirements of the customer and the FAA continue to 
be the business nucleus, but these requirements are now surrounded by a reformed and more focused quality 
system. The customer's awareness of certification has had little noticeable affects so far. The revised quality 
system manual, however, is being provided to the customers to heighten their awareness. Certification, to 
date, has not been directly attributed to a reduction in warranty, scrap, or production costs. Product quality 
improvements remain unchanged. These measurements of business, however, require time to establish 
noticeable trends. It is expected that these benefits will eventually be realized. 
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CONCLUSION 

The ISO 9000 series of quality standards is a set of standards written to provide a model of a quality 
system. It is intended for manufacturing as well as service organizations. The objective of these standards is 
not to be prescriptive. It is intended to provide credibility to the framework of a quality system. Significant 
benefits can be realized by the proper use of this type of system. These benefits include increased attention 
to detail, compliance with specifications, and improved products and processes. Results of these types of 
benefits in turn yield customer satisfaction and reduced operating costs. Collins General Aviation Division is 
proud of the efforts put forth by all in attaining their certification. Although the benefits have not been 
directly attributed to the certification, it is inevitable that the transformation of the quality system will 
provide a defined path to pursue these goals. 
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ABSTRACT 

This paper summarizes the California Cedar Products Company effort in implementing ISO · 
9000. The company's goal is to be certified by the end of 1994. The company's 
experience in the challenging certification process is presented along with the benefits and 
difficulties which were encountered during the implementation process. 

INTRODUCTION 

Quality improvement has now become a key domestic and international business strategy . . Worldwide 
interest in systems assuring the quarrty of products and/or services to a defined set of standards has 
mushroomed. Nowhere is this more apparent than in the ever increasing international adoption and use 
of the ISO 9000 standards. Growing demand by manufacturers and customers within the European 
Community for conformity to ISO 9000 requirements has made these standards and their usage popular 
worldwide. For many Europeans companies, ISO 9000 is THE WAY of doing business. For American 
companies, it is not only the passport to Europe's large and lucrative market, but also a major competitive 
advantage. Currently, only a few industries in Europe are required to be ISO 9000 certified. Forward 
thinking companies should embark on the certification process as a strategic and marketing policy prior 
to their competitors. 

HISTORY OF ISO 9000 

On December 31, 1992, all border barriers and economic tariffs were removed between the twelve countries 
of the European Economic Community (EEC). Goods and services can now move freely from one member 
country to another making a bold step toward the EEC unification plan. In order to succeed in such an 
endeavor, many common standards must be set including a common currency, weight and measures, and 
some minimum quality standards. For example, in order for France to sell goods to Germany, the goods 
must be labeled in common weight and measurement units, as well as meeting the minimum quality 
requirement. The International Organization for Standardization (ISO) has played a very important role in 
setting up these common international standards. ISO 9000 series of quality standards are the results of 
such evolution. 

The object of ISO is to promote the development of standardization with a view of facilitating international 
exchange of goods and services, as well as to advance cooperation in the sphere of intellectual, scientific, 
technological, and economic activity. In 1987, the results of ISO's technical work in standardizing quality 
requirements were published as the ISO 9000 international standards. 
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ISO 9000 STANDARDS 

ISO 9000 is an International Standard that provides a uniform set of guidelines for companies to 
demonstrate that they have a working quality system. At first, ISO 9000's primary supporters were the 
countries of the European Economic Community. However, since the inception of ISO 9000, it has grown 
to be a truly international quality standard. Currently, there- are eighty-nine countries that officially have 
adopted ISO 9000 as their national quality standards [4) and over 25,000 European companies becoming 
certified {2). By comparison, the U.S. lags behind with only about 400 U.S. firms certified (1]. 

ISO 9000 is the call name for a series of five quality assurance standards: ISO 9000, 9001, 9002, 9003, and 
9004, as shown in Figure 1. Technically speaking, one should use "ISO 9000 series of quality standards" 
to refer to the group of five specifications and use "ISO 9000" to refer to the single specification of ISO 9000 
itself. However, it is acceptable to use "ISO 9000" to refer to the series of five specifications. 

The first specification, ISO 9000, is a guide for a supplier to select and apply one of the four functionally 
different standards: ISO 9001, 9002, 9003, and 9004. Therefore, a supplier must carefully review ISO 9000 
before choosing one of the four actual quality assurance models. 

ISO 9001, 9002, and 9003 are quality systems for external quarity assurance to meet customer 
requirements. These three models are actually successive subsets of each other. ISO 9001 is the most 
comprehensive quality system model covering design, manufacturing, installation, servicing, and testing. 
ISO 9002 covers manufacturing and installation, and ISO 9003 covers final product inspection and testing. 
These three models were developed for use in contractual situations between a customer and a supplier. 

ISO 9004 provides directions for internal use by a manufacturer to develop a Total Quality Management 
(TOM) system. ISO 9004 is normally not a contract requirement by customers. It is mostly undertaken by 
companies dedicated to continuous improvement of its manufacturing processes and products. 

ISO-9004 
Quality Management System 

1SO-9001 

Product Design, Developmen 
and Servicing 

Production & Installation 

ISO-9003 

Final Inspection and 
Testing 

Figure 1. ISO 9000 Quality Standards 
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BENEFITS OF ISO 9000 

ISO 9000 certification is becoming necessary to compete in the global market, especially for companies 
whieh trade with the European Community. One of the real benefits of ISO 9000 is the actual process 
through which companies must go. The intensive internal analysis of operations and processes 
documentation will strengthen many aspects within an organization. ISO 9000 defines quality, chapter by 
chapter, step by step, taking the mystery and confusion out of quality and opens up access to world 
markets. In addition, ISO 9000 certification can have the following positive results: 

* 

* 

* 

* 

* 

Competitive Advartage 
ISO 9000 certification can be used as a marketing strategy that distinguishes a company from its 
competitors by demonstrating to customers the organization's commitment to quality. 
lmmational Acceptance and Recognition 
Many countries require certification for regulated products such as toys, telecommunications 
terminal equipment, construction products, and pressure vessels. A recognizable logo, ISO 9000 
Certified, may be added to sales literatures and invoices. The company's name will be listed in the 
registry and open to more potential customers. 
Supplier Cortrol 
Utilizing a vendor qualification program enables a company to reduce or eliminate source and 
receipt inspections, reducing cost while maintaining quality. ISO 9000 also emphasizes reducing 
the vendor base and promotes vendor-customer partnership. 
Reduce Customer Audit 
More and more customers are accepting ISO 9000 Certification in lieu of customer on-site audit. 
An ISO 9000 certified company would have been audited by an independent third party accredited 
registrar to verify that the company has precise specifications · for each product and that the 
specifications are being met. 
Improve Internal Control 
ISO 9000 will confirm and improve the existing quality system by increasing employee training and 
involvement. With full understanding of corporate quality objectives and work instructions, there 
will be less waste, less inspection cost, higher efficiency, higher productivity, and hence higher 
returns on investment. A survey done by the British Standards Institute reported that ISO 9000 
certified firms have an average operating cost reduction of 1 O percent. 

SHORTCOMINGS OF ISO 9000 

The ISO 9001, 9002, and 9003 standards are generic quality assurance models, and they represent the 
minimum requirements for an effective quality system. They only force companies to clearly specify their 
quality assurance standards and procedures, and then ensure that they follow their stated procedures. 
To receive the full benefits of ISO certification, the quality standards must be just one part of the company's 
TOM philosophy [2]. Other standards or awards such as the Baldridge National Quality Award, The 
Deming Prize, and the NASA Excellence Award focus more on the internal and external customer 
satisfaction, including product quality, information systems, human resource systems, and all other areas 
of the organization [5}. Dr. Juran [3] pointed out that the ISO 9000 standards alone will not enable 
European companies to attain "World Class Quality.• 

COST OF ISO 9000 

ISO 9000 Certification is a time consuming and costly process. There are internal and external costs for 
going through the ISO 9000 Certification process. Internal costs include the managerial cost, the employee 
training cost, the documentation cost, and the system correction cost. External costs are the consultant's 
fee ( optiona~. the initial application fee, the initial assessment fee, and the semi-annual maintenance fee plus 
business expenses. 
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ISO 9000 IMPLEMEKrATION AT CALIFORNIA CEDAR PRODUCTS COMPANY (CCPC) 

California Cedar Products Company is one of only two pencil slat manufacturers in the United States. 
Pencil slat is an industrial semi-finished material to make wood casing pencils. Over 65% of the CCPC's 
pencil slat production are exported to European countries. Therefore, the company had a great interest 
in the impact of ISO 9COOon its international business. The quality control managerwas one of the leading 
advocates for the importance of ISO 9000. The European sales manager also was very interested in ISO 
9000. He received many inquiries from customers with respect to future business with CCPC as to whether 
the company plans to become ISO 9000 certified. In June 1992, CCPC started a research project to 
investigate the feasibility of implementing ISO 9000 quality standards. It took three months for the project 
team to complete an internal survey as to the readiness of the company to be ISO 9000 certified. The 
survey summary report was submitted to CCPC's top management. In November 1992, the Board of 
Directors of CCPC approved the implementation of ISO 9000 with financial support of $80,000. The 
project's objective was to: 

IMPLEMENT A COMPANY-WIDE QUALITY PROGRAM THAT WILL MEET 
THE ISO 9001 QUALITY STANDARD REQUIREMENTS IN TWO YEARS. 

According to this schedule, CCPC is planning to be certified by the end of 1994. The implemeatation 
schedule and expected costs are presented in Figure 2. 

In January 1993, a Technical Writer was hired to assist each department within the company to document 
the needed operating procedural manuals. As of January 1994, the following has been accomplished: 

1. Corporate Mission Statement 
2. Quality Policy Manual 
3. Quality Operation Manual 
4. Firelog Production Manual (semi-final draft) 
5. Slat Production Manual (draft) 
6. Purchasing Manual (draft) 
7. Engineering Policy (product design) 
8. Employee Training Policy (draft) 
9. Employee Training Program and Records 
1 0. Metrology Laboratory 
11. Final Product Specification Manual 
12. Internal Quality Audit team established 

The most important issue is not getting a physical certificate of ISO 9001, but the quality improvement 
process that the company has to go through to get the certificate. So far, it has been a very worthwhile 
process for CCPC. There has been many eye-opening discoveries. By going through and documenting 
all the operating procedures within the company, many weaknesses have been identified and corrected. 
The process of achieving ISO 9000 certification has elevated the awareness of quality for all company 
personnel, improved training, helped employees understand their jobs better, and increased their 
involvement and motivation. This will definitely strengthen California Cedar Products Company's competitive 
position. 

The CCPC journey toward ISO 9000 implementation had many challenges. The documentation process 
required to meet ISO 9001 requirements was difficult and very time consuming. Some department 
managers were not sure of how much to document, therefore, they either had the tendency to document 
too much or they had difficulty getting started. Preparing training materials and keeping training records 
were not easy. Many CCPC employees have been with the company between 15 to 40 years. There were, 
however, no formal records of their training. 
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Figure 2. ISO 9000 Implementation Schedule 

CONCLUSIONS 
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- ...... 

...... 

For many American companies, quality has become a necessity if they are to prosper in the global market 
ISO 9000 is a very useful weapon which companies can use in their quest for continuous quality 
improvement. Toe experience of California Cedar Products Company in implementing ISO 9000 is positive 
and encouraging to say the least. Systems have been developed to guarantee that quality requirements 
are documented and quality procedures are followed. However, despite the objective of ISO 9000, the 
documentation procedures associated with the certification proved tedious and time consuming. This may 
confirm Juran's prediction that documentation of quality procedures according to ISO 9000 alone will not 
guarantee quality. As for CCPC, ISO 9000 is not just a set of standards, but rather a part of its quality 
strategy and proof of a continuous commitment to quality improvement. 
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ABSTRACT 

Product Design as a company function has more impact on product cost, ease of manufacture, quality, 
product life cycle, and product success than any other business function or activity in the company. High 
costs, long development and manufacturing times, and low quality will adversely affect a product's 
competitiveness, This paper will present an idealized "integrated view" of a large company's product 
development processes, from the product concept phase to the eventual "demanufacture." The reason for 
e>..-ploring this integrated-view is that issues of cost, quality, time, information, and business strategy do 
not fall on separate organizational function, but on the company as a whole. 

This paper should help strengthen understanding of management strategies developed with the purpose of 
harnessing all organizational resources in order · to develop low cost, high quality products quickly. 
Several dimensions of integration are identified which, in tum, translate into company-wide systems that 
include design strategies, organizational structure, information technology management, and engineering 
and management tools. 

Design strategy brings the organization and information together and steers them toward a vision and 
long term company goals. Designing for the cycle of the product requires the appropriate organizational 
and information technology structures which must be continuously improved and capable to adapt to ever
changing demands of the e>..ternal environment. 

Information technology has had a tremendous impact on the way in which business is performed. No 
longer do sources of knowledge need to be physically close in order for timely decisions to be made. The 
quickness of data collection, retrieval and analysis, multi-media and groupware technology are making 
very complex problems more tractable and practical. 
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ESCALATING COMMITMENT TO SUPERIOR PRODUCT QUALITY: 
EXPECTATION, PERCEPTION, AND GAPS 

Robert C. Klekamp 
and 

Daewoo Park 
Department of Management 

Xavier University 
Cincinnati, OH 45140-5163 

ABSTRACT 

In the last two decades, ineffective management styles, inappropriate organizational controls, insufficient 
product/service quality, and inconsistent governmental support have contributed to a declining 
competitiveness of many U.S. businesses. Further, U.S. managers have emphasized the strategic fit 
approach, while their global rivals (in particular, Japanese managers) have pursued the leveraging 
resources approach. The strategic fit approach suggests that strategies be trimmed to match available 
resources. In contrast, the leveraging resources approach suggests that resources be leveraged to achieve 
unfettered goals and ambitions by "focusing the organization's attention on winning; motivating people by 
communicating the value of the target; leaving the room for individual and team contributions; 
sustaining enthusiasm by providing new operational definitions as circumstances change; and using intent 
consistently to guide resource allocations." The leveraging resources approach has produces many 
successes of Japanese businesses through superior product and service quality. Consequently, these 
factors have resulted in an erosion of U.S. competitiveness in many industries in the last two decades. 

It is obvious that the major responsibility for restoring America's global competitiveness resides with 
managers. Managers are ultimately responsible for responding and adapting to competitive challenges. 
Their perceptions and discretion will have substantial influence in shaping the business responses to 
competitive challenges. Extending the findings of previous studies, this study describes an empirical 
study of perceptions of 120 U.S. manufacturing/production/operations managers regarding the sources of 
and responses to competitive challenges (in particular, escalating commitment to superior product 
quality) . Also, the study focuses on the influence of business orientation (international vs. domestic) and 
size (large vs. small) on managers' views. 

88 



/EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

ESCALATING COMMITMENT TO SUPERIOR PRODUCT QUALITY: · 
EXPECTATION, PERCEPTION, AND GAPS 

Robert C. Klekamp 
and 

Daewoo Park 
Department of Management 

Xavier University 
Cincinnati, OH 45140-5163 

ABSTRACT 
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managers. Managers are ultimately responsible for responding and adapting to competitive challenges. 
Their perceptions and discretion will have substantial influence in shaping the business responses to 
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AN INFORMATION SYSTEM DESIGN APPROACH TO MEET THE 
INCREASING NEEDS OF CONTINUOUS PROCESS IMPROVEMENT 
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Orlando, Fl 32816 U-8.A 

ABSTRACT 

Today's market is driven by high quality at low price and at the right time_ Deming states that 
improvements in quality should not be a one time effort, they should be continuos, which means 'continual 
improvement of quality in every activity: procurement, transportation, engineering, methods, maintenance, 
location of activities, instruments and measures, sales, methods of distribution, accounting, payroll ai:id 

service to customers.' 

High quality can be achieved only through and effective integration of the above said functions_ The 
process of "continuos process improvement" consists of continuos education, customer study, process 
capability study, design of experiments, process control, customer service, supplier relations, reporting & . 
motivation. 

Deming himself recommends the Shewart's Cycle (Plan - do - check - act) as the best method to achieve 
continuos process improvement_ Similarly, in statistical process control, continuos improvement is 
acheived by identifying the sporadic and chronic problems based on control charts drawn on a stable 
process_ The solution to such problems lies in effectively identifying the problems, and implementing the 
shewhart's cycle. It can be clearly seen that, what drives the whole quality improvement cycle is 
Information. 

Most of the time spent in the cycle is in the access, processing and storage of information. Key to effective 
quality improvement program success is to effectively cut the amount of time spent on information as the 
tools of quality are available to us_ 

This paper will try to use the knowledge of information systems and information system design to aid 
continuos process improvement in an industry_ Current state of technology permits us with lot alternatives, 
including an on-line information system which effectively identifies sporadic events and gain access to 
infonnation regarding chronic problems effectively_ 
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Toledo, Ohio 

ABSTRACT 

To keep pace with exploding scientific, medical, and information advances, the budgets for hospital 
education and training functions need to be increased in an already cost conscious hospital financial 
environment. 

In the past, the justification for education and training budget increase was based more on philosophical 
and emotional grounds than quantitative. Now, more and more hospitals are able to measure the 
productivity of the education and training functions and use that as a strong argument for increasing the 
budgets. This paper covers a PC based productivity monitoring system with examples from several 
different hospitals. 

The details will include: the output measures or various workload indicators, input data requirements and 
procedures, output reports and graphs and the calculations to convert the inputs to the outputs using labor 
time and labor cost standards. The hardware configuration and the software platform \\ill also be 
discussed to encourage other interested parties to apply the system to meet their needs. 

Briefly, the workload indicators reflect the interaction of education and training staff, patients, physicians 
and the hospital employees. The resources used include the staff hours and staff labor dollars. During the 
pilot period, minor modifications were made to more adequately reflect the workload and the needs of the 
department. The results demonstrated that their sen·ices can be quantified and cost-effectiYe. 

The principles and process described here will be such that it can be easily customized to other education 
and training departments in other hospitals, at other sen·ice or manufacturing sectors of our economy. 
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ABSTRACT 

Fortune 500 companies typically have the engineering science and technology staffs sufficiently to bring 
new technology into the company. Seeking and adopting new technology is a multi-activity process 
including: 

Assessment of new technology 
Assessment of company's current capabilities 
Acquiring new knowledge 
Training for new technology insertion 
Technology insertion and implementation 
Follow-up and problem solving activities 
Measurement of the effect of new technology 
Feedback processes to modify the new technology insertion process 

Unfortunately, small to medium sized companies typically do not have the expertise nor the manpower to 
effectively assess or insert new technology. This presentation will focus on a technology assessment and 
insertion model developed for small and medium sized companies. 
Application of this model to companies in the secondary product manufacturing market and in the defense 
commodity manufacturing market will be discussed. The progress of several applied research efforts will 
be discussed that utilize variations of this model. 
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APPLYING TQM TO INDIVIDUAL PERFORMANCE 

Leah M. Reeves, Kay Stanncy, Ph.D., and William Swart, Ph.D. 
Industrial Engineering Department 

University of Central Florida 
Orlando, FL 32816 

ABSTRACT 

Total quality management techniques focus on the attainment of continuous improvement of an 
organization's operations, functions, and work processes. Very few TQM initiatives succeed, however, 
which may potentially be attributed to the fact that the relationship between improvement goals and how 
to achieve these goals via the actions and outputs of an individual worker is not obvious. In order to 
implement successful TQM efforts it is necessary to first obtain a clear understanding of how TQM goals 
relate to the performance of the individual. The objective of this study is to investigate the potential of 
developing individualized TQM techniques, the effective implementation of which should lead to more 
successful improvement efforts. The seven basic quality control tools for management and planning are 
addressed to identify how they could be utilized by the individual to solve distinct problems and make 
individual improvements. Several new techniques are presented as well as ideas on how to constantly 
review these personal efforts for continuous improvement. 
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CORPORA TE REENGINEERING: PERCEIVED BARRIERS AND ACTIONS 
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ABSTRACT 

" True reengineering is the radical redesign of business processes to achieve major gains in cost, 
service, or time" (Fortune, August 23, 1993: p.42) 

Today, companies are searching for new ways to enhance quality and productivity in order to strengthen 
their competitiveness at home and abroad. Signs of this genesis and the willingness to accept the 
challenge are encouraged in companies of all sizes and currently translated into actions by an increasing 
number of firms: Corporate reengineering. 

Corporate reengineering (i.e., process innovation and core process redesign) is a powerful strategy that 
can significantly improve firms' ability to meet customers' needs and expectations and, at the same time·, 
achieve a long term/strategic competitive position. There are several major advantages/benefits to be 
derived from corporate reengineering: first, improved product and service quality derived from corporate 
reengineering definitely improves bottom-line performance and corporate competitiveness(e.g., market 
share, growth, return on investment). Second, improved product and service quality derived from 
corporate reengineering develops and sustains the overall effectiveness and competitive advantage of the 
organization through: (l) improved teamwork and interunit cooperation, (2) improved communication 
through a strong customer focus, (3) increased employee involvement, (4) improved management
employee relations, and (5) improved focus on key goals. Third, improved product and service quality 
through corporate reengineering makes a real difference to customers' perception and builds a sizable 
force of delighted customers. 

This empirical study examines the issue of corporate reengineering. In particular the study describes the 
perceived barriers and strategic actions among U.S. managers in their implementation of corporate 
reengineering. 
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ABSTRACT 

The purpose of our project and report is to define a method for implementing an affordability plan for the 
McDonnell Douglas Aerospace - East (MDA-E) supplier base. Affordability, in relation to hardware procured 
from suppliers, is the total cost of buying, handling, installing, and flight testing an assembly or component. Thus, 
affordability is determined by the hardware price, on-time delivery, and the quality of the item. !fan item isn't 
available for installation or doesn't work, then our costs increase due to work around, increased handling and 
paperwork. Since 50-70 % of our product costs are procured, the best opportunity for making our aircraft more 
affordable is by reducing our supplier's costs and increasing the quality of their product. 
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ABSTRACT 

Different tools are available in the literature when the time comes to explore the possible causes of a 
quality problem. Based on the approach used to search the causes, it is possible to regroup these tools into 
two categories. _The first category consists of generating the greatest amount of possible causes using 
creativity techniques, such as brain storming, and then to regroup the causes using a tool such as the 
affinity diagram(Asaka, 1988 and Mizuno, 1988). The second approach is to start from previuosly 
defined categories of causes to systematically generate the possible causes. This approach may not always 
be effective for uncommon problems. In fact this approach may unconsciously limit the investigation to 
standard categories of causes which may not be relevant to the problem. However for common problems; 
it is a powerful heiristic. A good example are the standard categories used in lshikawa's diagram. In 
fact, these standard categories guide systematically the e>..-ploration of causes. 

Our own experience has showed that the utilization oflshikawa's diagram presents some difficulties. 
Two of these difficulties are the ambiguity of the 'management' category and the fact that we can present, 
on the same diagram, causes of different 'natures' and of different levels of organizations. In order to 
overcome these difficulties and still maintain a systematic approach, we propose an approach based on 
systems analysis. Some of the features of our approach arc the progressive evolution of the frontier's 
system and a conceptual differentiation between technical and social systems. 

In this paper, we will present this approach and discuss the advantages over more conventional 
approaches. 
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ABSTRACT 

Data are generated in environments that are statistically independent and those that include 
autocorrelation. Clinical and other time dependent data contain various amounts of autocorrelation. If 
the statistical process control(SPC) professional does not recognize the presence of autocorrelation in his 
or her data, then bad judgments may be made. This paper examines what happens to SPC charts for 
averages and standard deviations in the presence of various amounts of autocorrelation. 

In statistically independent environment, data are generated from the prior value plus a random 
component. The higher the correlation, the In a statistically independent environment the data are 
generated from a random process. In an autocorrelated more data are a function of their previous values, 
the lower the correlation, the more data are a function of the random component. 

SPC procedures are required to control processes with a variety degree of autocorrelation. The objective 
of our research was to study the behavior of x and sigma process control charts as a function of the 
amount of autocorrelation present in a process. Our hypothesis are that: 

1: Sigma changes as a function of autocorrelation 
2: The range of the average values are independent of the autocorrelation. 
3: The ability of intervention to control the process average is a function of the autocorrelation. 

Our research was unable to identify any evidence that would justify the rejection of the first hypothesis. It 
was found that the value of sigma fell in a linear manner from 100 percent to 1 percent of the original 
value as autocorrelation increased from Oto 0.95. From an operational point of view, the change was so 
small as to be of no consequence, therefore, we cannot reject our second null hypothesis that the range of 
values are independent of the autocorrelation. 

Our evidence relative to control indicates that it is independent of autocorrelation. The control is a 
function of the standard deviation under statistically independent sampling. Under conditions of high 
autocorrelation, it looks as if we have lost the ability to control the process primarily due to the low value 
of sigma. 

96 



. . Annual International 
'I# ~gs.Enmneering, and Management Systems 

(Ill IDduStrY, .,,.... 

SAMPLING IS ALIVE! 

Gerald F. Goldberg, Ph.D. 
Florida Institute of Techl)ology 

Melbourne, Florida 

ABSTRACT 

This paper supports and illustrates the use of quickly implemented sampling inspection to protect 
customers when a quality problem is found. No attempt is made to refute the arguments against the use of 
sampling inspection as a standard practice which increasingly appear in the literature. 

Frequently, the use of 100 percent inspection or no inspection (depending on the outcome of Deming's kp
rule) is appropriate. Occasionally, however, well-run processes falter and a serious quality problem is found with a 
known or unknown cause. In the latter case, quickly implemented sampling plans (such as ones illustrated in this 
paper) can protect internal and e>..1emal customers. 
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THE CONSULTING STATISTICIAN AND THE NEED TO STRESS THE 
UNDERLYING ASSUMPTIONS EARLY ENOUGH IN THE ACADEMIC 

ENVIRONMENT 

Mamdouh A. Sharara 
Mathematical Statistician 

Statistics Laboratory/Computer Science Center 
University of Maryland 

College Parle, MD 20742-2411 

This paper is an assessment in the research environment concerning the overstressing of P-value results 
without a thorough verification of the underlying assumptions of the technique. 

Each week at the Statistics Laboratory of the University of Maryland I meet with approximately two dozen 
researchers who apply and use statistics as a tool for their research. The areas of research range from 
liberal arts (such as psychology) to applied sciences (such as engineering). As part of this process reams 
of computer printouts and P-values are produced which the researchers need to interpret and understand. 
Unfortunately, when the client and I get into the finer details of the analysis, we often find that most of the 
assumptions required for producing these P-values are violated. Most of the time, the researchers are not 
fully aware of the error so we go back to the basics of P-value tests and look into the detail of the 
underlying assumptions. A common response I get from clients is "Why didn't they teach us this when 
we took our courses?" 

It is now more important than ever to stress testing for the underlying assumptions in our teaching. 
Before the widespread use of statistical software packages, the researcher would pick up a statistics book, 
look up the required formulas, and apply them accordingly. This "old-fashioned" method usually guided 
the researcher to test for the validity of the assumptions. By contrast, with the alphabet soup of statistical 
packages (SAS, SPSS, M, S+, etc.) currently available, producing P-values is simply a matter of knowing 
the required computer syntax. Hence, today there is a greater need to reorient our way of teaching 
introductory and intennediate statistical courses not only to take advantage of the computer packages' 
number-crunching abilities but also to enable researchers to test the validity of their underlying 
assumptions and to compare the results when one or more of these assumptions are not met. 

This should give tomorrow's researchers a better tool to handle the array of P-values they are producing. 
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A CUSTOMER VALUE ORIENTED CONTINUOUS PROCESS 
IMPROVEMENT MODEL FOR FAST FOOD OPERATIONS 

· Mark Godward ~ 
Taco Bell Corporation 

17901 Von Karman 
Irvine, CA 92714-6212 

William Swart and Tom Wyczawski 
Department of Industrial Engineering and Management Systems 

University of Central Florida 
Orlando, FL 32816 

ABSTRACT 

This paper presents a model to continuously improve restaurant system processes as directed through 
customer value, systems inputs and the application of industrial engineering methodology. The approach 
identifies an emerging paradigm shift for restaurant systems management. 
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EMPOWERING ENGINEERS: ARE WE TRAINING THE WRONG PEOPLE 
FOR THE WRONG THINGS? 

SHARI S. SEATON AND JOIJN LEW COX 
· The University of West Florida 

Pensacola, FL 32514 
DAVID SEATON 
Electrical Engineer 

KEL TEC, 106 Oregon Court 
Fort Walton Beach, FL 32548 

ABSTRACT 

Two of the more current and prevalent buzzwords (or buzz phrases) in the management of productive 
processes are "total quality management" and "empowerment" . Much money has been spent on external 
consultants to come into the companies and teach members of the organization how to set up and operate 
the TQM process and how to empower employees. These "trained" members of the organization are then 
e>..-pected to teach the rest of the organization about the concepts and to move forth on the implementation 
of those ideas. Yet, serious questions remain concerning whether the correct people are being trained. 

It is in this area that we intend to concentrate. Yet, the answer to whether the correct people are being 
trained has ramifications throughout the rest of the enterprise. These, too, will be addressed in the 
proposed presentation. Many of the comments and suggestions in the presentation will come from the 
e,._-perience of three authors, plus the results of a short questionnaire administered to firms employing 
engineers in a local area. 

Based on the questionnaire results and their experience, the authors will make specific practical 
suggestions concerning empowerment in the work place. In defining the word, empowerment, one author 
says " •.• empowerment occurs when power goes to employees who then experience a sense of 
ownership and control over their jobs. Empowered individuals know that their jobs belong to them. 
Given a say in how things are done, employees feel more responsible. When they feel responsible, 
they show more initiative in their work, get more done, and enjoy the work more." (Wellins, et al) 
This definition will be used as a basis for the presentation, and as a further basis for the suggestions made 
as an integral part of the presentation. 

REFERENCE 

Richard S. Wellins, William C. Byham, Jeanne M. Wilson, Empowered Teams: Creating Self
directed Work Groups That Improve Quality, Productivity, and Participation. Jossey-Bass 
Publishers, San Francisco, CA, 1991. 
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QUALITY IN THE SERVICE INDUSTRY A REVIEW & SURVEY 

JAGADISB BBUPATHI AND AHMAD K. ELSBENNAWY 
Dept. of Industrial Engineering & Management Systems 

· The University of Central Florida 
Orlando, FL 32816 

ABSTRACT 

The objective of the proposed review and survey is to address the issue of Quality in the service industry. 
Service Quality is an abstract and elusive concept. Quality in a service Environment relates to tangible 
and intangible conditions such as waiting in queue, timeliness, legibility, and other factors that will vary 
with the particular situation. Consumers judge Quality by comparing what they ex-pect from a service and 
what they perceive they received from the service encounter. The key, therefore, to ensure good service 
Quality is to meet or exceed what the consumer e>..-pects from the service. Some service quality attributes 
are : Accessibility, Appearance, Clarity, Competence, Credibility, Communication, Reliability, 
Responsiveness, Security, Tangibles and Understanding/Knowing the user. · 

Service quality is more difficult to evaluate for the consumer when compared to goods quality. When 
purchasing goods, the consumer has many tangibles to rely on : Style, Finish, Color etc.. When 
purchasing services, tangible evidence available is limited to the provider's physical facilities, equipment 
and personnel. 

Customer satisfaction will be achieved by creating an environment that will satisfy customers the majority 
of the time. Yet what creates satisfaction in one firm may be totally wrong for another type of service. It 
seems reasonable to say that services are unique and that any broad based quality service strategy program 
will not be acceptable for all inns. On the other hand, only by analyzing service situations individually 
and becoming customer driven will we be able to improve our service levels, retain customer loyalty and 
remain profitable in an increasingly competitive environment. 
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MEASUREMENT OF QUALITY IN THE SERVICE INDUSTRY 

JAGADISH BHUPATHI AND AHMAD K. ELSHENNAWY 

Dept. of Industrial Engineering & Management Systems 
The University of Central Florida 

Orlando, FL 32816 

ABSTRACT 

In spite of the increasing importance of the service industry, little research has been directed at developing 
generalized models to measure and assess the dimensions of quality. The main interest of this paper is to 
critically analyze the problem of measurement of Quality in the service industry. Service Quality is an 
abstract and elusive concept. E>..-plicit statements of e>..-pectations (standards) are necessary to measure 
quality in any system. The appropriate approach for assessing the quality of a firm's services would be to 
measure the customer's perceptions of quality. A survey of literature revealed that there tends to be a 
reasonable consistency among customer's perceptions concerning service quality, thereby justifying its 
measurement. Customer's perceptions (requirements) need to be converted into operational service 
quality standards. These standards can then be used by a firm to relatively measure its performance. 

The primary objective of this study is to provide a review of a conceptual model that could be employed to 
demonstrate the differences and the similarities in the ways that services look at quality. In one of the 
most extensive research studies to date, Zeithaml et al. ( 1986) developed a conceptual model of service 
quality that suggests that overall quality perceptions are influenced by 'gaps' or discrepancies between 
e>..-pectations and performances that occur in service encounters. The analysis and measurement of each of 
the gaps would provide further insight into the question of quality management. 
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A LOSS FUNCTION ANALYSIS APPROACH FOR USE IN EVALUATION OF 
STANDARDS SETTING PROCEDURES FOR SHUTTLE PROCESSING 

OPERATIONS AT THE KENNEDY SPACE CENTER 

Robert R. Safford, Ph.D., P.E. 
Susan L. Murray, P.E. 
Matthew W. Archer 

William W. Swart, Ph.D., P.E. 
Department of Industrial Engineering and Management Systems 

University of Central Florida 
Orlando, Florida 32816 

TQM/CIP (f otal Quality Management/Continuous Improvement Process) approaches to process 
improvement generally accept that loss to the "customer" can be defined as a quadratic function of the 
variation from the target value of some quality characteristic. This loss function approach, frequently 
identified as the Taguchi loss function approach "is usually an accurate description of nature; ... (and) 
provides the driving force for the philosophy of continuous improvement." (Moen et al. 1991) 

This loss function approach is, therefore, a desirable approach to use in the analysis of the costs incurred 
in shuttle processing activities that are associated with shuttle "slips" and adjustments when estimated 
times deviate from actual times. The approach is also useful in the evaluation of alternative methods for 
use in setting standards or providing estimates of time for Shuttle processing tasks. 

The development and initial application of the loss function approach in analyses related to standards 
setting in Shuttle processing operations will be described in this paper. 
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LOSS FUNCTION ANALYSIS APPLICATION IN THE EVALUATION OF 
SHUTTLE PROCESSING METHODS IMPROVEMENT 

Robert R Safford, Ph.D., P.E. 
Kay M. Stanney, Ph.D. 

Matthew W. Archer 
William W. Swart, Ph.D., P.E. 

Department of Industrial Engineering and Management Systems 
University of Central Florida 

Orlando, Florida 32816 

The Taguchi loss function approach developed and applied in the evaluation of standards setting 
procedures for shuttle processing operations at the Kennedy Space Center may also be used for developing 
procedures for the evaluation of the benefits (i.e. costs or loss reductions) associated with methods 
improvements in processing operations. The development and initial application of this approach which 
allows quantification of the changes which result in a decrease in the expected time required for an 
activity and/or the decrease in variance in the processing time are presented in this paper. 
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INTEGRATED MANUFACTURING 
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ABSTRACT 

A butt-joint between a flange and one end of a pipe is studied. Both the pipe and 
flange are made of 316 stainless steel. The joint is made up of 11 weld passes, 
deposited from both sides of the flange. Deformations and stresses during and after 
welding of the pipe-flange joint are calculated using the Finite element method. The 
residual deformations are compared with corresponding experimental quantities. In 
the numerical simulation, heat flow in the circumferential direction is neglected. The 
problem is therefore treated as rotational symmetric. The supply of weld material 
during each weld pass is modelled with the socalled "born-die technique". Both base 
and weld material are assumed to be thenno-elasto plastic. Temperature dependence 
of the material properties are accounted for, and convective surface heat transfer and 
heat conduction are considered in the model. In the experiments manual metal arc
welding technique was used. Voltage and current were recorded for each weld-pass 
in order to have correct heat input in the simulation. The temperature in the pipe was 
measured at two positions during welding for estimation of the arc efficiency. The. 
residual deformations were obtained by careful measurement of the geometry of the 
pipe and flange before and after welding. Qualitatively good agreement between 
calculated and measured deformations was obtained. 

z 

Figure 1. Geometry of pipe and flange with double-J groove. 

INTRODUCTION 
~ common type of pipe joint in many applications is the flange joint (e.g., in process and offshore industry). The 

main ad~antage of this joint compared to a butt-welded joint is the much easier handling during mounting and 
unfmd_ountmg of parts in the system. It is also often the best type of joint when the two pipes to be connected are made 
0 ifferent materials. 

The flanges of the two pipes are usually bolted together directly through the flange that is fixed to the pipe, or by 
an ex~a loose flang~ that is connected with bolt joints to a fixed or loose flange on the other pipe. In both cases it is 
essential that the contact surface of the flange that is fixed to the pipe is planar, so leakage out from the pipe is 
prevented. 
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When manufacturing a pipe with a flange, usually the flange is machine turned and then attached to the end of 
the pipe by a weld joint. Due to welding-induced thermal stresses, both the pipe and flange deform, and especiaJI 
the flange has an undesired shape after welding. This means that further machine work must be carried out on thy 
flange to get the final geometry. How the flange is distorted (twisted) depends on the groove shape and the Weldin c 
sequence. It is desirable to get as small distortions as possible so machining after welding can be minimized. t 
would be even better if the distortions for a specified welding sequence could be predicted. The flange could then be 
manufactured with a geometry where the distortions are considered. After welding together the pipe and flange a 
plane contact surface would then be obtained. In order to make such predictions, numerical models that consider ~I 
types of thermo mechanical phenomena that occur during welding must be developed. 

Thermomechanical modelling of welding using Finite element technique was first reported more then ten Years 
ago, and today reliable predictions of stresses and deformations in butt-welded pipes and plates can be Carried out 
(see for example [1-4]). When it comes to modelling the welding of a flange to a pipe, very little is reported, and 
especially on welding distortions, no numerical modelling can be found in the litterature. 

PRESENT INVESTIGATION 
The aim of this work is to study the residual deformations that occur after welding a flange to one end of a pipe. 

An experimental and a careful numerical study are performed with the objective to "tune" the numerical model \Inti[ 
good agreement between experiments and calculations is obtained. 

With a reliable numerical model, the next step is to vary the welding procedure until the deformations in the 
flange are minimized. If the twist after welding of the flange cannot be small enough, one should at least be able to 
predict the size and shape of it. Then it would be possible to compensate for the twist during manufacturing of the 
flange so it after welding would have the desired shape. Such an investigation will be the natural continuation of 
this work. 

The pipe in this work has an inner radius of 84 mm, wall thickness of 8 mm and the length of the pipe is 200 mm. 
The flange has an outer radius of 134 mm and an inner radius of 92 mm. The thickness of the flange is 22 mm. Both 
pipe and flange are made of 316 stainless steel. The flange is fixed near to one end of the pipe by the use of a multi
pass welding technique. The geometry is shown in Fig 1. The joint between pipe and flange was made up by 11 
weld passes, where the passes were laid in order 1 to 11, see Fig 2. 

Comparisons between experiments and calculations concerns the residual deformations after welding in both the 
pipe and the flange. 

EXPERIMENTS 
EXPERIMENTAL ARRANGEMENTS 

The pipe was made of two plates which were previously bent into half circular cross section profiles and then 
longitudina11y welded together. The flange was finish turned to the cross section shown in Fig l. The groove shape 
and the amount of filler material used was done according to Swedish codes for this type of welded joint, 
SS 06 41 01. The flange was fixed to the pipe by use of four tack welds. The tack welds were about IO mm long and 
placed symmetrically in the circumferential direction. The tack welding was performed in the bottom of the groove 
on the negative side. Negative side means that the out going normal on the surface of the flange is directed in the 
negative z-coordinate direction, see Fig 1. 

All welding was performed in horizontal position, meaning that the pipe was standing on one or the other of its 
ends depending on which of the passes that were laid. 

The butt-joint between the flange and the pipe was made up by 11 weld passes. The order in which they were 
deposited is shown in Fig 2. The welding was performed with a manual metal arc welding technique, and the 
electrodes used were of type "Avesta SKR AC/DC". During welding, current and voltage were registered for each 
pass. Also welding time/rest time was recorded during the whole process. Since a manual metal arc weldi~g 
technique was used, slag had to be removed after each stop. The welding parameters for each pass are given m 
Table l. The gross heat input for each pass shown in Table 1 is given by the product between current, voltage and 
accumulated welding time. 

TEMPERATURES 
In order to determine the arc efficiency for each pass, temperatures were measured at two points on the in~er 

surface of the pipe during welding. The maximum temperature at these two points were compared with 
corresponding calculated values in the simulation, and the heat input in the simulation was adjusted un~il go~ 
agreement between calculated and measured temperatures was obtained. This procedure gave an arc efficiency 0 

0.7 for all passes. 
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The temperatures were measured with Ni-CrNi thermocouples. The thermo-couples were spot welded to the pipe, 
and time histories of the temperatures were plotted. The maximum temperatures and the temperature at the 
beginning of each pass for the two positions are given in Table I. 

RESIDUAL DEFORMATIONS 
Residual deformations were determined on both the pipe and the flange. Residual deformations are the 

defonnations of the structure due to welding when the pipe and flange have cooled down to room temperature. On 
the pipe the diameter change was measured in four circumferential positions (every 45 degree), and for each of 
these positions at every 5 mm from the positive surface of the flange (z=40 mm) to the upper end of the pipe 
(z=l90 mm). The measurements were performed on the outer surface of the pipe. On the flange the diameter change 
and the relative deflection in z-direction were measured. The diameter change was measured at the same 
circumferential positions as for the pipe, and for each circumferential position at three points in z-direction: at the 
middle of the height of the flange, and 7 mm on both sides from the middle (in the coordinate system shown in 
Fig I, meaning at z= 14, 21 and 28 mm). The diameter change of both the pipe and the flange were obtained by 
measuring the diameter before and after welding. The difference between measured diameters gave the desired 
quantity. The diameter was measured with a micrometer screw. To obtain proper results from such a measurement it 
was necessary to put the device in the exact same points in the two readings (before and after welding). Ther~fore 
the surfaces were smooth grinded, permanent marks were made on the surface and pointed ends on the micrometer 
screw were used. Similar technique have been used earlier for repeatable measurements of residual deformations, 
see [l] and (2). 

The relative deflection of the flange in z-direction was measured on the negative side (z= 10 mm) of.the flange. 
The final pipe with flange was put on a measuring table and the deflection was measured with a dial indicator at 
every 45 degree in circumferential direction, as well as for each circumferential position at four different radii, 
r= l 10, I 15, 125 and 135 mm. As the absolute coordinates in the z-direction were not determined before welding, 
only the relative deflection between the outer radii and r= 110 mm could be established. 

CALCULATIONS _ 
Deformations and stresses during and after welding of the pipe-flange joint are studied numerically using an in

house FE-code (L.E. Lindgren, Div. of Computer Aided Design, Lulea University of Technology, Sweden). 
A fully three-dimensional FE-analysis of multi-pass welding is associated with certain problems with respect to 

unreasonable computer-times even when today's super-computers are used. Therefore a simplified approach was 
employed where rotational symmetry is assumed by neglecting the effects of the heat flow in the circumferential 
direction. The assumption of rotational symmetry means that a cross-section of pipe and flange was studied. 

Large deformations were accounted for in the mechanical analysis. Thermodynamic coupling was not 
considered, i.e. heat generation by plastic straining of the material was neglected. and the mechanical field was 
coupled to the temperature field only through the temperature-dependent constitutive properties and thermal strain. 
The mechanical analysis was performed after the thermal analysis in each time increment. To simulate the supply of 
weld material the "born-die technique" was used. This option has been implemented during this present work and 
this technique is described in more detail later in this paper. The thermal loadings, representing the energy from the 
·II passes of welds, were applied as nodal heat input in each cross section area of weld pass. The thermo mechanical 
analysis was performed for times t=O to t=26000 sec using about 1200 time steps. 

F1NITE ELEMENT MODEL 
The cross section of the structure, including pipe, flange and weld material is divided into 1476 four-node 

elements with bilinear base functions using 1560 nodal points. The Finite element mesh used in thermal and 
mechanical analyses is shown in Fig 3. Since the model consists of finite elements representing the eleven passes of 
welds, the "born-die technique" is used to simulate the supply of weld material. The weld elements are unactivated 
until the time for BIRTH when the front of the simulated heat source is passing the plane for simulation. The shape 
and area of each cross section of weld pass in the model was estimated from the gross heat input energy due to the 
proportionality between energy and deposited volume of melted filler material. In the FE-model a simplified 
approach was employed neglecting the effects of the gap between flange and pipe. A numerical test was performed 
where essential zero stiffness was assigned to elements very close to the inner radius of the flange simulating the 
effects of the gap. Negligible effects were obtained. 

THERMAL PROPERTIES 
The temperature-dependent thermal properties (thermal conductivity il and heat capacity c) were taken from [7]. 

The same thermai material properties were assumed for both base and weld material. The temperature variations of 
the thermal conductivity ;i._ and the heat capacity c are shown in Fig 6. The high value of the heat capacity c (taken 
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from [6]) between solidus temperature 1495 °C and liquidus temperature 1530 °C corresponds to a latent h 
260 k.J/kg. For temperatures higher than the solidus temperature the value of thermal conductivity .it was gicat 
value of 230 W/m°C (taken from [6]). Also the convective surface heat transfer coefficient between steel a v;n 
was taken from [6] with the value of 12 W/m2. n 

MECHANICAL MATERIAL PROPERTIES 
Both weld and base material were assumed to be therm<1-elastoplastic with temperature-dependent mate . 

properties. The following parameters were needed in the mechanical analysis, modulus of elasticity E, poiSSOJa~ 
ratio v, hardening modulus H', thermal dilatation £ 7 and yield stresses er,. The mechanical material parameters~ 

v, and H' for base material were obtained from I 5], except for the values of poisson's ratio v, above 400 °c, Which 
were assumed to increase up to a level of 0.47. The modulus of elasticity E and poisson's ratio v for weld material 
were assumed to be the same as for the base material. The temperature dependence of E and v is shown in Fi 

4 and 5 respectively. The hardening modulus H' for weld material was taken from [9] and it so happened that:_ 
parameter agreed with the hardening modulus for the base material (see Fig 5). The thermal dilatation E

7 

for base 
and weld material was obtained from (7). The thermal dilatation curve shows that no solide phase transfonnations 
occur (see Fig 5}. The yield stress parameters er. (base material) and er, (filler material) were obtained from (8) and 
[9], respectively. The temperature dependence of O", and er, is shown in Fig 4. 

THERMAL ANALYSIS 
For the thermal analyses two subincrements were used, which means that during one time step for the mechanical 

analysis, two thermal analyses were performed. The initial temperature was 20 °C. Since the heat energy input ia 
the weld depends on the arc efficiency r,, comparisons between calculated temperatures and measured temperature& 
were made giving the best agreement. The arc efficiency T/ was estimated to be 0.7 for all weld-passes. In the 
thermal analysis convective surface heat transfer between steel and air was considered except for the surface of the 
weld material. Unactivated elements were constrained to be 20 °C in the thermal analyses until time for BIRTH. Al 
this time t=t0 , thermal loading was applied as nodal inputs into the current elements. The heat input energy for cacll 
weld pass was linearly increased from zero at the time for t=t1:,, to constant value in the interval [tb+t1, tb+t2] and thea 
linearly decreased to zero at time t=tt,+t3. The time interval t3 for loading is dependent on the heat-source velocity 
i.e. time for the heat-source to pass the plane for simulation. The data for the gross heat input Q and the times It,, t

1
, 

t2 and t3 for each weld pass are shown in Table 2. In Fig 7 a schematic graph of the heat input function is shown, 
including the times tb, t1, t2 and t3 . 

In the experiment a break occurred during weld pass number four. The rest of weld pass number four and the 
subsequent passes were applied after cooling to room temperature. In the simulation the total heat input from weld 
pass number four is applied after the break. 

:MECHANICAL ANALYSIS 
Large deformations were accounted for in the mechanical analysis. The filler material was activated at time I=\ 

(ti, is the time for BIRTH for each weld pass). This means that changes in material data as well as the thermal 
loading were applied at the same time. From a physical point of view, when the weld material is deposited into the 
groove, the cooling phase takes place immediately and only negative dilatations occur, but in the rest of the 
structure, the heating and the cooling phase give both positive and negative dilatations. Therefore, no expansions of 
the weld material were permitted during heating. Furthermore, the thermal strain increment was set at zero ~or 
temperatures above 1100 °C. Numerical problems with respect to convergence in plastic strains were avoided widl 
the "so-called" Suppression-method [3]. Using the Suppression-method means that material within and close to lhl 
melted zone that has reached temperatures above 1100 °C is deformed only elastically. 

MODELING OF SUPPLIED MATERIAL 
As mentioned before, the "born-die technique" was used, simulating the supply of weld material. TIJ.is option~ 

been implemented during this present work, into an in-house FEcode. Using this technique in multi-pass w~ldinl 
simulation is associated with certain problems according to distortions of unactivated elements, as mentio~ed 10 r;! 
due to the fact that nodes in the interface-region between activated and unactivated elements i.e. nodes lying on . 
edge of the weld groove, are able to move but the rest of the unactivated element-nodes are not. The consequen~! 
that an unactivated element with at least one unconstrained node is liable to large distortions, caused by the veryf dlt 
modulus of elasticity assigned to the element. If the magnitude of deformation field in the neighbourhood O ·oa..,,. 
simulated weld exceeds the size of the unactivated elements i.e. element size is very small in the weld reg;-. 
numerical problems occur and the computation will break down if large deformations are accounted for. There 
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the original method for the "~m-ddie
1 
techniq~e" 

1
w~s modi~bed id~' ordethr to avoid these effects. In order to decrease 

th defonnations of the unacttvate e ements t.e. ymg as a an on e edge of the weld groove, all nodes are set 
ebe totally unconstrained. Consequently the deformation field of the distorted elements will be smoothed out over :e whole area of unactivated elements. 

RE~;!;sentation of results includes calculated and measured residual deformations and also calculated transient 
d formations representing the twisting-deflections of the flange during the welding procedure. As mentioned erlier, 
eeasurements were performed at four different angular positions. The experimental results show that the pipe is 

:Ongly, unsymmetrically deformed. 
In Fig 8, the simulated residual deformations of the flange and pipe in the region of the joint are shown. The 

scale factor for the deformations is 1.0 . One can see that the flange has been twisted and also the diametrical 
shrinkage of the pipe in the region for the joinL Furthermore the end of the pipe is strongly expanded. All these 
effects are corresponding to the experimental shape of deformations, but some differences in magnitudes are 

obtained. 
In Fig 9, the simulated and measured changes in the diameter of the outer side of the pipe are shown. The 

experimental res~lts indicate that the pipe is st~~ngly, unsymmetrical ~eformed i.e. _each shape of diametrical 
deflection is varymg strongly due to angular pos1t1on ¢ (angle ¢, see Fig !). Companson between the measured 
mean value curve and the curve which represents the result from the simulation shows that the diametrical shrinkage 
obtained in the simulation is much larger, but the shape of the two curves are nearly similar. One can also see that 
the difference between these two curves begins at the coordinate of z=lOO mm. An explanation of the differences 
between the two results maybe due to the coarseness of the FE-mesh (see Fig 3). The element size (at start at z=55 
mm) was set to be 12 mm in axial direction and only two or three elements through the thickness. The 
measurements were performed at every 5 mm along the pipe, with start at z=40 mm. 

In Fig 10, the simulated and measured changes of outer diameter of the flange are shown. In the measurements, 
very small variations were obtained in circumferential direction. Therefore, only maximum, minimum and a mean 
curve of the measured shape of diametrical deflections are shown. Measurements were made at three points along a 
line through the thickness of the flange. A comparison between results from the simulation and the measurements 
show that the shape of the curves are almost similar but the magnitudes of the simulated diametrical shrinkage is 
much larger i.e. the same as for the simulated radial deformations of the pipe. 

In Fig 11, the simulated and measured relative deflection of the flange in z-direction is shown as a function of the 
r-coordinate. In the experiment, as mentioned before only relative deformations were obtained. In order to compare 
these results with the simulated, relative simulated deflections in z-direction were evaluated from a reference point 
lying at position r=l 10 mm. 

In Fig 12, the simulated transient result of the angular distortion of flange 0 is show. The residual state of the 
flange deformation (see Fig 11) gives a twist-angle 0, which corresponds to the value of 0 at t=26000 s in Fig 12. 
This transient result visualizes the complexity of this numerical problem. As is shown in figure, a positive angle 
occurs immediately from the first beginning of the welding procedure i.e. positive deflection in z-direction (the 
sequence of the 11 passes of welds is shown in Figure 2). After the fourth pass the cooling phase takes form to room 
temperature. The next three passes (5 to 7), then return the flange back to a position which corresponds 
approximately with the original. Thereafter, three additional weld passes (8-10) are performed and the twist-angle 0 
is increased. The last pass ( 11) then reduces the residual state of deflection, but the effect from the last pass is not 
enough to give an undeformed geometry at the end. 

CONCLUSIONS 
From the results it is concluded that if a manual welding technique is used, it is not recommended to assume 

rotational symmetry when simulating the mechanical behaviour due to the welding process. 
Although qualitatively agreement between experimental and numerical results was obtained, the aim of the work 

has not been fulfilled. The differences between experiments and calculations are too large to make reliable 
predictions of the distortions when welding a flange to a pipe end. In order to make a final statement of the 
numerical model, a new experiment should be performed. In that experiment automatic welding should be 
e~ployed, e.g. TIG or MIG. It would then be possible to use a higher welding speed, and each welding pass can be 
laid without interrupt. Probably the difference between experiments and calculations depends on the 
lhennomechanical modelling of the weld passes. If an automatic welding technique is used it will be easier to make 
a proper model for numerical simulation of the welding sequence. 
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Table 1. Table 2 . 
Regi s tered and recorded data during experiment. Heat input data for the thermal analys i s. 

112 



. s: AmJU31 International 
g Eomneering, and Management Systems JnduSttY, ,:,-· 

Figure 2.Cross section of 
double-J eleven-pass 
butt-weld. The numbers 
represent the sequence of 
the 11 passes. 

Figure 4. Modulus of elasticity E( for base and filler 
material) and yield stresses a.(base material) and 
a, (filler material), as functions of temperature. 
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Figure 3. Finite element mesh 
used in the thermal and 
mechanical analyses. 
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Figure 5. Poisson's ratio v, hardening modulus H' 
and thermal dilatation sr, as functions of temperature. 
Same parameters are used for both base and filler 
material. 

Figure 6.Temperature variations of 
thermal conductivity ..:l and heat capacity 
c, for base and filler material. 
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Figure 7. A schematic graph of the nodal heat 
input, as function of time. Time ,. represents the 

time when the unactivated elements are borne as 
well as the start time when the nodal heat input is 
applied. 
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Figure 9. Measured and calculated diametrical 
deflection of pipe. The angle ¢ represents the 
angular positions in circumferential direction for 
which measurements were performed. 
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Figure 11. Measured and calculated relative 
deflections of flange in z-direction. 
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ABSTRACT 

This paper is concerned with the reliability analysis of tool life when turning of 
harde:oed steel with ceramic tools. The tool life model is based on the assumption that 
gradual wear, chip notching oo the rake face, tool thennaJ cracking and plastic flow, 
and prematw-e failure (i.e chipping and breaking) are the main causes of the end of 
ceramic tool life during turning of hardened steel. From experimental results, a 
statistical distnbution of each cause of tool death was decided, and the distribution of 
tool life and the reliability fimction of ceramic tools were derived. Further, the hazard 
rate of failure was used as a characteristic signature for qualitative performance 
evaluation. 1be predicted hazard rate of ceramic tool failure at a certain time was 
function of machining parameters, variation in workpiece hardness, and tool wear 
limits. The results obtained show that every cause of tool failure plays a superior role 
at a certain time during the ceramic tool life period. 

INTRODUCTION 

In most machining operations, tool life is considered an important factor. All of the mathematical models of the machining 
operatioos rely, to some extent, on the tool life equation which is often predetennined by experimental methods. Aside from 
the problem of experimentally determining the parameters in the tool life equation, there are inherent variations in tool life 
for a certain set of machining conditions. 

Since early experiments by F.W. Taylor [I], there have been several tool life studies. "Response surface methodology" was 
applied to predicting tool life accuracy for the required confidence levels of99% [2]. However, at that time, research was 
confined to questions of detennination., with attention primarily directed at the elaboration of formulae which would remain 
valid over an increasingly wide range of cutting parameters as shown (3,4]. The fact, that tool failure is essentially a 
stochastic phenomenon., and thus, governed by the laws of probability, was not fully appreciated until more recently (5). 

The first statistical models, however, gave no more than a partial explanation of the wide scatter in experimental data 
observed. This was mainly due to the fact that they were founded on the basic assumption that tool life is limited by 
temperature dependent wear [5] and by the lack of control in processing using probability theory [6 to 9). This view rested 
on a tradition dominated by the work of Taylor, and its validity was questioned [10,11) when harder, more brittle tool 
materials came into use. 

Even so, only in the last two decades have m:odels been based on the assumption of more than one failure mechanism [ 12 
to 26). Many aspects of wear, thermal and mechanical fatigue, and sudden breakages have been considered in the literature. 
As for the case of wear, experimental evidence pointed towards normal and log-normal life distribution [20). However, 
Weibull's distribution has been suggested by several investigators [ 13, 14, 18,21,26,28). Using Weibull's distribution, one 
can take into account phenomena with both increasing and decreasing hazard functions. It can be adopted in the absence 
of further information and when no distinct separation can be made between the different causes of tool death. Poissonian 
accident distribution was assumed [ 19 ,21] as a first approximation for sudden tool failure. This entails an exponential 
distribution of life to failure ( constant hazard ftmction). In most of these models, the infant deaths (rapidly decreasing hazard 
function) and breakages due to a cumulative effect, such as fatigue (increasing hazard function), were not fully investigated. 

The main criteria to indicate tool failure in these investigations are; gradual wear such as flank and crater wear, chip notching 
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on the rake face (outer and inner chip notching), premature failure (primary groove on the side cutting edge, secondary 
groove on the end cutting edge. chipping, or breaking), failure due to thermal cracking, softening, or plastic flow, and failure 
due to diffusion wear. 

The parameters used as independent and dependent variables affecting the tool life equations and distributions can be 
summarized as follows; a) Cutting conditions such as feed rate, cutting speed, and depth of cut b) Tool geometry ( angle 
of approach 4>, normal rake angle y, cutting edge angle Kr, nose radius R, and radius between face and flank). c) Mechanical 
properties of tool and work material (hardness Re, yield stress a., modulus of elasticity E, strain limit e ), ruptw-e strength, 
and fatigue limit and fiiction properties). d) Condition of the boundary surfaces between the chip and the rake face the tool; 
and the finished surface of the workpiece and the flank face of the tool e) Chemical nature of the tool and workpiece 
materials, coefficient of tool material diffusion D, and adhesion intensity of the tool material [29,30). f) Thermal properties 
of the work and tool material (specific heat capacity C, and thermal conductivity k). 

Of prime importance is that none of these investigations are related to ceramic cutting tools. Apart from the work done in 
(31 ], most investigations were applied to carbide and coated HSS tools. In this paper the goal is to construct an analytical 
tool life model based on the multiple injury hypothesis that is consistent with experimental observations during turning of 
hardened steel with ceramic tools. 

Several mecllanig:ns of wear exist during turning of hardened steel using ceramic tools. The mechanisms depend to_ a great 
extent on the cutting speed, feed, and depth of cul The mechanisms are summarized below [32]: 

1) Gradual wear (flank and nose wear), which exists at low feed, speed, and depth of cul 
2) For depth of cut higher than 1.0 mm, the dominant failure mechanism is the depth of cut notch on the rake and 

flank faces. 
3) For cutting speeds higher than 400 m/min and feeds higher than 0.1 mm/rev catastrophic failure due to tool 

breakage always occurs. The time and severity of tool breakage depend to a great extent on the speed. 
4) In finish turning, flank wear on its own was not the cause of process termination. The existence of depth of cut 

notch and secondary grooves is the actual cause of tool failure since the former causes chipping of the tool 
and the latter deteriorates the quality of the workpiece sw-face. 

5) Chemical wear is the main cause of tool failure in most of the cases studied because the workpiece material 
always takes small particles of the tool material when it breaks away. 

DEVELOPMENT OF 11IE MULTIPLE INJURY TOOL LIFE MODEL 

The cutting edge failure can be considered as being composed of two independent parts: a) Subject to sudden collapse only, 
which could be related to tool breakage. b) Subject to progressive failure only, which could be related to different types of 
tool wear, as they cause surface finish degradation. In the finishing process, the deterioration of the surface finish always 
detennines the useful tool life. The tool is considered to have failed if the average surface roughness R. of the workpiece 
is over 0 .8µm. This surface degradation can occur if flank wear exceeds 0.2 mm, and crater wear exceeds 0 .1 mm. 

Thus, it can be seen that there are five causes of tool failure in this investigation: 

1. Tool fracture due to quality control in the manufacturing of the tool. 
2. Tool fracture due to machining conditions. 
3. Tool chipping due to chemical wear. 
4 . Flank wear. 
5. Crater wear. 

The main assumptions used in building the model are: 

l) The tool wear process is considered a stochastic process where the tool is subjected to a sequence of hazards. 
2) Some of the hazards are of a magnitude sufficient to inflict irreversible damage to the tool. 
3) Tool wear occurs by removal of small discrete particles from the tool surfaces, which are in contact with 

the workpiece. The rate of removal depends on the type of wear. 
4) Chipping due to chemical wear can be equivalent to increasing the hazard function. 

116 



,94 Procudings: Annual International 
~~,;eon Industry, Engineering. and Management Systems 

5) Infant deaths (rapidly decreasing ha:zard function) cannot be ignored with ceramic inserts. This is due to 
the fact that three out of ten inserts broke during the first minutes of cutting. One insert. shown in Figw-e 1 lasted 
for at least 70 minutes. 

6) For other causes of death, such as breakage due to machining conditions. a Poissonian accident distribution 
(constant hazard function) is assumed as a first approximation. 

TOOL-LIFE MODEL 

The overall probability density function of the tool life due to these causes can be determined by Baye's Theorem [33]. The 
overall probability of the tool failw-e is expressed in the following equation: 

P(1)= p ,(l)+P l(T)+P 3{T}+P _.(l')+P ,(T)-{P ,(T)P l(T)+P .(l)P l(l)+P l(l)P .(T)+P I (T)P ,(T)+P £f)P ,(T)+P 2(T)P 4(1)+ 
P 2(T)P ,(T)+P 3(T)P 4(T)+P1(1)P ,(T)+P 4(T)P ,(I) }+{P ,(T)P 2(T)P ,(T)+P 1(T)+P i(T)P .(T)+P 1(f)P i'f)P ,(T)+ 
P i(f)P 3(I)P 4(T)+P 1(1)P 3(1)P ,(l)+P 1(T)P 4(1)P ,(T)+P z(1)P iT)P .(T)+P 2(T)P ,(T)P ,(f}+l\(T)P 4(DP ,(T)+ 
p ll)P [I)P ,(f) }-{P .(l)P z(T)P ,(T)P .(I)+P ,(l)P l(T)P 3(T)P ,(T)+P ,(1)P iT)P .(T)P lT)+P 2<nP ,(T)P 4(1)P ,(I)} 
+P.(I)P1(T)P3(T)P4(f)P,(I) (1) , 

Differentiating equation (1) with respect to time, leads to the following overall probability density function: 

f(T)= (1-P 1(T))(l-P 2(T))(l-P 3(T))(l-P,(T))f5(f)+(l-P1(T))(l-P2(T)Xl-P 3(1))(1-P ,(T))f,(1)+(1-P 1(T))(l-P zCT)X1-
P 4(1))(1-P ,(1))f3(T)+{I-P 1(T))(l-P3(T)Xl-P 4(T)X1-P,(1))±;(T)+(l-P 1(T))(l-P 3(T)Xl-P 4(T))(l-P ,(T))f,(T)(2) 

or 
f(I)== R1(T)Rz(T)R3(T)R,(T)f,(T)+R1(T)Rz(T)R1(T)R,(f)f,(T)+R1(T)~(T)R.(f)R,(T)flT)+R1(T)RiT)R4(1)R,(f 

)f2(T)+~(f)R1(T)R,(T)R,(f)f1(T) (3) 
where 

f1(T) is the probability density function of tool failw-e due to fracture caused by tool quality. 
flf) is the probability density function of tool failure due to fracture caused by machining and workpiece condition. 

Mechanical shocks are caused either by a combination of high feed, speed. and depth of cut or by umm 
errors in the workpiece. 

flT) is the probability density function of tool failure due to the effect of tool chipping caused by chemical wear. 
f4(T) is the probability density function of tool failure due to the effect of flank wear on the tool. 
f,(T) is the probability density function of tool failure due to the effect of crater wear on the tool rake face. 
P ;(I') is the corresponding probability of failure, such that 1 :s: i:s: 5. 
R;(T) is the corresponding probability of survival, such that l sis 5. 

Practically, the failw-e rate at, or near, a given instant T is much more important than the total survival of failure values. This 
is defined as the ratio of probability of failure in the interval (t, t+A t) divided by At, to the probability of survival at time t 
(R(t)). That is, the failure rate is expressed as: 

1 f C+t.C: <-> f(t)dt 
6,t C 

(4) 
G( t, tot) 

R(t) 

The limit of this function when 6. t-0 represents the instantaneous failure rate or hazard rate which is: 

Z(t)= f(t) = Limx G(t,ll.t) 
R(t) At-0 

(S) 

This function gives the probability that an item which has survived until time t will fail immediately thereafter. The correct 
interpretation of the conditional failure rate function Z(t) is important since: 
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R(t) =exp{-L t Z(t) dt] 
( 6) 

and 

f(t) =Z(t)exp[-L t Z(t) dt] (7) 

The haz.ard or failure rate :ftmction Z(t) can be represented over a finite interval of time by a combination of exponential (not 
necessarily linear). Such a combination of n exponential yields an nth order model. For n= 1, the exponential hazard: 

(8) 

suffices for many tool life distributions, since it can represent a wide variety of increasing, constant, and deer-easing hazard 
functions for 1 1>0, 1 1=0, and 1 1<0 respectively. The function can approximate the hazards of many of the standard 
distnbutions. For n> 1, a combination of two of more complicated shapes, including the well-known "bathtub curveR. 

The mathematical expressions representing the different hazard functions for each cause of tool failure is represented in the 
following sections. 

TOOL FRACTURE DUE TO QUALITY CONTROL IN TIIE MANUFACTURING OF THE TOOL 

In case of tool failure due to breakage caused by low quality control of tool material, a hypothesis can be made as a rapidly 
decreasing haz.ard ftmction (infant deaths). Solutions for exponential function time dependence can be given in the following 
form: 

(9) 

The probability density function f1(T) can be derived from equation (7). 

(10) 

The survival probability is expressed by equation (11 ) . 

Cl 
~ ( T) =exp[- ( exp ( -'½. T) -1) ] 

Al 
(11) 

where c 1 is a constant and l I is the failure rate 

By taking the logarithm of the probability density distribution in equation ( 10), differentiating with respect to c1 and l I and 
equating to zero gives the following equations 

N 

-A1N- c
1 
L [exp(-'½_ T

1
) -1] =O 

.1•1 
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N N 

-),._ "" T - C "" [ T exp{->- T >] =-N l LJ i 1 LJ .S. •"]_ 1 
(13) 

1•1 1-1 

By iteration the values of l 1 and c 1 can be found for a set of tool failureiests. The cutting conditions and the time measured 
of the tool life before breakage are shown in Table I . The results of parameter estimation for these sets of data are 
summarized in the same Table. 

TOOL FAILURE CAUSED BYWORKPIECE CONDIDONS 

Tool failure is often due to breakage caused by mechanical load and shocks. Because of the brittleness of the ceramic inserts, 
they can fail by gross fracture when the tensile stress at a critical point such as a hairline crack or void oriented relative to 
the direction of the loading [33). Hence the parameters of the tool life distribution must depend on the over-stressing 
probability and on the time-distribution of the over-stress encounter. The over-stress occurs on the tool edge due to the 
dynamic variation in the cutting force. One of the major parameters for this variation is the non-homogeneous nature of 
workpiece material hardness (34]. This non-homogeneitygives··an instantaneous force corresponding to the individual 
cutting locations. As long as the hardness values at individual cutting locations are known, the over-stress on the cutting 
tool can be quantitatively evaluated. 

The possibility of this kind of tool failure greatly depends on the cutting conditions which identify the cutting force level and 
also on the hardnes.5 distnbution on the woriq,iece surface. Therefore micro-hardness tests were conducted on a sample from 
the hardened steel workpieces used in this investigation. The non-homogeneous distribution of hardness could be 
characterized by the sample hardness means (µ 1.~,µ3 • •••• ,µ,,,) at individual cutting 1ocations. The sample hardness means 
obey a normal distnbution. The mean of this normal distributionµ·., orµ, represents the mean of all sample hardness means. 
When applying this normal distribution model to the general cutting force equation derived by Kronenberg [35]. By 
determining the instantaneous cutting force due to the variation of the workpiece hardness, the instantaneous stress on the 
cutting tool can be determined. 

The existence rate of a hard spot exceeding the accepted level of hardness along the length and across the diameter of the 
worl<piece used in this investigation was calculated from the conducted micro-hardness tests to be 0.117 4283 and 0.1368 
respectively. From the same test the expected stress distribution on the tool area due to hardness variation, if all the other 
cutting conditions are the same, is shown in Figure 2. 

The probability of exceeding the fracture stress is determined from the highest value of the probability distribution of the 
hardness along the work length and the hazard function ~ 1{t) will be equal to 0.078. Following the same procedure, the 
value of 2.n(t) is found to be 0.052. The associated hazards in this case can be assumed. 

1 
Z21 (T) = ~1 (l.4) 

and 

( l.5) 

where ~ 1(T) is related to the effect of hardness variation along the workpiece length and 2.n(f) is related to the effect of 
hardness variation across the workpiece diameter. 

The tool life density distribution that can be expected under these circwnstances may be calculated as follows. The source 
of failure is either hazard ½i<T) or hazard 2.n(f). For the tool to fail by hazard ½i(T), it must not have failed by hazard 
Z£r). Similarly, the tool must have survived failure by hazard ½,(T), if it is to fail by the action of hazard .ln(f). Defining 
survival probability Riff) as: 
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T 

-Ri ( T) = 1-F(T) = 1-f f(T) d(T) 
0 

The pooled failure distribution density ITT') is obtained as: 

f2(T) = f21(7') -Ri1(7') + f22(T) -Ri2(T) 

From equations (6,7,16, and 17) the probability density function f2(f) will be as follows: 

f
2 

( T) = { _!_ + ~) exp (-___!_ - __!_) 
A.z1 A22 ~l Ai2 

The values of 1 21 and 122 was determined from the micro-hardness tests to be as follows: 

(16) 

(17) 

(18) 

121 = 12.821 ~ = 19.23 

Hence, the ha:z.ard rate for tool failure ~(1). and the swvival probability R.i(T) wiirbe as follows: 

1 1 z (T) = - + 
2 >..1 ..,. 

."2 "'22 

(19) 

T T -Ri ( T) = exp (-- - - } 
Ai1 .h.z2 

(20) 

TOOL FAILURE CAUSED BY CHEMICAL WEAR 

In case of tool failure due to chipping on either the flank or the-rake face of the tool, hypotheses can be made such as an 
increase in failure hazard with time. Tool failure due to chipping can always be represented as a Weibull distribution [26] 
as shown in equation (21 ). 

(21) 

To determine the values of 1}3 and A.3, the experimental data conducted in this investigation is shown in Table 2. The 
independenoe of Weibull's parameteis from cutting parameters has been confirmed by the Mann-Whitney test applied to the 
experimental results (27). On the basis of such results, a series of tests has been conducted to observe the behaviour of the 
tools when submitted to chemical wear at different cutting conditions using the ceramic inserts. The chipping of the tool was 
ascertained through the cutting force records. 

Plotting t. with respect to ln(N/(N-i)) on a log-log scale as shown in Figure 3, the values of ~3 and l 3 can be determined from 
equation (22). 

N 
ln ln (-} = ~

3 
ln t - ~

3 
ln A

3 N-i 
(22) 

where - ~3=1.12 
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The hazard rate function and the survival function can be represented by the following equations: 

it 133-l 
t-'3 T 

z (T) = ---
3 }.133~ 

3 

(23) 

(24) 

TOOL FAILURE DUE TO THE EFFECT OF FLANK AND CRATER WEAR 

The flank or crater wear V 8 or K,. respectively can be expressed as a function of the product of the variance 1J(x1,x.z, ... x..), 
where x 1 "'1,·••X.. and error 0( o) are independent variables. 

Now, assume that the basic function of 1jr is given by: 

where R is the tool nose radius (mm) 
V is the cutting speed (m/min) 
T is the cutting time (min) 
y is the rake angle 

f is the feed rate (mm/rev) 
d is the depth of cut (mm) 
ch is the chamfer of the tool (mm) 
cl> is the angle of approach 

(25) 

(26) 

Following the same procedure developed in [20], it can be say that V 8 or K,. obeys the logarithmic normal distribution, and 
its parameters are given by µ 1 (mean) and o 1

2 (variance). Therefore, the density function of the tool wear distribution is 
given by equation 27 as follows. 

(27) 

(28) 

In case that the relations between the mean tool wear (µ1), and other machining variables are exponential [20): 

(29) 

where Co,k1,kz,k3,k4,k5~,k7 are constants determined from experimental results. 

Denoting the estimates ~f Co,k1,kz,k3,k4,k5~ .k7 respectively, the density function of the crater wear is given by: 
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Hence the tool life probability density function can be detennined as follows: 

1 lnT
1 

- lnT 
f 4 (Kr)=--- exi;r(-----) 2 

fi_;i !!_ T b-1 

K, IC, 

and the survival function R 4(1) can be written as follows: 

ln7'
1 

- lnT 
R4 ( T) =<I>(----) 

b/K, 

where f is the estimate tool crater wear function 
f' is the derivative off 
4>(.) is the standard normal distribution function 
I} is the estimate of standard deviation of normal distribution function for crater wear 
Kr" is a set value of crater wear 
1\ is the estimate of tool life 

(30) 

(31) 

(32) 

(33) 

Substituting equations 32 and 33 in equation 5. rearrange and change the limits of integral the hazard rate function Z,(f) 
can be written as follows: follows: 

z4 { T) = 

.. 2 
(lnT

1 
- ln T) 

exp------ -
2(eJ/K,)2 1 ln T.1 - ln T 

1 (------) 2 - - exp-

'/n o/2.IK, 

lnP-ln,,. 
2n (----"1-) 12n•ll 

t {i.t:s! K., 
n•O ( 2n+l) ! ! 

(34) 

Since the estimated value ofK.r
0 

is related to the stopping of the turning process because of the increase in the surface 
roughness to the decided limit, a multiple regression technique was used to determine an empirical equation relating Kr0 

to 
the failure time and the cutting equation. This empirical formula can be represented as follows: 

(35) 
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Since in finish turning of hard steel the tool life is defined as the time which the surface finish of the workpiece reaches a 
certain limit, the estimate of tool life, T 1, is determined using a multiple regression technique from the measured failure time 
as an output, the surl'ace roughnes.5 and the cutting oonditions as an input The failure time TI can be represented as follows: 

The regression factor Rand the standard deviations of the error for each exponential factor are listed in Table 3. 

1 -

exp-
ln T1 - ln T 

(-----)2 
tf/~ 

1 ln T1 - ln T 
exp- (------) 2 

{n /2 b/Js 
Zs ( T) = --------------

2n ( ln T - ln T) 2n+1 

{ie:r11s :E----
.a-0 (2n+l) ! 

(36) 

(37) 

The hazard rate for the tool failure due to flank wear V 8 can be assumed in the same manner as that of the crater wear and 
by following the same procedure, Zs(T) can be determined as: 

1 lnT
1 
-lnT 

f
5

(T) = -----exp-{----) 
{i;(tr

2
/ Js) T b2 / Js 

ln7{-lnT 
= ¢>(---} 

b2/Js 

(38) 

(39) 

where 0 2 is the estimate of standard deviation of normal distribution function for flank wear. Following the same procedure 
as in determining K/, the value of V m,., can be determined as follows: 

(40) 

and the regression factor Rand the standard deviation of the error for each exponential factors are listed in Table 4. 

The estimated standard deviation o can be determined from the analysis of the tool wear test. This test was done for 
investigation of the tool wear distribution. Twenty experiments were conducted by choosing the cutting conditions which 
give the maximum topl life of about 100 min. These cutting conditions were V=l22 m/min, d=0.5 mm, and f=0.075 
mm.min 1be tool wear, and workpiece surface roughness, curves intersect each other, as shown in Figures 4 and 5, hence, 
the increasing rate of tool wear values in not constant. The histogram of the tool life values are observed to be distributed 
in a rather wide time range at the long elapse of time as shown in Figure 6. The average value of tool life µ is equal to 
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47.875 min, the variance is 307.76 min and the standard deviation is 19.61385 min. The skewness or asymmetiyofthe 
density function can be determined by the third central moment which is: 

(41) 

As can be seen. the value ofC, and P 1 >O, thus indicating right skewness. The kurtosis can be calculated from the following 
equations: 

1 n (42) 
C = -:E<x1-µ}4 4 

n1-1 

and 

~2 
c• 

2. 963 3 (43) 
== == ~ 

04 

This proves that the distribution can be represented as a log normal distribution. 

GENERAL EQUATIONS FOR HAZARD RATE RELIABil..ITY AND PROBABILITY DENSITY 
FUNCTIONS. 

Substituting equations 9, 10, 11, 18, 19, 20. 22, 23, 24, 32, 33. 34, 37, 38, and 39, into equations 5, 6, and 7, the overall 
probability density function can be written as follows: 

f ( T) == ~ [ TJ ~ [ T] ~ [ T] R
4 

[ T] ~ [ T] (44) 
[Z1 [ Tl + z2 £ Tl + z3 [ TJ + z4 [ Tl + zs [ T] ] 

and the overall survival function can be written in the following fonn: 

-~T T T T ~ 
(exp )]exp[-{-+-)]exp[-(-) 3

] 

~l ~2 ~ 
1.n;-lnT lnT

1
-lnT 

¢(---)¢(---) 
V2t5/Jc., ..[2.tJJJc., 

(45) 

and the overall hazard rate function can be written as follows: 
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1 ~TB-1 
Z(T) = cl exp-A T+-+---

1 4i1 Ar, 

(ln~-1nT} 
2 

( ln~lnT) 2n•l 

+2--+exp- (~(b/k.,) 2 L _n _{2_2_bl_k., __ 
~ 2 1 (ln~-1n1' 2 

n•O (2n+l) ! 
1--exp-------

'/n 02/i.1 Jc., 

(ln ,;:-lnT) 2 

(02V2/Jc.,)
2 

2 
(J.n~lnT)2n+l 

exp-------

+ ,/2n. ( 0/ Jc.,) T t _n_{2_2o_l_k:., __ 

1 {lnT
1
-lnT) 2 n-o (2n+l) ! 

(1--exp-------

~ o{i.1 x.., 

RESULTS AND DISCUSSIONS 

(46) 

Figure 7 shows plot of the combined hazard rate due to infant death behaviour of the tool, the independent hazard rate 
cbaracterizing the behaviour of the given tool with respect to the workpiece material, and the hazard rate for the tool failure 
due to chipping because of chemical wear for different cutting speeds. It can be seen from this figure that at the highest 
cutting speed, the initial hazard rate is high and reduces with the reduction of cutting speeds. It is clear that the workpiece 
non-homogeneity increases the level of failure rate for the tool. Also, the hazard of the tool failure increases with time 
because of the effect of chemical wear on tool chipping. The reliability is shown in the same figure and it is increasing for 
lower speed 

Figure 8 shows the values for the failure rate of the cutting tool caused by breakage, chipping and wear. The failure rate of 
the cutting tool in general can be represented by the common bath tub failure shape. The rate of tool failure increases 
because of the tool wear and raises the level of the actual ha:zard rate values caused by chipping and breakage. The reliability 
level is reduced due to the effect of the tool wear level. 

SUMMARY AND CONCLUSIONS OF TOOL LIFE 

1. Since any on of the plots of the reliability, the probability density function, or the hazard rate of failure completely 
represents the failure behaviour of the tool at the respective cutting conditions, the hazard rate of failure is chosen as a 
characteristic signature for qualitative performance evaluation at a glance [16]. 
2. The Weibull distribution is found to be the most suitable distribution to represent the tool chipping. 
3. A descending exponential hazard rate is the most suitable for the infant death rate of the tool due to the quality of the 
process of its manufacturing. 
4. It has been found that the tool wear distribution is best fitted as a log normal distribution. 
S. A general formula representing the hazard rate of tool failure in hard turning has been derived as a function of the different 
causes of tool failure. 
6. The predicted hazard rate shows that every cause of tool failure plays a superior role at a certain time during the tool life 
period. 
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Focd Speed Oq,11,ofCu1 Tool We (miDJ c, l, 
(llllllir<v) (mim.in) (mm) ., 

" t, .. ., .. 
0.15 122 0.5 2.S 1.875 1.815 1.25 11.13 1.25 0.13 0.25 

0.15 ]22 0 .2 0 .625 23.12 1.25 2S J .7 5 3.75 0.37 0.1 

0.15 122 1.5 2.S 3.15 ·.625 1.25 1.11 1.25 0.67 0.2 

T bl e I a C UttiD1! C d on itions an a cu te aJues for C, and dCI la dV l 
Tat No. Vmllmn F(N) DOCmm Rmm Tool Life min NJN.i u,(NIN-i) 

I 122 1.S 0.15 1.2 1.33 1.037037 0.036368 

2 560 0.3 0.075 1.2 1.86 1.076923 0.074]08 

3 122 1.0 O.lS 1.2 2.0 1.12 0.113329 

4 122 o.s O. IS 1.2 2.S l.l66667 O.IS41Sl 

s 122 1.5 0.15 1.2 2.S 1.217391 0.19671 

6 560 0.1 o.os 1.2 2.71 1:zrrm 0.241162 

7 271 1.0 0.075 1.2 2.8 1.333333 0.28768:2 

8 122 0.15 I.S 1.2 3.125 1.4 0.336472 

9 122 0.15 u 1.2 3.76 l.4T.36S4 0.387766 

]0 271 0.075 o.s 1.6 4.03 l.SSSSS6 0.441133 

11 354 0.075 0.5 1.2 4.35 1.647059 0.491991 

12 122 0. ]25 1.0 1.2 S.25 l.75 0.559'5]6 

13 27] o.os 0.5 1.2 HS l.866667 0.624154 

14 122 0.15 1.5 1.2 S.1 2.0 0.693147 

IS 122 0.075 I.S 1.2 1.S 2.153846 0.767255 

16 437 0. 125 0.5 1.2 t.l 2.333333 0.841298 

]7 437 0.l o.s 1.2 9.3 2.S45455 0.934309 

18 437 0.1 0.3 1.2 10.0 2.8 1.029619 

19 271 0.075 0.3 1.2 12.5 3.111111 1.13498 

20 122 0.15 03 1.2 lJ.I 3.5 1.252763 

21 90 0.15 0.S 1.2 14.4 4.0 J.386294 

22 122 O. l 1.0 1.2 15.0 4.666667 1.540445 

23 90 0.05 0.5 1.2 22.88 5.6 1.722767 

24 203 0.075 o.s 1.2 24.8 7.0 1.94591 

25 122 o.os 1.S 1.2 41.25 9.333333 2.233592 

26 122 0.05 o.s 1.2 58.125 14.0 2.639057 

.,., ·~ nn< , n 1, Mn .,. n , 11..,.,n~ 

Table 2 Cuttin,z Conditions Used to Determine the Weibull Distribution Coefficients 6 and}. 
-Equation for Reg. a., C1u a., a., Ou Ou a.1 a.,, 

Factor 

I("T 0.716 0.09 0.12 0.165 0.57 0.13 0.16 O.o7 0.37 

T, 0.776 0.154 0.28 0.18 0.57 0.21 0.187 

Table 3 Tbe Standard Deviation Erron for the Calculated Coeflkients 

Equation for Reg. a., a., a., a .. C1t5 a .. a,., a.,. 
Factor 

V°8b 0.77 0.01 0.07 0.02 0.20 0.02 0.07 0.03 0.60 

Table 4 The Standard Deviation Erron for the Calc:ulated Coefficients 
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AN INVESTIGATION OF GRINDING WHEEL LOADING 

A. K. SRIVASTAVA AND T. L ElrWARDANY 
Department of Mechanical Engineering 

McMaster University, Hamilton, Ontario, Canada, L8S 4L 7 

ABSTRACT 

In this paper, a simple analytical model is presented which enables to predict the 
amount of loading with inaeasingnumberof passes during surface grinding operation. 
It is assumed that loading is primarily due to adhesion at the grain workpiece interface. 
The analysis shows exponential behaviour of loading under various grinding 
oooditions. Experiments cooducted for cylindrical and surface grinding processes are 
briefly described which confirm the validity of the analytical model. 

INTRODUCTION 

Wheel loading oocucs when the intaspaccs between the abrasive grains get clogged with particles of material being ground, 
with the effect that eventually cutting edges do not project sufficiently to do the cutting. This, in turn, causes more ~bing 
than abrasion at the wheel-work interface. The increase in the rubbing component of grinding force generates chatter 
vibration. inferior surface finish and reduced metal removal rate. Thus, wheel loading directly affects the overall 
performance of the grinding operation and can be regarded as one of the prime factors for evaluating the grinding process. 

Y ossifon and Rubenstein [ 1-3] suggested that loading of the workpiece material at the active grain surface and within the 
pores of wheel can be determined by the degree of adhesion existing between the wheel and the workpiece material. They 
observed that the adherent material is made-up of individual grinding chips which first adhere to the rake face of the grains 
and then to each other to form a compact mass which, after going through its life cycle, become detached from the·wheel 
Similar observations have also been reported by other researchers [4-S]. 

Several experimental methods have been used to evaluate grinding wheel loading [6-9]. However, theoretical 
attempts to analyze the problem are rather sparse. This is probably due to inherent complexity of the process and lack of 
understanding of the mechanism involved. In this paper, an analytical model has been developed which can predict the 
amount of wheel loading wider various grinding conditions. It is presumed that loading is primarily governed by the 
adhesion process at the grain workpiece intexface. Several other assumptions are also considered to make the analysis 
simple. The experiments have been conducted which confum the validity of the analytical model. 

TIIEORETICAL ANALYSIS 

Earlier, Yoshikawa [IO] derived an equation to predict the life of a grinding wheel as a function of increasing wear-flat area 
on the active grains due to attritious wear mechanism El-W ardany [ 11] investigated the mechanism of increase in plateau 
area as well as the grinding wheel loading and concluded that the behaviour of both the processes was nearly similar. Thus, 
it is possible to derive an analytical model for wheel loading by following the similar procedure as adapted by Yoshikawa 
[10) to determine the life of a grinding wheel. For the present analysis, the following assumptions are made: 

(i) The wheel loading is governed by the law of adhesion [1]. 
(ii) The number of active grains on the wheel surface remains constant during grinding. 
(iii) All the active grains contribute to loading. 
(iv) The wheel loading decreases when any active grain contributing to that loading, fractures. Toe interval of 

such occurrence is considered to be constant 
(v) Fracture of a grain occurs independently of the magnitude of loading. It means that fracture of a grain will 

cause a reduction in total loading equal to the average loading per grain. 
(vi) The temperatures in the vicinity of grains do not affect the loading phenomenon i.e., diffusion effects are 

negligible. 
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following assumptions (i), (ii), and (iii), the average loading over a grain A vL before any dislodging or fracture of grain is 
given by 

(3WL 
6.v =--g 

L H 
(1) 

where 6 the probability of producing a loaded lump which will depend upon the average shape and geometry of the grain, 
Wis the radial load acting over a grain, L

1 
is the grain grinding distance, and His the hardness ofworlc-material. 

In N number of grinding passes, the grain will contact the workpiece swface (NL V/ttDv) times. Thus, grain grinding 
distance L, can be given as: 

NLVl 
L = C 

g nDv 
(2) 

where L is the workpiece length, D is the wheel diameter, and V and v are the wheel and table speeds. respectively. 

The total loading per grain after a grain grinding distance ofL, will be given by 

(3WNLV1 
6.v =6.v + c 

1 0 nDHv 

or 

(3) 

(4) 

Here, A v
0
is theinitialaverageloadingover a grain surface and K = (WVlc)/(1tDHv). The total loading VL over the wheel 

periphery will be: 

(5) 

Where NA (=1tDBC) is the total number of active grains, C is the active grain density per unit area, and B is the width of 
workpiece. 

Following asswnption (iv), if Na is the total nwnber of passes when the :first fracture occurs, the total loading over 
the wheel periphery just before fracture will be 

V =N(lw +KN ) 
L o er (6) 

Following assumption (v), a part of total loading as well as the average loading per grain (Av
0 
+ KN a) will diminish after 

first grain fracture. Thus, the volume ofloading V LI remaining after first fracture will be 

V =N (L\v +KN ) - (flv +KN } 
Ll A o er o c:r (7) 

or 
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At 2N.., the average loading A v2 • over a grain surface will be 

(b.v +KN ) (NA-1} 
b.v = [ o er ] +KN 

2 N ~ 
A 

and after :fracture, the remaining loading Vu , will be given by 

(b.v +KN ) (NA-1) 
V = [ o er + KN ] ( N -1) 

L2 N er A 
A 

At 3Ncr, the average loading v3 over a grain surface will be: 

(b.v +KN ) (N"-1) 2 KN (NA-1) 
I!,,. V = [ o er + er ] +KN 

3 N2 N er 
A A 

and after a grain fracture, remaining loading Vu will be: 

(b.v +KN ) (NA-1) 2 KN (NA-1) 
VL3=[ o er + . er +KN ] (N-1) 

N2 N er A 
A A 

(8) 

(9) 

(10) 

(11) 

(12) 

It can be seen that Vu, Vu, V LJ etc. increase in a geometric series. Thus, after ~ fracture of grain, the loading over the 
wheel surface will be given by 

Since the number of active grains NA on the grinding wheel is large 

N 
n=(-} 

N er 

The value of n, in terms of number of grinding passes can be given asEquation ( 14 ), therefore, reduces to 

(NA-1) N 
[ ---] .n:::exp(---J 

NA NcrNA 

Substituting equation (16) in (13), we get 
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~erer,-

N 
V s=KN N 2-N (KN N -Av }exp[----] 

n er A A er A o N N 
er A 

If p., is the density of workpiece material, the total mass loaded over:.the wheel periphery will be 

N 
MLr;:p KN NA2-NAp (KN NA-Av ) exp[----] 

w er ., er . o NN 
A er 

and the loading per unit area will be given by 

N 
.mLcp CKN N,-NAp C(KN N.-Av )exp[----] ., er .. ., er .. o NN 

A er 

Substituting for K and N", we get 

N ~p WBLVC 21 N N 
mLs::Am.1exp [ ] + " e er [l - exp(-----)] 

rrDBCN vH nDBCN er er 

(17) 

(18) 

(19) 

(20) 

In the above expression, ID; corresponds to initial mass loaded/area over the wheel periphery. The grain grinding distance 
during single contact is given by I., =.f dD. 

Assuming the average radial load W, acting over the grain surface to remain constant during grinding, it can be evaluated 
from 

(21) 

where f; and f.. are the tangential an d normal components of force acting over a grain, and µ is the average coefficient of 
friction between the grain and workpiece. 

The tangential force ft, in terms of specific energy U, and other grinding parameters is given by [12) 

f • Uv ~ d (22) 
C vc D 

hence, 

UvF,-2 W=- - (l+µ ) 
VC D 

(23) 

Substituting for I., and W in the equation (20), we get 

N ~pwUBdLC!t f N 
m r::,Am exp[----]+ cV (l+µ-2

) [l-exp(----1] (24) 
L 1 nDBCN H nDBCN 

er er 

The equation which gives the mean life of an active grain is [10]: 
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L =~~D 
av V d 

where a is a constant provided the grinding ratio is constant 

The mean life of active grains. in tenns of N .... can be expressed as 

or 

Equating (25) and (27), give 

LVl N (1+2+3+ ••• • +NA) 
L =--c [ er ] 

av nDv N 
A 

LVl.cN (l+N.) N,. LVl N.N 
L =[ er- [---"--]i::: c ... er 

av nDv 2N,. 2IIDv 

2a 
N =-

er LBd 

Substituting this value of Na, in equation (24), we get 

LdN 2a~p ucJ (1+µ-2) LdN 
mts::6.m1exp[----] +---"'----- [1-exp[----]] 

2cmDC H 2cmDC 

For a large number of grinding passes N, equation (29) gives 

2cxf3p..,uc,r;:;;;2 m i::: ---- 1-+-a 
:r.- H 

(25) 

(26) 

(27) ' 

(28) 

(29) 

(30) 

This expression bas been derived for a surface grinding process. However, the loading behaviour will remain the same 
during cylindrical grinding process also. Equation (29) shows that the loading increases exponentially with increasing 
number of passes and will reach to a saturation value :mL,o after sufficiently large number of grinding passes. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments were conducted on a cylindrical and surface grinding machines. During cylindrical grinding operation. the 
FN56B workpiece ma1erial of 300 mm diameter with speeds in the range of 14-210 rpm was used. A grinding wheel with 
specification BA46QSVFBLU having a diameter of 610 mm was used at 1050 rpm under dry plunge grinding conditions 
without traverse feed. The loading on the grinding wheel periphely under different grinding conditions was measured using 
a fibre optic sensor. Fig. 1 shows the schematic diagram of loading measurement system. The detailed description of above 
technique is given in reference (11]. Figs. 2-4 show the variation of wheel loading with grinding time for various grinding 
conditions. 

To confirm the validity and consistency of the model developed, two sets of experiments were conducted on a horizontal 
surface grinding machine. In the first set of experiments, the depth of cut was fixed at 4 µm and table speeds of 10, 1 S, 20, 
and 25 m/min were used. In the other set, the table speed was fixed at 20 m/min and depths of cut of 2. 4, 6, and 8 µrn were 
used A grinding wheel of 300 mm dia. and 63 mm width with specifications A46-JS-V10 was used at 1500 rpm. A mild 
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steel wodcpieoe with dunensi.oos 175x50x15 mm was used The quantita1ive amounts of wheel loading were evaluated using 
X-ray fluorescence technique. Fig. 5 shows the schematic diagram of loading measw-cment system. The principle and 
(!etailed description of the technique are given in reference [13]. The experimental results obtained for the above sets are 
shown in Figs. 6-7. 

The loading patterns during cylindrical grinding coofinn the exponential~behaviour of loading as a function of grjnding time. 
The loading seems to reach a saturation limit after certain period of grinding. It confirms the validity of the analytical model 
to some extent To further check the validity of the.model, the data obtained during surface grinding operation were 
analyz.ed. First. the values of unknown constant a. and the probability of adhesion J3 in equation (29) were computed using 
one set of experimen1al data. The values of a and fi, thus obtained. are 0.1354 x 10 • and 0.2734 x IO • respectively. Now. 
equation (29) is applied to several other test conditions. The theoretical curves of wheel loading for various grinding 
conditions arc shown in Figs. 6-7 by continuous dark lines. A fair agreement can be seen between the experimental data 
and the theoretical curves.. The results also indicate that amoWJ.t ofloading over the wheel periphety increases with increase 
in depth of cut but remains mcxe or less unaffected by changes in table speed as described by equation (29). Similar results 
have also been reported earlier by Y ossifon and Rubenstein [ 1-2]. 

Equation (30) gives the saturation limit of wheel loading ml,oo after the initial transition period. This value of mv- also 
depends upoo "• fi. and various Olhcr grinding parameters. The Wlknown constant er; represents the rate of fracture of grain 
and will depend upon the properties of the wheel (wheel specifications). The probability of adhesion J3. as mentioned earlier. 
depends upon the average shape and geomet:Iy of grain. This suggests that the 
limiting value of wheel loading will depend upon the properties of the wheel and the preparatory treatment (truing and 
dressing etc.) to which it has been subjected. Sometimes, the loading may not reach the value~ For example, if the 
loading process is governed by the combined. thermally and mechanically controlled mechanisms then the first assumption 
no longer holds and the loading behaviour may be nonlinear, as grinding proceeds. 

CONCLUSIONS 

Based on the relevant literature. a simple analytical model for predicting the amount of wheel loading under various grinding 
conditions has been developed. The analysis, based on the .. adhesion of work material 81 the grain-chip interface, indicates 
that wheel loading increases with increase in depth of cut but remains more or less unaffected by variations in table speed. 
The analysis also predicts that the loadingpenmit area ·ove:r·the wheel surface tends to a finite value ml,oo for a large nmnber 
of grinding passes as long as the fracturing probability of grains is not zero even if. it is very small. This limiting value of 
wheel loading m.L,,o will depend upon the properties of the wheel as well as the preparatory treatment (truing and dressing) 
to which it has been subjected. There appears a fair qualitative agreement between experimental results and the wheel 
loading predicted by the theory. 

REFERENCES 

1. S. Yossifon and C. Rubenstein, •Toe Grinding of Workpieces Exhibiting High Adhesion Partl-Mechanisms-, 
Trans. ASME, J. Eng.for Ind., 103, 144-155 (1981). 

2. S. Yossifon and C. Rubenstein. "The Grinding of Workpiece Materials Exhibiting High Adhesion Part 2-
Forces", Trans. ASME.J. Eng.forlnd., 103. 156-165 (1981). _ 

3. S. Yossifon and C. Rubenstein, •Wheel Wear When Grinding Workpieces Exhibiting High Adhesion•, Int. 
J. Mach. Tool. Des. Res., 22, 159-165 (1982). 

4. O. Imanaka. S. Fujino and S. Mineta, •observation of Loading Process of Grinding Wheel by a Micro-Flash 
Tecbnique",BullJSPE, 3, 15-20 (1969). . . _ 

S. T. Suto, T. Waida. R Inoue, R Noguchi and K. Tamakohri, "Behaviours of Loading on a Grinding Wheel, 
Bull. JSPE. 9, 89-94 (1975). 

6. W. Konig and H. L. Schmaltz, "Loading of the Grinding Wheel Phenomenon and Measurement. Annals 
CIRP, 27(1), 217-220 (1978). 

7. D . Dornfeld and H. G. Cai, "An Investigation of Grinding and Wheel Loading Using Acoustic Emission", 
J. Eng. for Ind. , Trans ASME. 106, 28-33 (1984). 

8. A K. Srivastava, K. SriRmi. and G. K. Lal. • A New Technique For Evaluating Wheel Loading", lnL J. Mach. Tool 
Des. Res .• 25(1), 33-38 (1985). 

9. A P. Nagaraj and AK. Chattopadhyay, "On Some Aspects of Wheel Loading" Wear, 135, 41-52 (1989). 
10. H. Yoshikawa, "Theory ofTool Life for the Grinding Wheels",Annals CIRP, 14, 347-354 (1967). 
11. T. El-Wardany, Ph.D. Thesis, Birmingham University, 1982. 

135 



!EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

Cl 
C 
'5 
Ill 

AMP. 
l<'---l POWER SUPPLY 

FIBRE OPTIC SENSOR 

LOW PASS 
FILTER 

A/0 CONVERTER 

DATA 
PROCESSOR 

Figure 1. Schematic Diagram Showing Wheel Loading Measurement Using 
Fibre Optic Method. 

16.0-,..-- ----------------------------, 

.Q 12.0- ➔ 

z= 1.4 mmimm.sec. 

-+ 

Grinding Wheel:BA4605V 
Workpiece MateriaJ:FN56B 
Grinding Wheel Speed:18 m/sec 
Z=Metal Removal Rate -0 

Ill 
Q) 

<ii 
a> 
Cl 
m 
'E 
Q) 

~ 
Q) 
Q. 

Cl 
C: 
'5 
Ill 

-t 

8.0 -

z=0.6 
-+ V V V 

V V V 

'Q 
4.0 -

V 
z=0.3 

0 0 0 <> <> 
<> 0 <> 0 0 

V <> 
<> 

0 I I I I I 

0 20 40 60 80 100 120 

grinding time (sec) 

Figure 2. Variation of the Percentage Area of Loading with Grinding Time 
During Cylindrical Grinding. 

16.0-,-------------------------------, 

.Q 12.0-

Grinding Wheel:BA4605V 
Workpiece MateriaJ:FN56B 
Grinding Wheel Speed:30 m/sec 
Workpiece Speed:0.34 m/sec 

0 
Ill 
~ 
as 
a> 
Cl as 
'E 
Q) 
0 
a3 
Q. 

8.0-

-+ 

◄.0 - -+ 0 

0 

V 
<> 

.., 
➔ 

0 

0 

0 

<> 0 

lnfeed rat.es/rev • 
<> 0.002mm 
,;, 0.004mm 
o 0.008mm 
-+ 0.016mm 

0 -t------..,.,------.-,-- --,-------.,-------.,-----
0 ~ 40 60 00 ~ 120 

grinding time (sec) 
Figure 3. Effect of lnfeed Rate on the Build-Up of Loading During Cytindrical 

Grinding. 

136 



•9' P,oceedinp: Annual International 
~ oo Industry, Engineering. and Management Systems 

16.0--,--------------------------------, 
Cl 
C 

=g 
.Q 12.0-
0 
m 
~ 
m 
c, 8.0-
C) 
ro 
C: 
a, 

2 
a, 
C. 4,0 -

0 0 
0 0 0 0 0 0 o 0 

V V 

Grinding Wheel;BA46O5V 
Workpiece MateriaJ;FNS68 
Grinding Wheel Speed;30 m/sec 
Workpiece Speed;0.34 m/~c 
lnfeed Rate;0 .004 mm/rev 

0 0 0 
V V V 

0 
0

000 00° o o 0 o o 0 o 
o Vo 

0 0 0 O 0 

Workpiece Diameter 
o 100mm o Vo 

V o 
0 

V 135mm 
o 151 mm 

0 -4-------.------.-,-----...-,-----,,,-------,,-----l 

m 

0 20 -4Q 60 80 100 

grinding time (sec) 

Figure 4. Effect of Worl<piece Diameter on the Loading Build-Up During 
Cylindrical Grinding. 

Multi Channel 
Analyser 

120 

Figure 5. Schematic Diagram Showing Wheel Loading Measurement Using 
X-ray Fluorescence Technique 

0.0006 ~----------------------------

a, 0.00l17 
ai Theoretical Curve 

~ 0.0006 
..:2_<'J 
g>£ 0.0005 

'g ~ 0.0004 
.2 C) 

0.0003 

0.0002 

0.000, 

Experimental Data 
• v=10 m/min 
0 v=15 m/min 
0 v=20 m/min 
>< v=25 m/min 

o=--------------~---------------1 

m 
~ 

0 -4Q 60 120 160 200 2~ 280 
number of passes 

Figure 6. Compariscfn' of Theoretical Prediction with Experimental Values of Wheel 
Loading for Different Table Speeds; Depth of Cut d = 0.004 mm. 

<'ii 0.0005 

0.0001 

Experimental Data 

" d=0.002 mm 
.. d=0.004 mm 
• d=0.006mm 
o d=0.008 mm 

0-4--------------,.----------------
0 100 200 

number of passes 
300 

Figure 7. Comparison of Theoretical Prediction with Experimental Values of Wheel 
Loading for Different Depths of Cut; Table Speed v = 20 m/min. 

137 



/EMS '94 Proceedings: Annual International 
Conference oo Industry, Engineering, and Management Systems 

A PROGRAM IN BASIC FOR MACHINING CANTED POCKETS ON CNC MACHINES 
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ABSTRACT 

A canted pocket routine for developing numerical control tool path data is discussed in this paper. This 
routine can automatically generate tool path data necessary to machine canted pockets. The canted 
pocket routine was written in BASIC. The required input are the boundary coordinates and the 
machining specifications for generating tool path data. The pocket routine dynamically varies the feed 
rate according to the type of cut the tool performs so as to decrease the cutting time, thereby 
increasing the material removal rate. The performance of the pocket routine is then compared with 
two commercially available CAM software packages. 

INTRODUCTION 

This work provides a programming utility to generate numerical control tool path data for the 
machining of canted pockets. The canted pocket routine developed presents an interactive program 
to generate tool path data. The pocket routine, written in BASIC, inputs the boundary edge 
coordinates and the cutting condition parameter. The resulting output is the cutter location data to 
machine canted pockets. Most software packages for generating tool path data provide ·a separate 
module to generate the necessary data for machining pockets. These commercial software packages 
have the capability to generate codes to machine canted pockets. Literature on machining of pockets, 
[1 and 2) does not discuss the machining of canted pockets. Only the PC-APT software package [3) 
has a Boeing pocket subroutine that has the capability to develop the cutter location data necessary 
for machining canted pockets. This paper also presents a comparison of the developed software 
program with two commercially available CAM software packages. 

The canted pocket routine presented in this paper generates tool path codes for canted pockets 
with no islands. It is appropriate to first briefly examine some of the existing pocket routines and point 
out their shortfalls before reporting the development of the BASIC pocket routine which overcomes 
these deficiencies. 

CANTED POCKETS 

A machined pocket can be considered as a cavity bound by a series of straight line to a 
specified depth. Usually in a machined pocket, the part surface is parallel to the top surface making 
the depth uniform right through the cavity. Canted pockets have one or more inclined planes as their 
part surface. The tool is required to move along the inclined part surface and remove the material 
within the given boundary. as shown in Figure 1. 

Pocket machining involves the removal of material within a specified boundary. Pocket milling 
is a widely used manufacturing operation in the automotive [4], aerospace and injection molding [5] 
industries. It is primarily used in the manufacture of fixtures, dies and molds. Canted pocket routines 
for curved edges and a plane bottom are used in the manufacturing of dies for die casting, forging [6]. 
sheet metal stamping of outer bodies, deep drawing of cam shafts, and crankshafts. Injection mold 
cavities are removed using pocket milling routines (7]. Dies, fixtures and molds contain cavities 
corresponding to the product to be made. Removal of material from these cavities is a repetitive 
process. The procedure is to move the tool into the material and travels back and forth until it reaches 
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the edges of the pocket. This step is called a pass and the tool does a number of passes by moving 
into the material after each pass to cut the desired depth. Numerical Control (NC) data for the 
repetitive processes is developed using the pocketing routine. 

BASIC PROGRAM FOR CANTED POCKETS 

The canted pocket routine written (8) in BASIC, by the second author is a pocket routine which 
outputs the tool path data for canted pockets. The routine is an interactive program that can be run 
on personal computers. It uses a very simple algorithm to generate tool path data for any desired size 
of canted pocket. 

The routine may also be used to clean out the material inside of a canted pocket whose outer 
boundary is specified by points. The canted pocket can have any number of intersecting planes as its 
part surface. The input to the program are the cartesian coordinate points of each edge of the 
boundary shown in figure 1 . 

l 
H _J 

1 

LEN'GTli 

H 
2 

Figure 1 A concave shaped canted pocket 

Wl:DTH 

H _J 

3 

The canted pocket routine uses the hatch pocketing strategy to remove material inside the 
canted pocket. The cutter plunges into the workpiece material from the left hand bottom corner and 
moves back and forth along the length of the canted pocket until it removes the material inside the 
pocket boundary. 

When the pocket routine program is executed the program prompts the user to input series of 
points which describe the outer boundary. The points should be entered starting from the lower left 
hand corner and successive points should be entered in counter clockwise direction as shown in Figure 
2. 
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Pt. 3 

Pt . 2 

Figure 2 The sequence of point coordinate input for the BASIC program 

The points entered should be at the correct depth as given in the part drawing. The pocket 
routine then prompts for the cutter diameter, the step over, or the offset value, the feed rate and the 
cutting speed, and the number of passes to be.used to remove the material to the programmed depth. 
The last prompt by the program is the filename to store the generated tool path data. The pocket 
routine program opens the specified file and stores the tool path data generated. The tool path data 
may be stored on a floppy disk or downloaded to the CNC machine for the machining. 

Time savings could be achieved using the BASIC pocket routine because the program uses 
dynamic feed rate adjustment during the cutter motion. The dynamic feed rate adjustment feat ure 
varies the feed rate during roughing passes either upward or downwards to alter the cutting time, 
thereby changing the material removal rate (MRR). This feature is not available with most commercial 
computer aided manufacturing (CAM) packages and hence the machining time is considerably longer 
than the BASIC program. The change in the feed rate depends on the type of cut performed by the 
cutter. Figure 3 shows two phases of the milling cutter in the process of metal removal along the 
intersecting planes 
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Figure 3 The front view of a single pass over the intersecting planes PL 1 and PL2 showing the face 
of milling cutter in contact 

140 



'9' p,ocudings: Annual International 
~aence on Industry, Engineering. and Management Systems 

During machining along plane PL 1 as the bottom part of the cutter machines the plane, because 
of the cutting forces, chatter occurs. In this phase, the programmed feed rate is reduced to minimize 
chatter and the cutting continues. While machining along plane PL2 as the milling cutter experiences 
no chatter, the feed rate is doubled to decrease the cutting time. The doubling of the feed rate is done 
only for the roughing cuts and the finish cut is made with the programmed feed rate throughout the 
cut. 

EXAMPLE CANTED POCKETS MACHINES 

As a part of this study, two different canted pocket shapes were machined to test the 
performance of the BASIC canted pocket routine. The two shapes machined were the concave and 
the convex canted pockets. These canted pockets are shown in Figure 1 and 4 respectively. 
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Figure 4 A convex shaped canted pocket 
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Table 1 The results of mean roughness, and cutting time 

CAM PACKAGE CUTTER DIA. SHAPE MEAN MEAN CUTTING 
(inch) ROUGHNESS TIME 

(µm) (minutes) 

EXPEDITE 0.50 CONCAVE 
~ 

16.626 11.440 
3-0 

CONVEX 16.626 13.330 

0 .25 CONCAVE 1.962 15.849 

CONVEX 1.950 17.406 

APT 0.50 CONCAVE 16.845 11.253 

CONVEX 16.869 13.368 

0.25 CONCAVE 2.049 15.510 ' 

CONVEX 2.128 16.116 

BASIC 0.50 CONCAVE 1.796 10.738-
PROGRAM 

CONVEX 1.996 12.156 

0 .25 CONCAVE 1.960 14.426 

CONVEX 2.035 15.045 

Table 2 The measured mean dimensions 

CAM PACKAGE CUTTER SHAPE LENGTH WIDTH H, H2 Ha 
DIA 

EXPEDITE 0.50 CONCAVE 3.99 2.99 0.124 0.219 .124 
3-D 

CONVEX 3.99 2.99 0.219 0.124 .218 

0.25 CONCAVE 3.99 2.99 0 .124 0 .235 .125 

CONVEX 3.99 2.99 0.234 0.125 .234 

APT 0 .50 CONCAVE 3.99 2.99 0.127 0.235 .126 

CONVEX 3.99 2.99 0.217 0 .110 .218 

0.25 CONCAVE 3 .99 2 .99 0.127 0.243 .127 

CONVEX 3.99, 2.99 0 .234 0.117 .234 

BASIC 0.50 CONCAVE 3.99 2.99 0 .124 0.239 .124 
PROGRAM 

CONVEX 3.99 2.99 0.221 0.124 .221 

0 .25 CONCAVE 3 .99 2.99 0 .124 0 .248 .124 

CONVEX 3 .99 2.99 0.239 0.124 .239 

TARGET 4 2.99 0.125/ 0.250/ 0 .125/ 
DIMENSIONS 0 .250 0.125 0.250 

Length, width, H,, H2 and H3 are in inches. 
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The performance of the BASIC pocket routine was compared with two other commercial CAM 
software packages. The two packages used were Expedite 3-D by Automation Intelligence, and PC
APT by N/C Software Inc. Expedite 3-D is a CAD/CAM software package while PC-APT is a 
microcomputer based APT package. The comparison among the software packages was made using 
the cutting time, dimensional accuracy, and the surface roughness values. The cutting conditions and 
the other parameters were kept the same for comparison purposes. 

The parameters that were varied for this study include the shape of the canted pocket, the 
cutter diameter and the software routines used to generate tool path. The other parameters such as 
the cutting speed, feed rate and offset value for the hatch process were not varied. The spindle speed 
used was 1000 rpm, the feed rate used was 15 ipm, and the offset value was 0.07 inch. The 
diameters of the cutting tool were 0.5 in. and 0 .25 in. The CNC machine used was a Facial 5 axis 
machining center. 

The BASIC program produced canted pockets almost two minutes faster than the other two 
software packages. The reduction in machining time may be attributed to the algorithm use_d for 
traversing the pocket and to the dynamic feed rate adjustment feature in the routing. The details of 
the algorithm is in the process of being published. The BASIC pocket routine achieved the best 
dimensional accuracy with no significant change in the surface roughness values as shown in Tables 
1 and 2. Also the BASIC program took the shortest time to generate the tool path program in the 
computer among the three packages. Since the BASIC program is an interactive routine, it does not 
require extensive training unlike the other CNC packages. It has been found to be the best canted 
pocket routine among the three pocket routines compared. 

CONCLUSION 

A BASIC canted pocket routine was developed to effectively generate numerical control tool 
path data to machine canted pockets. This pocket routine enabled reduction in cutting time, thereby 
increasing the metal removal rate. It also machined the canted pockets with a better accuracy than 
the other two packages. 
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ABSTRACT 

This paper presents a discussion of a developed economic model which can be used 
by engineers and managers in the justification of procuring an automated system. 
Automated system justification is unique because it affects so many different 
aspects of a company. The individuals making the final procurement decision are 
usually not aware of all the facets of the business which will be impacted by 
their decision. A software program was developed in conjunction with th:i@ .model 
to guide the manager/engineer through the assessment modules and which.would 
facilitate a more thorough evaluation of the present manual system verses a 
proposed automated system. 

INTRODUCTION 

Automated systems are being acquired by many manufacturing finns. The benefits 
which they hope to realize are those which the Japanese have long touted. 
Described automated · system benefits · have been reduced labor cost, improved 
quality, lower raw material cost, and improved safety. The majority of automated 
system users have claimed significant cost savings associated with automated 
system implementation. The question becomes are these savings achieved at the 
expense of a variety of newly created costs . 

In terms of assessing the procurement of automated systems in the past, most of 
these newly created costs have been ignored. These traditionally ignored costs 
along with savings that have been overlooked may have caused errors in the 
engineering economic analysis of the procurement of automated systems . Costs 
which have not been fully explored in the traditional analysis modes are 
addressed in the developed methodology. The methodological framework for a 
computeri zed cost model to assess the components of procuring and implementing 
automated systems is overviewed. various costs and savings that are assessed in 
the model are described in relationship to a variety of areas. These include : 

- Cost o f labor 
- Safety 
- Improved product quality 
- Nonrecurring "One Shot" equipment costs 
- Inventory and throughput time 
- Setup 
- Less floor space 
- Flexibility and faster response to marke t shifts 
- Training 
- Recurring "other" costs 
- Lead time 

The following sections summarize some of these are as. 

LABOR COST 

Re duct ion in labor costs is very important to successful aut omated system 
i mplementation . The reduction o f labor cost requir e s extensive a ssessment. The 
following items are subcomponent s of the labor s ection a nd s h ould be considered 
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in an automated system procurement decision making process: 

- Preliminary study costs to dete:rmine how many positions can be eliminated 
by the implementation of an automated system . 

- Retraining costs of worker(s) for different position{s) (This cost is the 
training cost for workers that will be displaced by the automated system 
and will need to be trained for another job within the organization). 

- Severance pay for workers inclusive of benefits pay and retirement pay. 

- Legal fees associated with possible law suits filed by the displaced 
workers. 

The equation used to determine the labor reduction cost is as follows: 

where: 

Cu = Labor reduction cost. 
CPll = Preliminary study cost. 
CRET = Retraining cost of displaced workers. 
Cs~ = Severance cost for laid-off workers. 
c~L = Legal fees due to legal action by displaced workers. 

The preliminary study cost is calculated by the following equation: 

where: 

Number of workers performing a preliminary study. 
Labor rate of workers doing preliminary study. 
Number of hours spend doing preliminary study. 

The retraining cost of displaced workers is calculated utilizing the following 
equation: 

where: 

NWRET 
LRRET 
HRET 
½P 
½11 
CTE 

= 
= 
= 
= 
= 

Number of workers to be retrained. 
Labor rate of displaced workers being retrained. 
Number of hours required to retrain displaced workers. 
Training personnel cost. 
Training material cost. 
Travel expense of workers. 

The severance cost of displaced workers is calculated by the following 
relationships: 

where: 

AAsEV 

= Number of workers that will receive Cl4!:Verance pay due t0 
displacement . 

= Average amount of severance pay received by displaced 
workers. 

= Number of workers to receive benefits (i.e. insurance) 
= Annual cost to continue benefits to the workers . 

Number of years workers will receive benefits. 
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The legal cost due to legal action by displaced workers is given by the following 
equation: 

where : 

NWFc = Number of workers expected to file a legal claim 
against the company. 

CAF = Average attorney fees ($/case). 
C= = Average court cost ($/case). 
CSTL = Average settlement cost ($/case). 

The present worth and the annual worth of the various aspects of labor costs and 
the other assessment areas are determined on an individual basis and aggregated 
for an overall assessment . This economic analysis provides the basic information 
for the decision maker to use in determining whether or not to procure an 
automated system. The other assessment areas are analyzed to the same level o·f 
detail as described above . 

SAFETY 

The workplace is assumed safer by the use of automated 
systems can be used to perform some undesirable tasks . 
additional cost savings. Some of the data that needs to be 
to safety are listed below. 

- Decrease in work stoppages or slowdown 
Decrease in labor turnover 

- Decrease in absenteeism 
- Decrease in grievances or sabotage 
- Decreased overtime to make up production losses 
- Hiring of replacement personnel 
- Training of new workers 

Reduced disability insurance costs 

PRODUCT QUALJ:TY 

systems. Automated 
The result can be 

analyzed with regard 

Improved quality can be defined as conformance to specifications. Automated 
process equipment leads directly to more uniform production, and frequently to 
an order of magnitude decline in defects. Some of the inputs used to evaluate 
this parameter are: 

- Percentage of production scrapped (present and automated systems). 
- Percentage of production needing rework (present and automated systems) 
- Percentage of natural material waste (present and automated systems) . 
- Number of inspection stations (present and automated systems) . 

The above items, along with several others, are manipulated by several equations 
to determine the "true" quality cost/savings for the automated system. 

INVENTORY AND THROUGHPUT TIME 

The process flexibility, more orderly product flow, higher quality, and better 
scheduling , which are typically associated with properly used automated systems, 
will drastically cut both work-in-process (WIP) and finished goods inventory. 
In order to determine whether or not a change has occurred in inventory, the user 
must be able to estimate the carrying cost. Also, a series of values are 
requested by the user to determine the length of time it takes a product to 
complete its production cycle through a plant, which is referred to as 
throughput. 
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SETUP 

The automated system cost assessment model estimates setup cost with the 
following equation . 

where: 

Csu == 
LRsu 
Nsv == 

Tsu == 
½II. 

Setup cost (present and automated systems). 
Labor rate (present and automated systems). 
Number of setups per year (present and automated 
automated systems). 
Time per setup (present and automated systems) ($/yr.). 
Material loss (present and automated systems) ($/yr.). 

GREATER FLEXIBILITY AND FASTER RESPONSE TO MARKET SHIFTS 

The flexibility that automated systems offer can take several forms. The 
potential for low-cost production of high-variety, low volume goods is one 
flexibility element. The reprogrammability aspects of most automated systems 
makes it possible for machines to serve as backups for each other in case of a 
breakdown. Automated systems easily accommodate engineering change orders and 
production redesign, thus, allowing for product changes over time. 

TRAINING 

It has been determined that much training should be provided to workers that will 
be associated with the automated system to provide for a smooth transition. 
Therefore, the cost of educating and training workers should be included in the 
overall economic analysis and is part of the described model . This training cost 
differs from the training indicated in the labor section. The drop-down help 
menus in the developed software provides the user with information which helps 
them ascertain what data should be input in the appropriate input boxes. 

RECURRING "OTHER" COSTS 

This category includes increased/decreased costs of the automated system over the 
present method with regard to: 

- Supplies 
- Utilities 
- Maintenance (based on estimated downtime) (Corrective and Preventive). 
- Spares/Repair parts 

ENGINEERING ECONOMIC EVALUATION 

After the data from the-eleven assessment areas has been input and aggregated, 
financial calculations are completed to reflect the present worth, annual worth, 
payback period, and the rate of return analysis. These engineering economic 
parameters were selected -because they are used most often by American companies 
in determining whether or not a major capital investment should be made for a 
given alternative. 

The present worth analysis of a future sum in the model is calculated by using 
the single-payment-present- worth factor. The annual worth of a present sum is 
determined using the equal-payment-series capital-recovery factor. 

The payback period analysis method involves the determination of the length of 
time required to recover the initial investment based on a zero interest rate. 
The internal rate of return is defined as the interest rate that causes the 
equivalent disb1J.rsements of a cash flow. Alternatively, it can be defined as the 
interest rate that reduces the present worth amount of a series of receipts and 
disbursements to zero _ The average rate of return measures a proposed project:' s 
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profitability with the ratio of average annual earnings after taxes to average 
investment. It provides management with the average earnings after taxes per 
average dollar invested. 

The economic analysis process for the automated system is based upon estimates 
of future events . The system allows the user to input an "optimistic" percentage 
and a "pessimistic" percentage to complement the "most likely'' input the user has 
already provided. 

SUMMARY 

In assessing the cost effectivity of automated systems, all resulting costs and 
benefits must be evaluated. Automated system benefits include reduced labor 
cost, improved quality, improved safety records, and greater flexibility. Costs 
associated with implementing automated systems include those required to train 
or retrain employees, equipment costs, inventory costs may increase 
significantly, and there may be added safety problems. The magnitude of the 
costs increase may be large enough to negate all associated automated system 
savings. 

Managers must be knowledgeable of a vast array of areas in order to successfully 
evaluate automated system procurement and implementation issues. The developed 
computerized cost model prompts the user for the necessary information and 
provides an abundance of "help" to the user in analyzing all the information 
required to successfully evaluate the economics associated with procuring an 
automated system. 
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ABSTRACT 

The seeming contradiction in the case study was that 
according to the the company's strategy quality was more 
important than cost. Yet operations managers emphasised cost 
rather than quality. 

INTRODUCTION 

This paper considers a case study of partial MRPII/ JIT integration [ l], 
which reveals some of the positive and negative determinants of full 
integration, and the way in which operational and accounting factors 
related to this process. 

THE CASE STUDY 

The company made handtools and was located in Continental Northern Europe. 
It had an annual turnover of £4 million and employed 60 people on one 
site. It had in recent years restricted its product range in order to 
concentrate as the European monopoly quality supplier of one particular 
type of handtool (called Tool X hereafter) in about 50 different 
versions. The primary method of data gathering was the semi-structured 
interview. 

RESULTS 

1 . A NON-STANDARD MRP SYSTEM. 

The MRP program did not calculate lead time, and so due dates for each 
machine were not calculated. This difficulty was circumvented because the 
lead time was relatively short: - 7 working days from Raw Material to 
buffer (down from 12 weeks 3 years before), and 5 working days from buffer 
to Finished Goods (down from 5 weeks), so tha t daily WIP tracking, and 
spotting bottlenecks, was done on a visual and collaborative basis . The 
shopfloor machines were arranged in two horseshoe shapes, to reduce the 
available space for stacking materials near the production area, (a 
disincentive to forming long queues for machines) and to i ncrease visual 
communication between work areas. The production route contained 12 to 14 
separate but sequential processes beginning with cutting to length for the 
hot press. The batch was divided .. into clusters, each of which had a s heet 
showing what had to be done, together with the material required . These 
production control tickets also showed the date, product ID, da te when 
material was issued, machine number, what the operator should' do, and the 
t i me for each task. Operators were divided into groups, and planned their 
own sequencing and combining of i terns. Groups were planned in on sheets 
every day . If groups had achieved multi - skilling then the group was given 
complete control of its daily capacity plan. But multi-skilling was only 
partly achieved - workers were able to use different machines but most 
operators could not maintain them, so that special , higher paid 
maintenance operators were used. There were no terminals on the shopfloor . 
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profitability with the ratio of average annual earnings after taxes to average 
investment. It provides management with the average earnings after taxes per 
average dollar invested. 

The economic analysis process for the automated system is based upon estimates 
of future events . The system allows the user to input an "optimistic" percentage 
and a "pessimistic" percentage to complement the "most likely!' input the user has 
already provided. 

SUMMARY 

In assessing the cost effectivity of automated systems, all resulting costs and 
benefits must be evaluated. Automated system benefits include reduced labor 
cost, improved quality, improved safety records, and greater flexibility. Costs 
associated with implementing automated systems include those required to train 
or retrain employees, equipment costs, inventory costs may increase 
significantly, and there may be added safety problems. The magnitude of the 
costs increase may be large enough to negate all associated automated system 
savings. 

Managers must be knowledgeable of a vast array of areas in order to successfully 
evaluate automated system procurement and implementation issues. The developed 
computerized cost model prompts the user for the necessary information and 
provides an abundance of "help" to the user in analyzing all the information 
required to successfully evaluate the economics associated with procuring an 
automated system. 
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ABSTBACT 

The seeming contradiction in the case study was that 
according to the the company's strategy quality was more 
important than cost. Yet operations managers emphasised cost 
rather than quality. 

INTRODUCTION 

This paper considers a case study of partial MRPII/ JIT integration [ 1] , 
which reveals some of the positive and negative determinants of full 
integration, and the way in which operational and accounting factors 
related to this process. 

THE CASE STUDY 

The company made handtools and was located in Continental Northern Europe. 
It had an annual turnover of £4 million and employed 60 people on one 
site. It had in recent years restricted its product range in order to 
concentrate as the European monopoly quality supplier of one particular 
type of handtool (called Tool X hereafter) in about 50 different 
versions . The primary method of data gathering was the semi-structured 
interview. 

RESULTS 

1. A NON-STANDARD MRP SYSTEM. 

The MRP program did not calculate lead time, and so due dates for each 
machine were not calculated. This difficulty was circumvented because the 
lead time was relatively short: - 7 working days from Raw Material to 
buffer (down from 12 weeks 3 years before), and 5 working days from buffer 
to Finished Goods (down from 5 weeks), so that daily WIP tracking, and 
spotting bottlenecks, was done on a visual and collaborative basis. The 
shopfloor machines were arranged in two horseshoe shapes, to reduce the 
available space for stacking materials near t h e production area, (a 
disincentive to forming long queues for machines) and to increase visual 
communication between work areas. The production route contained 12 to 14 
separate but sequential processes beginning with cutting to length for the 
hot press . The batch was divided into clusters, each o f which had a sheet 
showing what had to be done, together with the material required. These 
production control tickets also showed the date, product ID, date when 
material was issued, machine number, what the operator should' do, and the 
time for each task. Operators were divided into groups, and planned their 
own sequencing and combining of items. Groups were planned in on sheets 
every day. If groups had achieved multi-skilling then the group was given 
complete control of i ts daily capacity plan. But multi-skilling was only 
partly achieved - workers were able to use different machi nes but most 
operators could not maintain them, so that special, higher paid 
maintenance operators were use d. There were no terminals on the shopfloor. 
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Also it was possible to keep track of WIP without entering it onto the 
computer all the time. There was not much paperwork on the shopfloor - no 
route cards for example. Thus some elements of JIT (partial multi
skilling, visual clues, MRP only for planning) were in place, meeting 
production control needs on a daily basis. Although the Managing Director 
was not keen on shopfloor terminals (he would have to write more software 
and he was tired of it), the Production Planning Manager wanted the 
accuracy they would give. However, this had not even been discussed 
between them. At the time, the Production Planning Manager planned daily, 
but avoided the need to reschedule by having a 2 week planning list onto 
which new orders were placed. Rush orders required a new plan, and so he 
saw part of his function as protecting production from rush sales orders . 
It was obvious therefore, that the system was inflexible to the needs of 
customers, a business objective of increasing salience [2) . 

2. CONTINUOUS IMPROVEMENT. 

Continuous cost improvement was also an important element. Productivity 
gains were claimed to be 3% to 4% per year. Lead time and WIP had fallen 
considerably throughout the process. This was an important consideration 
since raw materials took 33% of costs. Dies in the hot press were being 
marked in order to keep track of the lifetimes. The main production 
quality problem was that where steel that was still hot from the press was 
used in subsequent processes, there was often distortion {i.e ~ curved 
blades) in the finished product. Management thinking was now moving away 
from associating a batch with whatever came off the hot press. The hot 
press was not a limiting factor in production output in principle - it 
could make up to 10,000 items in one process, and then the cooled items 
could be divided into several batches afterwards. 

Despite moves to JIT, the buffer still existed, and was 7 weeks' 
production i.e. 14 % of annual turnover ( about average in manufacturing 
industry) . Finished goods stock was 3.5% of turnover (down from 5% a year 
before). Thus MRP/JIT had made big productivity improvements but had only 
reached an intermediate stage of integration. It was significant that, 
although the Financial Accountant made no estimate of stock holding costs 
in line with too much conventional practice [ 3 ] , the operations managers 
were keen to see stock holding come down even further. 

3. SET UP TIMES AND MACHINE STOPPAGES. 

Most set up times were quite good (less than 10 minutes including 
cleaning) because there had been a drive 5 to 7 years before to bring them 
down. However, management was not completely satisfied and hoped 
eventually to bring them down further. The hot press provided the 
exception because its set up time was O. 5 to 1 hour (once per day ) , 
whereas all other machines took less than 10 minutes. One reason why set 
up times were not considered a problem was the fact that machines were 
only running 11 hours per day compared with 32 hours per day of available 
capacity (i.e. 2 machines for 16 hours per day) . Machines were mechanical 
- not numerically controlled - and were on average about 10 years old . 
Because there were 2 of most machines, breakdowns were not a problem 
either. However, two years previ ously a breakdown log had been introduced 
for use in helping to decide when to buy replacement machines. 
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4 . QUALITY MANAGEMENT. 

Quality management had had to take second place to production planning, on 
the argument that if production was chaotic then the quality would be 
poor. So quality was therefore also the~ responsibility of the Planning 
Manager . The company had begun to develop quality standard ISO 9000, 
al though this had come as a result of pressure from customers 
(particularly local authorities and armed forces) rather than from 
pressure within the firm. For goods incoming, such as steel bars and 
plastic handles, it was intended to use a sampling plan compatible with 
ISO 9000. However, there were no inspectors. Warehouse staff did the 
sampling only if they had enough time, and there was no record kept of 
whether a sample had been missed. For goods outgoing, a mixture of 
sampling and 100% inspection (depending on customer pressure) was used. 

The stable supplier relationship was important for controlling the quality 
of steel. The company was able to keep a close eye on the analyses of 
quality, and they were able to plan together with the supplier. The .fact 
that there was only one supplier meant that any problems could be traced 
back to the supplier (in line with ISO 9000). Within the plant, 
statistical quality control was not used, although the very low level of 
scrap (1.5%) was constantly monitored by the Production Planning Manager. 
Batch sizes were also monitored, as were the number of Tool Xs produced 
from each 500 kg steel bar. This· monitoring was required because count 
errors were about 5%. Sometimes people admitted they had made a mistake, 
but this was unusual. There were quality circles - an hour every fortnight 
in company time - but there were many problems with them. Supervisors did 
not like having to deal with the problems which were raised . After 
resistance by supervisors, the management insisted that meetings should 
take place. Sometimes workers admitted they had made a mistake, but this 
was rare. Their awareness of quality as an issue was poor. Discipline was 
relaxed . For example, KANBAN would not have worked, because some 
opera tors would not have followed it completely, and these would have 
influenced others. The company admitted that quality was not the best it 
could have achieved, but that it was 'good enough' . The workers had good 
pay and co~ditions but more attention was needed on formalising, 
documenting, and inspecting for quality. 

5. WORKFORCE RESISTANCE TO CHANGE . 

Although operators worked in groups, and although there was some progress 
towards multi-skilling, cell-based costing was opposed by shopfloor 
workers. The cell would have been treated as a single work centre for cost 
accounting information such as running time, number of operations, parts 
processed, proportion of cell time devoted to each part, material costs 
and scrap. Similar non-conventional accounting methods have been used in 
JIT contexts - see fo r exampl e [4] at Tektronix. The fear of operators was 
that it would expose errors or slow work, or impede pay rates linked to 
machine utilization (irrespective of whether this causes queues 
downstream). Similar resistance to threatened change has been noted by 
[5]. Without such cell-based information it was difficult to reward 
groups for indirect labour effort. This prevented or made difficult 
further moves towards multi-skilling, preventative maintenance, stock 
control (of mini stocks to replace the buffer), and recording. In order to 
monitor accurately and control the trade-off between avoiding queues (not 
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working a machine) and low machine utilization rates (25% of costs are 
processing costs), such activity-based costs were needed. 

The contrast with Japanese accounting systems is instructive. There 
companies use accounting systems more to motivate employees to act in 
accordance with long term manufacturing strategy (JIT, TQM, or whatever) 
than to provide management with precise data on costs, variances, and 
profits (6,7]. For example, operations managers must decide priorities for 
cost reduction (e.g. improved flow versus quicker deliveries) . In the case 
of operatives at the factory studied, the problem was to show them how 
wider skills (rnultiskilling) and cellular: working could increase autonomy 
without reducing wage levels, yet only traditional accounting methods were 
used in reality. This, with some notable exceptions, seems to be typical 
Western practice . Yet accounting can be seen as a set of rules for 
negotiating an understanding of organizational reality rather than simply 
as a mechanism for establishing an objective economic reality [8] . In 
Western companies, the strategic effects of accounting systems are 
unintended. In one case (9) the behaviour-modifying effects of activity
based costs were that sales realised the effect of rush orders on 
production, while in another (10] factory level managers became more 
interested in factory cost reduction. 

Operators were not flexible about moving from one process to another:. They 
spent days or even weeks on the same process, whereas management wanted 
movement on an hourly basis. The transition would have required much 
persuasion . Operators who had been with the company a long time were more 
loyal but also more inflexible. There was no on the job training (apart 
from that given within the maintenance section) which could have been used 
to motivate change [ 11] . The expense of training and higher rates were 
known, but the justification for this was uncertain (12]. 

6. ACCOUNTING METHODS. 

The company stressed engineering and operations management rather than 
management- or cost-accountancy in its key management posts. This reflected 
Continental European industrial cultural values. The senior management 
posts were Managing Director, Sales, Financial Accounting, Production, 
Purchasing, Planning. Significantly, the Financial Accountant's post was 
only part time. Also, decisions to invest in a new machine were made on the 
basis of whether the lack of it would be of critical importance, (a non
financial, qualitative decision) rather than upon any accounting formula . 
To the Financial Accountant quality was more important than cost when 
asked to judge a new investment - 'when quality falls it is the beginning 
of the end'. In the light of the accounting literature on the limitations 
of conventional accounting methods (13] this was an enlightened attitude, 
or it showed the supremacy of engineering over accounting values. The 
predominance of criteria derived from strategic considerations in making 
investments was more reminiscent of Japanese (7 ) than Western practice, 
and the reliance on behavioural controls rather than upon budgeting 
reflected a JIT approach (14], although JIT was far from fully accepted or 
implemented within the plant. Although traditional accounting methods were 
still used there seemed to be little regard made to them in the running or 
planning of the factory. The impression given was that the n on- accounting 
managers did not rely on the Financial Accountant {who prepared financial 
accounting information for Board meetings, and internal audits) for their 
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cost information, but rather used their own sources. This was in strong 
contrast to many examples in the UK and US literature, where a division is 
seen to exist between production and accountancy ( 15) . The company was 
mainly managed by engineers and operations managers, yet these people kept 
an interest in costs - evidenced by the l~rge number of references to costs 
in thei r answers to questions . This reliance on shop floor observation and 
close contact with shop floor problems _reflected the philosophy of the 
Managing Director that informal data collection should be utilised to the 
maximum possible before relying upon computer data. 

The wish of the Managing Director to keep track of progress on the shop 
floor by observation was laudable to some extent, since it resulted in 
close human contact between supervisors and operational managers . However, 
there are two reservations to be made. Firstly, any further progress 
towards JIT (reduction of inventory, replacement of buffer by mini 
buffers, more responsibility taken by work groups) requires a greater 
knowledge of due dates and whether people at machines meet. their due 
dates, which inevitably requires shop floor terminals. Secondly, . any 
improvements in becoming more flexible for the customers (dovetailing in 
rush orders, customised products) requires a knowledge of the cost 
implications. Even though 70% of production is in Tool X, there are many 
variations. What is the cost effect of having such a variety, and are some 
variations which are more costly than others actually unprofitable? Is the 
total range necessary to keep the company's reputation? Such · precise 
information is required for the continual improvement approach of JIT to 
make sens·e ( 14) . 

CONCLUSION 

Because of the strategic importance of market positioning, the chief 
anxiety was caused by existing or potential market competitors. The 
belief was that so long as quality was kept up, and the company's output 
of Tool Xs continued to grow then the company would be safe. The 
preoccupation was therefore with quality, not cost. Yet the factory seemed 
ripe for large quality improvements of the kind available under Total 
Quality Management (TQM) - a well paid workforce, but under-investment in 
training, lenient discipl ine, management complacency on quality, and a 
lack of inspection and formal quality standards . Clear targets and formal 
standards are essential when improving quality in CAPM environments (16). 
The company's strategic position in the market was the Managing Director's 
main worry. After that it was to keep quality up. But to improve quality 
he would have had to reorganise labour practices, which would have 
required management effort and perhaps a small part of the profits (which 
happened to be available for management to distribute as incentives as 
they saw fit) . Operations performance was becoming satisfactory after a 
period of major productivity improvements, but the company had achieved 
only lirni ted MRP / JIT integration. Some JIT elements had been brought in 
perhaps partly because lead times were missing from the MRP program 
(necessitating some informal shopfloor process control), and because 
inventory was such a high proportion of costs. Barri ers to further 
integration were a disinclination to change labour practices, lack of 
management time to pursue TQM due to distraction to firefighting duties 
(17) and a reluctance to take risks in getting rid of the buffer store. A 
potential though unrealised motivator of change was the commonly perceived 
need to make quality the first priority. 
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ABSTRACT 

This paper presents a proposed machine learning 
technique for deriving control strategies for complex 
manufacturing systems . The intent is to develop a 
system that can evolve knowledge bases for intelligent 
real time control of manufacturing systems that produce 
discrete parts. Of specific interest are manufacturing 
systems that exploit routing and processing flexibility . 
The learning component will be primarily based on 
genetic algorithms (GA) . The GA will evolve distributed 
knowledge bases that make routing decisions for each 
different part type produced by the manufacturing 
system. Learning will be driven by feedback from a 
simulation model of the target manufacturing system. 
The proposed system is unique in that the system's 
learning will be unsupervised and will produce 
distributed knowledge bases instead of a single central 
knowledge base. The ultimate goal is to develop a 
machine learning technique that allows multiple agents 
(machines, parts, material handling devices, etc . ) to 
collectively evolve behaviors that allow them, and the 
system in which they exist, to become successful at 
meeting management objective(s). 

1. INTRODUCTION 
As compared to other areas of scheduling research, the dynamic routing 

problem has not received much attention. However, current research and reports 
as early as Conway, Maxwell, and Miller [5), echo a common theme: routing 
flexibility, even if it means routing a job to a less efficient machine, can 
result in increased system performance . Routing flexibility allows a 
manufacturing system to avoid significant losses in production when interruptions 
occur (machine failures, tool failures, product mix changes, etc.) It is 
achieved by using alternative machines or alternative sequencing of processing 
steps when such interruptions occur. 

Although manufacturing systems that can exploit routing flexibility exist, 
companies have been slow to capitalize on their benefits (3), [4). In general, 
scheduling problems are combinatorial problems and consideration of alternative 
routes further complicates the situation . Most optimization techniques are not 
useful in industry due to the many simplifying assumptions necessary to implement 
them [l.5). As a result, the norm in industry is to assign part types to a single 
predetermined route and to apply queue dispatch rules [21. 

To take advantage of today's flexible manufacturing systems, new control 
methods must be developed. Efforts are being made to develop central control 
techniques with the intelligence necessary to opportunistically guide a part 
through the shop by responding to environmental changes [1.6) , [17) , [18) . 
However, these techniques require a great deal of a priori domain information and 
have no significant learning capability. 

Additionally, the control function should be distributed throughout the 
system [4), (14]. For true adaptive control, each agent (machines, parts being 
produced, material handling devices, etc . ) in the system should be capable of 
i ndependently responding to environmental conditions. Lin and Solberg ([12), 
[13)) built on previous work in negotiation-based systems to achieve a high 
degree of control modularity. Here, agents negotiate with one another as they 
attempt to achieve their goal(s). 
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The development of distributed control techniques is a difficult task . 
Many complex relationships exist within a manufacturing system making it 
difficult to take them into account when designing a distributed control scheme. 
Moreover, since most proposed control schemes are static -(the scheme does not 
tune itself to the system) they must be fairly general to be applicable to a 
variety of manufacturing systems. This imposed generality decreases the control 
scheme's ability to capitalize on a specific system's capability to increase 
production . . 

To help overcome these shortcomings, a machine learning technique which 
uses a genetic algorithm is proposed. The system is called the genetic algorithm 
rule discovery system (GARDS) and is based on previous work by Grefenstette (7). 
The goal is to develop an unsupervised learning process that uses a computer 
simulation model of the target manufacturing system and is guided by the 
specification of management objectives (e.g. minimize lateness). In this way, 
the distributed control scheme will be tailored for the specific system and will 
not be limited by a designer's understanding of the system. The control schemes 
themselves will not be static because they are continuously updated as the 
manufacturing system better learns to control itself. Furthermore, the proposed 
system would require very little a priori domain information, making it 
applicable to almost any manufacturing system. 

In section 2, background on genetic algorithm based machine learning is 
presented. In section 3, the organization of GARDS is discussed followed by 
conclusions in section 4. 

2. GENETIC ALGORITHM BASED MACHINE LEARNING 
Genetic algorithms have been successfully applied to many optimization 

problems. A good introduction to genetic algorithms (GA) can be found in 
Goldberg [6). For machine learning, the GA is used by agents to autonomously 
learn and make decisions in ill-defined task environments with little background 
knowledge. Typically, the learning system is provided with feedback from a 
simulation of the task environment . This machine learning goal has been 
partially realized by two different approaches for discovering stimulus/response 
rules via the GA. They are the classifier system and the LS-1 system (6]. Both 
use the GA to search the space of permissible rules, or knowledge structures, by 
applying simplistic genetic operators to rules, or rule sets, that have 
demonstrated promise in the past. Ideally, upon completion of the learning 
phase, a rule set exists that can be used for successful operation in a task 
domain. 

Goldberg [6) defines a classifier system as 11 
••• a machine learning system 

that learns syntactical simple string rules (called classifiers) to guide its 
performance in an arbitrary environment." By this definition, both the 
classifier system and the LS-1 system are characterized as a classifier system. 
The syntactical simple string rules, or classifiers, are usually expressed in the 
IF <Condition> THEN <action> format. They are called classifier systems because 
they classify which environmental states warrant the application of a known 
operator or action (IF the current state is in . the set Si THEN appl.y operator Oi) 
[10). The rules are constructed using a binary alphabet augmented with a wild 
card (0, 1, #). In the context of pattern matching, the# symbol matches either 
a O or a 1. Therefore, the states of an environment must be represented in 
binary form. 

A major component in any rule discovery system is the method used to decide 
which rule (s) deserves credit for the successful achievement of a goal (s) and how 
much credit is due. For example, in a chess-playing program, the move prior to 
achieving a checkmate was probably not the sole cause of the checkmate . In fact, 
many moves, or decisions, were made to set the stage for the final win. The 
credit assignment scheme i s faced with the task of determining which moves, out 
of all the moves that were played, were the stage setting moves [1). 

For classifier systems, the credit assignment scheme most often used is the 
bucket brigade algorithm (10). It, like other schemes, operates by assigning a 
measure of a rule's usefulness to the system. This measurement is called the 
rule's strength. Rules use their strength to bid for the right to be used. Only 
the rules with the highest bid receive this right and participate in reproduction 
via genetic operators. 
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The major difference between the LS-1 system and the classifier system is 
what constitutes a knowledge structure. In a classifier system, a knowledge 
structure is an individual rule. In the LS-1 system, a knowledge structure is 
a group of rules called a production-system program. Therefore, in the 
classifier system, individual rules are assigned a strength, and in the LS-1 
system, groups of rules are assigned a strength. In the LS-1 system, genetic 
operators are applied to production-system· programs and, in· the classifier 
system, genetic operators are applied to individual rules. 

Since both systems use the restrictive binary coding scheme, neither will 
be used for learning dynamic routing control policies for manufacturing systems. 
Therefore, the details of how these systems work will be omitted in order to 
focus on a different rule discovery system that has much in common with the LS-1 
system but uses a high-level rule language . 

The rule learning paradigm best suited for the research is implemented in 
a system called SAMUEL [11], [8] , (9), [7] . SAMUEL was developed for 
optimization of control policies for sequential decision tasks. Grefenstette (7) 
describes sequential decision tasks using the following scenario " ... A decision
making agent interacts with a discrete-time dynamical system in an iterativ.e 
fashion. At the beginning of each time step, the agent observes a representation 
of the current state and selects one of a finite set of actions, based on the 
agent's decision rules . As a result, the dynamical system enters a new state and 
returns a (possibly null) payoff. This cycle repeats indefinitely. The 
objective is to find a set of decision rules that maximizes the expected 
asymptotic payoff rate . " SAMUEL consists of three main components: a problem 
specific module, a performance module, and a learning module. Figure 1 
illustrates the architecture of SAMUEL [8). 

The problem specific 
module's world model 
reported by Grefenstette et 
al. [11) is called the 
evasive maneuvers game. 
The evasive maneuver game 
consists of a two
dimensional model of an 
airplane being pursued by a 
missile. Using a 
simulation model of the 
airplane and missile, 
SAMUEL'S objective is to 
learn how to control the 
airplane so that it avoids 
being hit by the missile. 

For the evasive 
maneuvers sequential 
decision task , SAMUEL has 
achieved some impressive 

PROBLEM SPECIFIC 
. MODULE 

SENSORS 

CONTROLS 

CRITIC 

PERFORMANCE 
MODULE 

PLAN 
FITNESS RULE 

~-..&.-__ S;:;.,TRENGTH 

GENETIC 
ALGORITHM NEW 

PLAN 

LEARNING MODULE 

results· SAMUEL has F" 1 Architecture of S"'llft'T'l:'L. 
demonstrated that it can 1.gure · ....,.~u.,. 
acquire the ability to 
avoid destruction by the missile about 99% of the time (7]. This is impressive 
in two respects. First, the initial strategies given to SAMUEL as genetic 
material from which to work were generated at random . second, Grefenstette 
reports that by selection maneuvers (turns) at random one can avoid destruction 
only about 40% of the time. 

3. GENETIC ALGORITHM RULE DISCOVERY SYSTEM (GARDS) 
The proposed GARDS uses much of SAMUEL' s architecture. However, GARDS is 

being designed to handle multiple decision makers in a complex manufacturing 
environment as opposed to a single decision maker in a simplistic environment. 
The decision-making agents are the part types being processed. Ultimately, GARDS 
will provide a _method for part types to co-evolve strategies for selecting the 
best route through a manufacturing system based on the state of the system. 
Anal ogies from SAMUEL to GARDS based on Figure l will be outlined in the 
fol l owing sections. 
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3.1. GARDS' PROBLEM SPECIFIC MODULE 
The sequential decision task for this research is the real time control of 

flexibly automated manufacturing systems that support routing and process 
sequence flexibility . The decision-making agents are the different part types 
being processed. As parts enter the system, they select a manufacturing process 
plan (MPP) from a finite set of plans using i~formation that describes the state 
of the manufacturing system. Each process plah offers an alternate route through 
the system. For learning, GARDS is interfaced with a simulation model of the 
target manufacturing system. Sensor readings such as the number of jobs in 
various queues, the time since a machine last failed, the due-date of a job, 
etc., are provided . The control that a part type adjusts is the specification 
of a MPP. Therefore, a GARDS rule might take the following form: 

RULE#3 of 50 in CONTROL STRATEGY#J.O 
IF (Part Type= 1.) & (job status is LATE) & 

(0 < Cell 1 Queue< 2) & (5 < Cell 2 Queue< 9) & ••• 
THEN use-MPP#lO. - - -

GARDS ' critic is being designed to dispense a reward (pay-off) based on a 
part type's performance relative to management objective (s) for the system. The 
method for computing the level of pay-off can take any form as long as it 
provides a high numerical reward to the system for the desired behavior and a low 
numerical reward for undesirable behavior . In this way, it is hoped that part 
types learn the mapping between manufacturing state conditions (sensor readings) 
and the corresponding correct action based on management objective(s) for the 
system. 

3.2. GARDS' PERFORMANCE MODULE 
The performance module consists of the rule matcher, conflict resolution, 

credit assignment, and current strategy components. The current strategy 
component consists of the rule set (control strategy} that is currently being 
evaluated. Each control strategy in the population is tested during the course 
of a generation. In GARDS, a knowledge structure is a set of rules (production
system program) similar to the LS-1 system. The rule matcher evaluates the rule 
set, searching for a rule that matches the current sensor readings. It is 
invoked when a decision needs to be made (when a part type arrives to the 
manufacturing system). After 1ocating a match, the rule fires and sets a part 
type's MPP . If more than one rule matches, the conflict resolution component 
selects the rule with the highest utility, or strength. The credit assignment 
component is responsible for assigning credit (allocating the reward generated 
by the critic) to the rules that fired during a simulation run. This is 
accomplished by using a statistical measure to increase the strength of the rules 
that made up the series of successful decisions (see [10)). 

3. 3. GARDS' UNSUPERVISED LEARNER COMPONENT 
A typical plan {control strategy) in GARDS will contain several rules for 

each part type. Each plan's performance will be observed over several simulation 
runs {trials) . Based on these trials, a genetic algori thrn will be used to evolve 
new populations of competing control strategies. The GA will manipulate the 
population of different control strategies in such a way that poor strategies 
fade away and successful strategies continually evolve. Learning is a continual 
process; therefore, at periodic intervals, the best control strategy discovered 
to date is removed and used to control the actual system. The outline of the GA 
being designed for GARDS follows: 

. 1. Randomly generate an initial population of m plans, plani, for i = 1, 2, . . . , 
m-1, m. Each plan contains multiple rules for each different part type. 
2. For each plani , compute and save a measure of its utility (PU;) based on the 
pay-off awarded by the model critic from the trial runs. 
3. For each plan, compute its selection probabili ty defined by 

P(PlanJ = ( l) 
m 
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4. select plans from the population via the selection probability distribution 
and apply genet i c operators. Replace the existing population with the resulting 
offspring to form a new population of plans. Return to Step 2. 

In Step 1 of the GA, an initial population of plans is created by randomly 
generating rules for each plan. In Step 2 of the GA, a plan's performance is 
determined through simulation trials. Multiple trials are conducted using each 
plan to control the selection of MPPs and each plan ' s utility is computed as the 
average pay-off received from the critic during the trials. After the measure 
of utility has been computed for all plans in the population, it is used in Step 
3 of the GA to compute each plan ' s selection probability. In Step 4 of GARDS' 
genetic algorithm, plans are randomly selected for reproduction via the selection 
probability distribution determined in Step 3. Therefore, plans with higher 
utilities are more likely to be selected than those with lower utilities . Plans 
are selected two at a time and idealized genetic operators, crossover and 
mutation, are applied to generate two new offspring plans. This process 
continues until the population is completely renewed at which time the algorithm 
returns to Step 2. Each idealized genetic operator is briefly discussed below. 

The crossover operator functions at the plan level and exchanges rul~s 
between plans (Figure 2) . The mutation operator functions at the rule level and 
might randomly change a rule's condition from (2 ~ Cell 1 Queue~ 7) to (9 ~ Cell 
1 Queue~ 12} or an action from USE MPP#l0 to USE MPP#12 . As with most GA's 
reported in the literature, the mutation operator is infrequently applied l~aving 
the crossover operator with the most responsibility for conducting the search. 

STEP 1: SELECT PARENTS VIA SELECT:ION PROBABIL!:TJ:ES 
PARENT 1 : Plan #10 PAY-OFF: 200 

Rule Listing : R1 R2 R3 R4 R5 R6 R7 R8 

PARENT 2 : Plan #47 PAY-OFF : 202 
Rule Listing: r 1 r 2 r 3 r 4 r 5 r 6 r 7 r 8 

STEP 2: RANDOMLY SELECT THE CROSSOVER SJ:TE AND PERFORM CROSSOVER 
CROSSOVER SITE= 3 
CHILD l.: R1 R2 R 3 r 4 r 5 r 6 r 7 r 8 

CHILD 2: r 1 r 2 r 3 R◄ R5 Ri; R7 R8 

Figure 2. Summary of GARDS' crossover operator. 

Since the manufacturing domain consists of multiple decision-makers 
(different part types) that must cooperate in order to achieve good performance , 
a crossover operator is be,ing designed that will not stifle the cooperative 
spirit that may develop among the part types. Because, to some extent, part 
types compete for the same resources, care must be taken to reduce the greedy 
behavior of a single part type (GA' s are known to be fairly opportunisti c 
algorithms) . First, the critic is being designed not to favor any one part type. 
Second, the crossover operator is restricted so that no rules from one part type 
mix with rules from another part type. For example, the manufacturing system may 
be better suited for producing part type 1 than part type 2 . If true, then part 
type 1 strategies may not be appropriate strategies for part type 2. 
Essentially, the crossover process is being designed to perform independently for 
each part type in a parallel fashion. 

4. CONCLUS:IONS AND FUTURE RESEARCH 
In this paper, the initial development of a machine learning technique that 

addresses control issues for discrete manufacturing systems is presented. The 
paper provides insight on how recent developments in GA based unsupervised 
machine learning techniques might be used for solving control problems. For a 
single agent (one part type with three alternate routes) problem, the GARDS 
prototype produced a near optimum routing control strategy. Ongoing research is 
being conducted to further test the proposed GARDS system. In doing so, we hope 
to illustrate that GA based machine learning techniques can be used in domains 
with multiple competing agents that use high-level rule languages to represent 
control knowledge. 

159 



/EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

5. REFERENCES 
1. Barto, A. G . , (1990), "Connectionist Learning for Control, 11 Neural Networks 

for Control, Edited by Miller. w. T. III., Sutton, R. S., and Werbos, P. J., 
The MIT Press, Cambridge, Massachusetts. 

2. Ben-Arieh, D., and Moodie, c. L., (1987) "Knowledge Based Routing and 
Sequencing for Discrete Part Production," Journal of Manufacturing Systems, 

· vol.6, No.4, pp.287-297. , 
3. Bobrowski, P. M. , andMabert, V. A., (1988), 11AlternateRouting Strategies 

in Batch Manufacturing: an Evaluation, 11 Decision Sciences, Vol .19, No. 4, 
pp.713-733. 

4 . Chandra, J . , and Talavage, J . , (1991), "Intelligent Dispatching for Flexible 
Manufacturing," International Journal of Production Research, Vol . 29, No.11, 
pp . 2259-2278. 

5 . Conway, R . W., Maxwell, W. L., and Miller, L . W., (l.967), Theozy of 
Scheduling, Addison-Wesley, Reading, Massachusetts. 

6. Goldberg, D. E., (1989), Genetic Algorithms in Search, Optimization, and 
Machine . Learning, Addison-Wesley Publishing Company, Inc., Reading, 
Massachusetts. , 

7. Grefenstette, J. J., (l.991), "Strategy Acquisition with Genetic Algorithms, 11 

Handbook of Genetic Algorithms, Edited by Davis, L . , Van Nostrand Reinhold, 
New York, pp.l.86-201. 

8. Grefenstette, J. J., (1989a), "Incremental Learning of Control Strategies 
with Genetic Algorithms," Proceedings of the Sixth International Workshop 
on Machine Learning, pp.340-344. 

9 . Grefenstette, J. J., (1989b), "A System for Learning Control Strategies with 
Genetic Algorithms," Proceedings of the Third International Conference on 
Genetic Algorithms, Edited by Schaffer, J . D . , George Mason University, 
Morgan Kaufmann Publishers, Inc., San Mateo, California, pp.183-190. 

10 . Grefenstette, J. J . , (1988), "Credit Assignment in Rule Discovery Systems 
Based on Genetic Algorithms," Machine Learning, Vol.3, pp.225-245. 

11. Grefenstette, J. J., Ramsey, C. L., and Schultz, A. C., (1990), "Learning 
Sequential Decision Rules Using Simulation Models and Competition," Machine 
Learning, Vol.5, pp.355-381. 

12. Lin, G. Y., and Solberg, J. J., (l.993), "The Performance Analysis of an 
Adaptive Manufacturing Control System, " Second Industrial Engineering 
Research Conference Proceedings, pp.749-753. 

13. Lin, G . Y., and Solberg, J. J., {1992), "Integrated Shop Floor Control Using 
Autonomous Agents , " Special Issue for Integrated Manufacturing Systems, IIE 
Transactions, Vol.24, No.3, pp.57- 71. 

14. Maley, J. G., (1988), "Managing the Flow of Intelligent Parts," Robotics and 
Computer-Integrated Manufacturing, Vol.4, Nos.3/4, pp.525-530. 

15 . Mckay, K. N. , Safayeni, F . R., and Buzacott, F. A., (l.988), "Job-Shop 
Scheduling Theory: What Is Relevant?," Interfaces, Vol.18, No.4, pp.84-90. 

16. Nakasuk.a, S., and Yoshida, t., (1992), "Dynamic Scheduling System Utilizing 
Machine Learning as a Knowledge Acquisition Tool," International Journal of 
Production Research. Vol.30, No.2, pp.41.1-431. 

1 7 . Shaw, M. J . , (1989) , "A Pattern-Directed Approach to Flexible Manufacturing: 
A Framework for Intelligent Scheduling, Learning, and Control, 11 The 
International Journal of Flexible Manufacturing Systems, Boston, pp . 121- 144 . 

18 . Shaw, M. J . , and Whinston, A. B., (l.989), "An Artificial Intelligence 
Approach to the Scheduling of Flexible Manufacturing Systems," IIE 
Transactions, Vol.21, No.2, pp.170-183. 

BIOGRAPHICAL SKETCHES 
Dr. Royce Bowden is an Assistant Professor in the Department of Industrial 
Engineering at Mississippi State University. His research interests include 
machine learning, simulation , and applied operations research . 

Dr. Stanley F. Bullington is an Associate Professor of Industrial Engineering at 
Mississippi State University. His research interests include quality management, 
manufacturing systems design and control, health care systems, and scheduling . 
He is a registered professional engineer . 

160 



,94 p,oceedings: Annual International 
ce on IndustrY, Engineering, and Management Systems 

TOOL PATH VERIFICATION USING COMPUTER GRAPHICS 

ALLENE. LEYBOURNE AND KAMAL S. ALI 
Computer Engineering Technology Department 

University of Southern Mi.ssissippi 
Hat..iesburg, MS 39406 

ABSTRACT 

Recently computer graphics has been widely used as a technique and tool for visualization, design, 
simulation, and planning of production systems in the Industrial environment. The main object of 
numerical control (NC) programming of machine tools is to improve their utilization. Machine processes 
including speeds, feed rate, elapsed time, fixture interface, etc., would potentially benefit from computer 
graphics simulation. Since initially generated NC often contains errors, specially for a relatively complex, 
computer graphic simulation may be used to eliminate these errors. This, makes NC verification through 
computer graphics simulation a desirable feature to reduce start-up cost and time. 

The objective of this work was to design computer-graphics CNC simulation software showing the cutter 
tool path in XY and YZ planes for verification of the NC program on an IBM PC computer. The 
software developed was used for a Fadel CNC milling machine. This software, however, may be easily 
adapted to other machines. An NC program which consists of G, M, S, F, I, J, and K codes, etc., tool 
length offset, cutter tool compensation and mirror functions are convened into graphics and displayed on 
the screen. Example parts are described demonstrating all supported functions. 

Th.is paper presents a method to simulate cutter tool-path using computer graphics. It can show cutter 
tool-path in XY and YZ planes simultaneously and reduce error in NC programming. Example parts are 
machined to demonstrate all supported functions. 
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MANUFACTURING CELL DESIGN USING INTEGER-BASED GENETIC 
ALGORITHMS 

JEFFREY A. JONIES AND RUSSELL E. KING AND C. THOMAS CULBERT 
· Department of Industrial Engineering 

North Carolina State University 
Raleigh. NC 27695 

ABSTRACT 

The design of cellular manufacturing (CM) systems requires that a part population, as described by its 
usage of process technology (part/machine incidence matrix), be partitioned into machine cells and 
associated part families. The objective is to form a set of completely autonomous units that eliminate 
inter-cell movement of part families. The objective is to form a set of completely autonomous units that 
eliminate inter-cell movement of parts with minimal backtracking. Existing methodologies have only 
limited usefulness for the cell design process because these techniques typically work exclusively with the 
part/machine incidence matrix, involve only single criteria objective functions, and do not permit the 
interchange of evaluation functions or the inclusion or exclusion of constraints. 

To meet this need for a flexible, efficient, and effective CM design technique, a new integer programming 
model has been developed. This new formulation uses an unique variable definition that reduces the size 
of each cell formation problem allowing solution of problems of meaningful scale. This model employs 
an integer-based genetic algorithm and a unique representation scheme for individuals (parts/machines). 
Genetic algorithms are artificial intelligence search techniques that try to mimic the evolutionary process 
of living organisms to determine optimal or near optimal solutions to linear or non-linear problems. It 
offers improved design flexibility by allowing a range of evaluations functions to be employed as well as 
incorporating design constraints during cell formation. The model tested on several problems (from the 
literature and contrived) using a non linear evaluation criteria (grouping efficacy) and is shown to be an 
effective cell design tool. Also, unconstrained solutions containing the naturally occurring clusters can be 
generated as well as constrained solutions. 
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THE BEST OPERATIONAL USAGE OF THE PAYLOAD AND GENERAL 
SUPPORT COMPUTER/HITCHHIKER BUS INTERFACE ADAPTER FOR 

TESTING SECONDARY PAYLOADS AT KENNEDY SPACE CENTER 

MICHAELE, HADDAD 
National Aeronautics and Space Administration 

Kennedy Space Center 

ABSTRACT 

This paper will discuss the problems and the many decisions that will have to be made associated with 
performing pre-flight testing of secondary payloads at Kennedy Space Center {KSC) using the Payload 
and General Support Computer (PGSC)/Hitchhiker Bus Interface Adapter (HBIA). These decisions ~l 
take into account the haz.ards involved to personnel and equipment, minimizing schedules and support 
required (which reduces cost), logistics of performing new type tests and assuring that the Astronauts' 
requirements are satisfied. Decision Tree analysis will be used in determining the proper decisions. 
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AN ARCHITECTURE AND LANGUAGE FOR FUZZY PLCS 

Sencer Yeralan and Baris Tan 

Industrial Research Laboratory 
University of Florida 

ABSTRACT 
Efficiency, effectiveness, and productivity, which translate into industrial 
competitiveness have been the subjects of the industrial engineering profession. 
Over the last few decades, the single most important factor that favorably 
affected efficiency, effectiveness, and productivity is arguably the 
computerization of almost all aspects of industrial activity. Industrial 
automation and control continue to be of utmost importance. The 
Prograrm:nable Logic Controller (PLC) continues to be the workhorse. of 
industrial automation and control. The default programming paradigm for PLCs 
is ladder logic, also referred to as relay logic. This study explores the 
advantages of using Fuzzy Logic Control (FLC) in conjunction with ladder 
logic. 

Acknowledgment: This project was conducted using computer equipment donated by IBM, Inc. 

1. INTRODUCTION 

There exists a need and an opportunity for industrial engineers to develop industrial control languages that 
take advantage of the powerful facilities offered by modem microcontrollers [l, 8, 14, 22]. An industrial 
control language is a powerful applications development tool that can be expected to contribute to the. 
implementation ofmicrocontroller technologies. This paper investigates the advantages and the 
shortcomings of fuzzy-logic control as it is used in conjunction with ladder logic. A prototype industrial 
control language is designed and developed. The code generator takes linguistic control statements and 
produces machine code for the microcontrollers. 

The increasing power and reducing size of microprocessors led to the proliferation of PLCs and embedded 
controllers. With the unprecedented price-to-performance ratio, PLCs continue to be the primary 
components in industrial automation and control. Components of a workcell, such as pick-and-place 
machines, conveyors, inspection machines, and parts orienting and presentation machines, are all typically 
governed by PLCs. In the most basic implementation, PLCs are Boolean processors. That is, the control 
task purely digital input/output oriented, where the state of each input or output is either ON or OFF. Over 
the years, PLC systems were supplemented by analog control such as proportional-integral-differential 
(PID) controllers, or hybrid digital-analog control. Early programmable controllers were electro-me
chanical devices rather than electronic devices. Thus, relay logic does not take advantage of the facilities 
offered by new generation microcontrollers. 

This study focuses on the high~level control language for embedded microcontrollers applications. 
Specifically, it investigates the suitability of fuzzy-logic control as a complementary environment to ladder 
logic. The syntax and grammar are developed for a prototype language. The language is implemented as a 
code generator. The input to the code generator is a high-level description of the control task. The output 
is a subroutine written in the native assembly language of a microcontroller. 
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2. INDUSTRIAL CONTROL LANGUAGES 

The most popular industrial control language is still ladder logic. It is possible to implement automation 
using relays with multiple contacts. Some of these contacts in turn energize other relays, thus allowing 
logic statements to be executed. In its simplest interpretation, ladder logic is a circuit diagram. Figure 1 
shows a simple ladder logic program. , 

ON OFF 
MOTOR 

MOTO.R 

Figure I. A PLC ladder logic diagram: A latched output. 

Each rung of the ladder is a Boolean (logic) statement. The rung illustrates a latching circuit. It also 
demonstrates how the state of the output can be used as an input. MOTOR is on if OFF is not pressed and 
if ON is pressed or if MOTOR is on. That is, 

MOTOR= (NOT OFF) AND {ON OR MOTOR). 

Ladder logic has the advantage of being pictorial, and thus, easy to follow. Each rung is independent. If 
the program is implemented by relays, current will flow through each rung simultaneously. Thus, the 
Boolean equations implemented should be considered as a set which is evaluated simultaneously and 
instantly. However, most modern PLCs implement the ladder program using a microprocessor. which 
executes the Boolean equatfons in sequence, not in a simultaneous manner.. 

Most high-level languages such as C or FORTRAN are sequential in nature. Humans do not perceive 
control tasks as purely sequential activities. In fact, engineers are trained to think in a flow-chart-oriented 
manner to translate control problems to common computer languages such as FORTRAN. The perception 
of control tasks involves rules and exceptions, besides simple procedural routines. Ladder logic, with its 
sequence independent one-rung-per-task approach is easier to visualize and modify. Observations of 
graduate student projects in the Industrial Research Laboratory at the University of Florida suggest that 
writing and debugging automation programs with ladder logic is at least several times less time consuming 
that writing programs in assembly language. The advantage seems to increase further as the automation 
tasks grow in size. 

A parallel development in the last decade concerns the general adoption of Fuzzy-Logic Control (FLC) in 
many applications (2-7, 9-13, 15-19, 21, 25]. FLC is intended to bring more intelligence to the application, 
resulting in a smoother, more human-like quality to control. It is commonly mentioned in advertisements 
that fuzzy-logic control mimics the human decision making process [20, 23 , 24] . This may be a statement 
more of a commercial nature than one of rigorous artificial intelligence. Nonetheless, fuzzy-logic control 
is a well-accepted ingredient of commercial applications. Some of the early applications were single-lens-
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reflex camera exposure and focus control systems and the all-electric automobile transmissions. It is 
noteworthy that most ofthe fuzzy-logic controlled appliances are Japanese in origin. A review of trade 
magazines reveals that the Japanese have invested heavily in the early to mid '80s in developing fuzzy
logic control systems but that there is a very large interest and a flurry of activity among American 
manufacturers. There are a few commercial FLC development systems which assist the user in 
constructing and evaluating a rule base. Also, there are macros and other utilities for specific 
microcontro!lers to assist in FLC applications development [29]. 

The potential of FLC as a general-purpose industrial language is favorably influenced by the fact that, 
compared to assembly language, it is a higher-level language, implementing Boolean equations as a set of 
rules. In this respect it is comparable to ladder logic. Moreover, since the rules are given in linguistic 
terms, no specialized training is necessary for the operators to program FLC. Debugging, and revising the 
rule base is equally straightforward. In fact, by its nature, FLC is tolerant to contradictory or redundant 
rules. Modifications may be accomplished by simply changing the membership functions or adding new 
rules. Perhaps the most important feature ofFLC is the fact that multi-input-multi-output nonlinear control 
paradigm may readily be implemented. Compared to PIO control, for example, one may incorporate 
nonlinear behavior such as thresholds, response saturation, and hystheresis. The fuzziness provides a 
general-purpose smoothing mechanism. That is, when the rules are evaluated, switching from one rule 
action to the other may be accomplished in a gradual fashion as a weighted sum of rules is computed. 

3 . COMBINING FUZZY LOGIC CONTROL AND LADDER LOGIC 

Both ladder logic and fuzzy logic control are rule oriented sequence dependent control task description 
languages. These properties make it easy to merge FLC and ladder logic. Once the linguistic variables and 
the term sets are established, the control task is described by a set of rules. In our implementation, each 
rule starts with an IF keyword and has conditions and actions. A condition is a statement between two 
parentheses that ties an input linguistic variable with a term set, i.e., meaning: input linguistic variable 
equal or is term set. The conditions are separated by a (fuzzy) logical AND operator. The conditions are 
separated from the actions by means of the keyword THEN. The actions are similar to conditions but they 
apply to the output linguistic variables. The following example shows a rule specification: 

IF(temperature is hot) AND (humidity is dry) THEN (AC= medium); 

Here, temperature and humidity are linguistic variables associated with the two inputs. AC is a linguistic 
variable associated with the output (air conditioning unit). The term hot is one of the values the linguistic 
variable temperature may assume. Similarly, dry and medium are terms of linguistic variables humidity 
and AC. 

Fuzzy logic control rules can easily be combined with other PLC statements. Each fuzzy logic rule 
becomes a nmg of the ladder. The figure below shows such an implementation. 

Figure 2. A fuzzy rule implemented as a rung of a ladder logic. 

There are a few additions to the PLC ladder logic diagram. First, besides the input and output linguistic 
variables, the switches (inputs) and coils (outputs) of the ladder diagram must also indicate the term. For 
example, in Figure 2, the first switch pertains to the linguistic var iable temperature and its term hot. Note 
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that the terms are not used in ladder logic since the inputs are either ON or OFF. In addition, the set of 
terms associated with each linguistic variable must be specified. Each term is a fuzzy .set with its own 
membership grade function. In our implementation, we use a block of ASCII text along with the diagram 
to specify the term sets. Each term is defined by a trapezoidal membership grade function. Assuming that 
temperature is measured as a byte (0 to 255), consider the following terms for the linguistic variable 
temperature. 

%term temperature 

cold {l@O, 1@20, 1@70, 0@90) 

cool {0@80, 1@100, 1@170, 0@190) 

warm {0@180, 1@200, l.@220, 0@225) 

hot {0@210, 1@225, l.@235, 0@255) 

%end term 

Note that the term set definitions are placed within the keywords %term and %endterm. 

4. CONCLUSIONS 

Fuzzy-logic control is easily combined with ladder logic to produce an effective programming environment 
for industrial automation and control. With FLC, PLCs may handle analog inputs and outputs, as well as 
less rigidly defined linguistic terms. In fact, each Boolean statement may be ''fuzzified" by defining terms 
ON and OFF. The following advantages are realized by supplementing ladder logic with fuzzy logic 
control. 

I . FPLC is rule oriented. The order of rules is arbitrary. It is easily modified. 
2. FPLC uses linguistic terms in rules. No special training is required. Operators and technicians 

may easily write programs. 
3. FPLC is tolerant to contradictory or redundant rules. 
4. FPLC is capable of generating non-linear multi-input-multi-output rules without the need of 

further special features. 

There are also disadvantages as listed below. 

1. The response of FLC is difficult to predict with analytical tools. Simulation is often the only 
course of evaluation. 

2. It is difficult to program in machine language. A Code generator is almost always compulsory. 

Perhaps the most significant conclusion based on experience gathered during this work is that it is the 
natural language rule-based nature ofFLC which makes it an attractive choice for industrial automation 
and control. The fuzziness aspects are important in "smoothing" the response of the controller as one rule 
gradually looses weight and another gradually gains weight but do not intrinsically enhance the contro1 task 
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ABSTRACT 
The Emulated Flexible Manufacturing Laboratory (EFML) is a laboratory and 
courseware development effort that explores the effectiveness of multimedia 
teaching techniques in undergraduate manufacturing systems engineering 
education. It is supported by the SUCCEED program of the National Science 
Foundation to study and develop engineering education methods and techniques 
for the 21st Century. The EFML effort is a joint project, carried out by the 
University of Florida and by the Georgia Institute of Technology. This paper 
presents the activities and accomplishments to date of the ongoing project, and 
gives a brief overview of the software architecture adopted. 

PURPOSE AND OBJECTIVES 
The EFML brings the students a completely functional production design and operation environment 
without the prohibitive costs of a laboratory housing real manufacturing equipment This is accomplished 
by representing each machine tool with its PC emulator. The laboratory is in a sense a virtual reality 
environment. Each machine tool in this laboratory is enacted by a multi-media PC through actual machine 
images displayed on the computer screen while the machine sound is heard through stereo speakers. Since 
each PC can assume the role of any machine tool available in the laboratory's machine tool archive they 
can be configured and reconfigured at will. As the new technology brings new machine tools into the 
market place, they will easily be programmed and catalogued into our machine tool archives for future use. 
Therefore, we will neither have to deal with the obsolescence of the manufacturing facility nor will we 
have to confine ourselves to a static one-product type facility that have plagued manufacturing systems 
laboratories in the past. The software developed in this study is expected to provide insights into the 
architecture and design of such products. Such insights ate needed to develop code generators that will in 
tum reduce software development time for the end users. When fully implemented, such a code generator 
may build emulation software via a graphical user interface by listing the options at each step and getting 
the user's input. 

The secondary objective of this project is to introduce a new concept in learning. We have termed this 
experience the "Just-in-Time" learning. In parallel to this laboratory's hardware and software 
developments, we are also developing complete hypertext courseware to accompany the laboratory. With 
this multimedia courseware the students will practice "pull" learning instead of "push" teaching as it is 
currently practiced in many educational institutions. If students need knowledge and information about 
manufacturing systems engineering related topics, they will activate the courseware and by quickly 
navigating through the hypertextbook they will be able to access the information and knowledge packet 
they need. 

The following is a list of the EFML objectives which also agrees with the goals of the National Science 
Foundation's SUCCEED program. 

1. Creating a physical hands-on environment that enhances undergraduate engineering education. 
2. Establishing a multidisciplinary engineering design and practice clinic. 
3. Developing and acquiring educational software, courseware, databases, electronic libraries and 

other electronic resources. 
4. Developing hypertextbook involving the use of multimedia computer/ machine I video systems 

and CD ROM technology in engineering education. 
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5. Integration of several engineering colleges and their faculty and students through electronic 
networking .. 

6. Developing integrative, synthesis, innovative, and analysis skills of engineering students 
individually and in a team environment. 

7. Introducing cross-disciplinary and intra-disciplinary and intra-university activities involving 
students, faculty, industry and universities. 

8. Enlarging the design/ process and laboratory content of curriculum to connect the engineering 
sciences. 

9. Developing test methods for preparing students better to their post-baccalaureate pursuit. 
I 0. Providing a computer integrated process laboratory that provides "hands on" experience via 

emulation. 
11 . Improving the communication, leadership and innovative skills of engineering students. 

COURSEW ARE DEVELOPMENT 
The hypertext c.ourseware is developed around commercially available hypertext products that run under 
Microsoft Windows and Windows NT. The courseware development includes the acquisition of still and 
motion pictures and soundtracks which are. placed in audio-visual files for replay through the multimedia 
PCs. The hypertext course book, referred to as the hypertextbook, covers the topic areas .and is capable of 
displaying the still and motion pictures as the accompanying soundtrack replayed. The extensive indexing 
and cross referencing capabilities of the hypertextbook distinguishes it from the standard textbooks. Many 
words of each section are marked or underscored. These keywords connect related topics to be linked. As 
the student reads a section, depending on his focus, he would "click on" a keyword and view other related 
sections. This way, the student is capable of selectively navigating through the material. 

The following products are developed as the test bed during the development phase of this laboratory. 

l. Needle bearing 
2. Electronic assembly 
3. Pharmaceutical products ( tablets and suppositories) 
4. Populating printed circuits 
5. Bicycles 
6. Rechargeable batteries 
7. Overhead projector 
8. Apparel manufacturing 

These products determine the initial set of machine tools and manufacturing equipment selected and 
modeled by the EFML. 

DEVELOPMENT OF THE HARDWARE AND SOFTWARE PLATFORM 
Due to the rapid decline in price and increase in third-party vendor support tools, MS Windows is selected 
as the operating system. Compared to the option of developing the network from scratch, the newly 
introduced Microsoft Windows for Workgroups operating system is selected as a better alternative. MS 
Workgroups supports inter-node, and inter-application message passing over a variety of physical network 
layers. For our application, we need to transfer image and sound files as well as short event messages (or 
codes) such as "start operation'' and "acknowledge receipt." We selected to use Borland C++ [1 ] with 
OWL 2.00 for the programming environment. 

Preliminary design identifies the major software components of the application. This framework is used in 
designing the objects and in dividing the work among the various groups. The platform consists of the 
abstract base classes and applications specific programming libraries and tools to allow other members of 
the research team lo generate applications code. 

There ar.e three major base classes: the product class, the machine or tool class, and the factory class. The 
product class contains data elements such as size, we.ight, color, due date, price, batch number of the 
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ptoduct. Descendants of the abstract base class will have the properties of the specific products. Methods 
include process, store, transfer, and inspect, i.e., the basic operations perfonned on the product. 

The tool class has data elements such as capacity, speed, brand, price, lifetime, precision, mean time to 
failure, and mean time to repair. Descendants of the class include data particular to the specific tool. For 
example, the set-up time is an important data element of a machining center. Member functions of the tool 
class are the basic tool operations and events such as setup, run, inspect, load, unload, breakdown, and 
repair. 

The factory class is somewhat different in that only one instance ofthis class is to be used at any given 
time. It has "peg holes" into which selected tools and equipment are installed. The factory object is 
responsible for bookkeeping the parts transfer activities and collecting information from all components to 
evaluate the system performance measures. An important element of the factory object is the message 
passing features among the different tools and products. The object will also contain the interface to the 
instructor node, so that the instructor, at any given time, may review the system and initiate events, such as 
bad quality products or machine breakdowns. 

THE EVENT-DRIVEN EMULATION ENVIRONMENT 
The event~driven architecture is based on the state-space description of the system. Each component of the 
system may be in one of a finite number of predetermined states. The Cartesian product of the component 
states gives the set of system sates. The system state at any given time is determined by the initial state of 
the system and by the transitions that occurred. An event refers to a change in the state of one or more 
components, and thus a change in the system state. Consistent with other common state space models, 
such as Markov models, it suffices to consider one component state change at a time. That is, for example, 
the events of unloading a machine, removing a part from its upstream buffer, loading the machine and 
beginning the operation is not viewed as a single event but as a series of several events. This approach 
brings more structure and modularity to the software. The transitions among the system states are 
communicated between the system components and the factory object by messages. 

Each machine tool object is implemented as an MS Windows object capable ofreceiving and responding to 
messages. We now present a most simple implementation to illustrate the various aspects of the software 
architecture. 

~tart StoQ 

Local Time: 58 seconds 

machine is running (12/44) 

Figure I. The Machine Window. 

Assume a single factory object and a variable number of machine objects. For simplicity, assume tha.t the 
machines are arranged in a linear fashion . A minimum set of events may be implemented by 5 messages as 
shown below. In MS Windows, these events are integers which are sent between objec.ts to trigger the 
responses. 

I I --- -- ------- --------------------------------------------------- --
II user messages 
#define WM USER TIME (WM_ USER + l) 
#define WM _USER_DISPLll,.Y (WM USER + 2) -
#define WM USER CHANGESTATUS (WM _USER + 3) -
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#define WM_USER_LAUNCH (WM_USER + 4) 
#define WM_USER_UNLOAD (WM_USER + 5 ) 

I I --- - ------- ------ - ------------ - --------------------------------- - -- -

The WM_ USER prefix is a stylistic preference to make the code more self documenting. 
WM_ USER_ TIME is a message periodically sent to all the machine objects from the factory object to 
announce the simulation time. Note that this may be different from the clock time. 
WM_ USER_ DISPLAY is a message sent from the factory object to a machine object instructing it to 
display its status in its own window .. In actual implementations, the display command triggers the audio
visual displays. WM_USER_CHANGESTATUS is a message sent by the machine object to the factory 
object alerting that its state has changed. For instance, when a machine completes processing, its state 
changes from "RUNNING" to "BLOCKED." For the simple implementation consider the following 
machine states. 

#define MACHINEIDLE 
#define MACHINERUNNING 
#define MACHINEBLOCKED 
#define MACHINEDOWN 
#define MACHINESUSPENDED 

0 

1 

2 

3 

4 

In actual implementations, in addition to the five states listed above, we allow for various modes of 
machine failure. WM_ USER_LAUNCH is a message sent to the machine object from the factory object 
asking the machine to start processing a new part. It is the factory object's responsibility to assure that 
there is an unprocessed part before issuing this command. Similarly, WM_ USER_ UNLOAD instruct the 
machine object to remove the finished item and ship it to the next machine or work-in-process buffer. For 
simplicity, the work-in-process buffers are not described here. Again, it is the responsibility of the factory 
object to assure that there is room to put the finished item before this command is issued. 

A partial declaration of the factory object is shown below. Only the data fields and member fui:ictions 
immediately relevant to the emulation process are shown. 

II ------------ - --------------------------------------------------------
class TBaseWindow: public TWindow { 
public: 
int nTotalProduction ; II nutnber of part produced 

int nMachines; 
TMachin.eWi.ndow *pTMW [MAXNUMBEROFMACHINESJ; 

protected : 

} ; 

virtual vo id CMi nfoM·achines (RTMessage Msg) ; 
virtual void CMinfoParts(RTMessage Msg); 
virtual void CMRunLaunch (RTMessage Msg); 

v irtual v oid WMTimer (RTMessage ) ; 
virtual void WMMachineStatusChanged(RTMessage Msg) ; 

virtual void DisplayStatus(void); 

The functions wtiich start with the prefix CM respond to menu actions. CMinfoMachines and 
CMinfoParts display the current state of the factory, more specifically of the machines and of the parts. 
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The function CMRunLaunch introduces a new part to the factory by instructing the first machine. to start 
operating. 

cil1"1.~~&,~~~~';c;c,t'.~>%'¢'~;f;l'.'.'£~;,,~t~~~,.:;i.i(flEFliilE.~0:110~..i5?o%~~~f;ii,~~Jic>1\'..~~'@..ilk~~:;;;1;e" 
file S.clup !nlo .Bun Help 

••htr::hinr. 1 i~ nmninn 
~,u:hint: ? i,- numinn 
Machine 3 is running 

Machine 1 
litart Stol! 

Local Time: 53 seconds 

machine is running (429/444] 

Machine 2 
.Start SloJ! 

Local Time: 53 seconds 
Machine: 3 

machine is running (57178] Local Time: 53 seconds 

machine is running (80/1121 

Figure 2. The Base (Factory) Window. 

The function WMTimer is a function periodically called by the system clock. It sends appropriate 
messages to all machine objects infonning them of the current emulation time. The function 
WMMachieStatusChanged is a function invoked when the factory object receives a 
WM_USER_CHANGESTATUS message from one of the machine objects. It triggers a set of checks and 
actions. For example, ifan intermediate machine has finished its operation, the function asks the status of 
the following machine. If the following machine is idle, it instructs the machine to unload and the 
following machine to start a new operation. These instructions are conveyed as messages to the machine 
objects. If the last machine has completed the operation, the number of items produced is incremented, as 
the machine is instructed to unload the finished product. At the same time, the previous machine is 
inspected. If blocked, it is instructed to unload as the last machine is instructed to commence operation on 
the part. 

The partial class definition of the machine object is given below. 

II -- ------ ----- --------------------------- --- ---- -- ----- ------------class 
TMachineWindow : public TWindow { 
private : 

int nMachineNumber, 
iStatµs, 
nProce ssingTime, 
nRemainingProcessingTime; 

protected: 
virtual void CMStart(RTMessage Msg); 
virtual void CMStop (:RTM.essage Ms g) ; 

virtual void WMT i mer(RTMessage Msg) ; 
virtual void WMLaunchNewPart(RTMessage Msg); 
virtual void WMUnloadComp l e tedPart(RTMessage Msg); 

p ub l ic : 
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virtual int GetMachineStatus(void) { return(iStatus);} 
virtual void Showinfo(voidl; 

} ; 
II --- ----- --- - ---------------- -- . -- .---------- - ----- - ------ -
Each machine has an identification number. In additio::i, its status, the processing time of the current job 
and the remaining processing timer constitute the data fields. 

The machine object has a local menu with two options: ST ART and STOP which allow the user to suspend 
the machine operations. In the actual implementation, the menu gives full manual override to the user 
where the user rnay scrap the item, or shut down the machine for maintenance. 

There are three functions invoked as a response to the corresponding messages received from the factory 
object. WMTimer is called every time a WM_USER~TIMER message is received. The function updates 
the remaining proce·ssing time of the current item. If the remaining processing time is decremented to zero, 
the WM_ USER_CHANGESTA TUS is sent to the factory object. WMLaunchNewPart is called every time 
a WM_USER_LAUNCH message is received. The function obtains a processing time. In a simple 
implementation, a dialog box may ask the user for the processing time. In actual implementations, the data 
base is queried to get the nominal processing time and the processing time variance. A random processing 
time is then generated. Similarly, WMUnloadCompletedPart removes the completed part from the 
machine. The functions WMLaunchNewPart and WMUnloadCompletedPart terminate by sending 
WN'-USER_ CHANG EST A TUS messages to the factory object. For example, an unload command leaves 
the machine idle. The status change is reported to the factory object. The factory object then detennines if 
a new part is to be sent to the machine. 

GetMachineStatus is an auxiliary routine called by the factory object to get the private data fields of the 
object. Similarly, Showlnfo instructs the machine object to display its status, the remaining processing 
time and similar infonnation. 

CONCLUSIONS 
The software architecture is based on simple messages exchanged between the objects. The objects are 
modeled by what responses they produced. Note that the response of an object often includes generating 
another message. This way the emulation unfolds without a preset scenario. The software system truly 
interacts with the users, each time producing a different realization. For example, a simple unload / load 
operation requires several messages to be passed back and forth between machine objects and the factory 
object. This may seem like overkill. The advantage, of course, is to allow the modeling of each subsystem 
independent of the rest of the objects. In particular, a descendent of the machine object may inherit all the 
functionality of the machine object but add other special behavior. Furthermore, the strong decoupling 
between objects simplifies code modification and allows software development teams to work 
independently. 
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ABSTRACT 

An expert system was developed to help Superfund project managers 
to select excavation and drum handling equipment which will be cost effective, 
in compliance with applicable federal regulations, and utilize the best available 
technology. 

The rule-based expert .system was created with the aid of an expert 
system shdl called VP-Expert. The knowledge base was written in a modular 
format and was chained together. Comparing real cases and consulting results 
of the expert system shows that the expert system provides accurate selection of 
excavation and dtum handling equipments. 

INTRODUCTION 

Many Superfund project managers have expertise in an area of science or engineering related to 
environmental matters. However, few are experienced or knowledgeable in the area of materials handling in general 
or hazardous materials handling in particular. Consequently, there is a need to provide project managers with a tool 
which will aid in the selection of the most appropriate materials handling systems. 

Expert systems (ES) have created much interest in recent years and many have been published in logistics
related areas including material handling (Bookbinder and Bervais [ l ]; Hosni[7] and production/distribution systems 
(De) Vecchio and Towill [3]). Expert systems contain a great deal of experience and knowledge; therefore, the need 
to consult individual specialists to make decisions may be reduced. This will result in considerable financial saving 
and allows the inclusion of the most up~to-date information. 

Bceause of the existence of well-developed tools for ES development and the expertise for selecting 
materials handling equipment used at Superfund sites, an expert system was developed. This expert system includes 
thrt:e subsystems: Equipment Sekction for Excavation and Drum Handling , Pump Selection, and Personal 
Protective Equipment (PPE) Selection. It will allow SuperfuQd site managers to select materials handling equipment 
which will be cost effective, in compliance with all applicable federal regulations, and utilizes the best available 
technology. In this paper we provided partial description of the system. Only the excavation and drum handling 
equipment selection subsystem will be discussed. 

MODEL DEVELOPMENT 

A number of handbooks and nlanuals describe how to select excavation and drum handling equipment. The 
expert system developed is based on the knowledge presented in Church (2], Dosani and Miller [4], Gabbert and 
Brown [5}, Kalwiec [7], Liang, Dutta, and Abdou [8], and Wagner [10]. An expert sytem shell called VP-Expert 
[9] was chosen as the tool to develop the expert system because it is the state-of-art choice for developing 
microcomputer-based expert systems, and it has been successfully used by other researchers in the area of materials 
handling application (Bookbinder and Gervais [l]). 
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This expert system runs on an IBM PC/XT/AT (or compatible) microcomputer and uses primarily a rule
based knowledge representation scheme. lt works backward from goals to sub-goals to sub-sub-goals, etc., to 

determine a value from the original goal variable. If at any point in this process a sub-goal cannot be satisfied, the 
inforence engine "backs up" and looks for another rule to satisfy the goals. This heuristic search process is 
characteristic of rule•base<l systems and typical of artificial intelligence techniques in general. In particular, the 
rules in the rule base are order independent; changing their sequence will have no effect on the logical conclusions 
drawn by VP-Expert, though the efficiency of the search may be affected. 

The knowledge base is written in a modular format and is chained together. The structure of the expert 
system is shown in Figure 1. This modular format has the following advantages: (I) it is easier to troubleshoot; 
(2) it facilitates the creation of an effective knowledge base; and (3) it s;ives computer memory. 

r· --------------------
Sl RUCTURE or MOOULAR KNOWLEDGE BASE 

Figure 1. Modular Structure of the Expert System 

EXCAVATION - DRUM HANDLING 

The results of a survey of 100 Superfund Site performed by Dosani and Miller (4) indicate that excavation 
and removal equipment is the most needed type of equipment. A wide range of equipment is available for 
excavation and removal of hazardous wastes and materials. Table 1 (see Dosani and Miller [4]) contains 
informatiop on the number ·of sites at which each particular type of equipment was used. The suitability of a 
particular piece of equipment for general on-site use will depend on the following factors: cost, availability, 
efficiency, safety, and mobility. 

KNOWLEDGE BASE 

A. Knowledge Base for Material Handling 

At the Superfund sites, material handling is a unique mixture of handling problems. ihe site may include 
both unit and bulk materials. Unit handling problems include pallets, drums, boxes, etc. Bulk materials include 
solids, liquids, and sludge: Unit and bulk materials may be hazardous due to toxicity or flammability. 
Furthermore, properties of individual bulk materials (moisture content, density, and particle size) may present 
particular handling problems. 
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Tablr:: 1. Excavation/Removal Equipment Used at I 00 Superfund Sites 

Function Categories 

Excavation/ removal 
Back.hoe/excavator 
F ront--end loader 
Lowboy 
Bulldozer 
Tractor (OTR) 
Skid steer loader 
Forklift 
Crane 
Grader 
Dragline 

I Number of Sites 

76 
62 
46 
42 
32 
24 
21 
21 
9 
1 

Figure 2 presents a flow diagram of general materials material handling procedures encountered on 
hazardous waste sites. 
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Figure 2 - Flowsheet for Materials Handling Procedures 

B. Knowle<lg<! Base for Excavation 

Excavation is the most frequently use<l materials handling procedure. Most of the equipment for excavation 
and removal work at hazardous waste sites is standard heavy construction equipment. Selection of excavation 
equipment depends on the quantity and physical properties of the debris and materials present. Table 2 presents 
a partial listing of excavation equipment performance characteristics. 
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If 
Tabk 2. Excavation/Removal Equipment Characteristics 

Eqp. 1 2 3 4 5 6 7 8 9 

,' 

A Good Good 2nd 2nd 2nd Good Good Good Good 

" B Good Good 2nd 2nd 2nd Good Good 2nd 2nd 

i' c · Good Good NIA NIA Good 
, 

NIA Good 2nd NIA 

:::tlP· = Equipment; l = General excavation; 2 = Ability to excavate har<l and compacted materials; 3 = Ability 
J, to excavate low-solids material; 4 = Soil hauling; 5 = Sludge hauling; 6 = Mix of solid/soil; 7 = Spreading cover; 
> g = Site maneuverability; 0 = Debris hauling. 

i> = Good choice; 2nd - Second choice; NI A = Not applicable. 

it A. Wheel-mounted backhoe 
Crawler-mounted front-end loader Ji, B. 

1:; 

}\ 

c. Bulldozer 

C. Knowledge Base for Drum Handling 

Drum handling is the most difficult materials handling procedure at hazardous waste sites. Excavating, 
removing, and handling drums at hazardous waste sites are generally accomplished w1th conventional heavy 
construction equipment. This equipment includes vehicles used for excavating, lifting, loading, hauling, dumping, 
grading, and compacting on-site soil and waste materials. Table 3 is a partial listing which summarizes the 
capabilities and limitations of the drum handling and removal equipment. 

Table 3. Capabilities and Limitations of Drum Handling Equipment 

I~ I 
1 

I 
2 

I 
3 

I 
4 

I 
5 

I 
6 

I 
7 

I 
8 

I 
9 

I a I b a I b a I b a I b I C a I b I C a I b I C 

A X X X X X X X X 

B X X X X X X X 

C X X X X X X X 

D X X X X X X X 

ET = Equipment type; A = Crawler dozer and attachments; B = Crawler loaders and att;ichments; C = Rubber 
tired loaders and attachments; D = Backhoes and attachments. 

I. 

2. 

3. 

4. 

Site description: 
(a) remote wooded site 
(b) readily accessible site 
Working surface: 
(a) stable 
(b) roughly unstable 
Working space: 
(a) unlimited 
(b) limited 
Number of <.!rums: 
(a) n < 10 
(b) IO < n< 500 
(c) n > 500 

5. 

6. 
7 . 

8. 

181 

Excavation: 
(a) cover excavtion 
(b) sub-excavation 
(c) precise around drum 
Lifting/trnnsfer 
Loading/on-site moving 
(a) integrity of <.!rum sound 
(b) integrity of drum poor and 

contents toxic 
(c) integrity of drum poor and 

contents very toxic 
Drum segregation and 
recontainerization 
Off-site moving 
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VALIDATION RESULTS 

The Cleve Reber Site, Sorrento, Louisiana, was used as a test case. The site employed the equipment listed 
in Table 4. The expert system selected the equipment shown in Table 5. 

Table 4. Excavation and Removal Equipment Used at the Cleve Reber Site 

Bulldo:zer 

Dump trucks 

Wheeled front-end loaders 

Backhoe 

Table 5. Equipment Selected by the Expert System 

Cr.lwler-Mounte<l Backhoe 

Bulldozer 

Crawler-Mounted Front-End Loader 

Dragline 

Forklift Truck 

Drum Lifter and Dumper 

Industrial Vacuutn Loader 

Comparing real case and consulting result of expert system shows very close results in choosing backhoe, 
bulldozer, and front-end loader. Other options given by expert system (Dragline, Drum Lifter and Dumper, 
Industrial Vacuum Loader) have specific value because there are 6400 drums on site. Use of this equipment can 
significantly increase efficiency. 

CONCLUSION 

This research has been designed to help Superfund project managers select equipment for excavation and 
drum handling. Once the characteristics of the wastes, site and/or drums have been identified, the expert system 
will provide a list of recommended equipment. 

The expert system was tested on several Superfund sites. The results show tha:t the expert system has 
produced accurate selections. 

In this research, the knowledge base of the expert system is taken from standard published handbooks and 
manuals. Limitation on researchers's practical experience have placed limits on the expert system. More work 
should be done in the area of obtaining practical experience in excavation and drum handling and adding it to the 
expert system. 
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ABSTRACT 

An expert system was developed to help design engineers select the right pump 
for a specific application. The application which inspired this project was that 
of handling liquids and slurry-type materials on a hazardous waste site. But the 
system is general enough to be applicable to a wide vanety of applications. 

The selection process is partitioned into five steps as follows: (1) select feasible 
pump types, (2) select optimal pump type, (3) select pump drive type, (4) select 
pump drive hotsepower, (5) select materials for wetted parts .. Numerous test 
cases indicate that the system produces results which agree with handbooks on 
how to select pumps. 

INTRODUCTION 

Many haz.ardous waste sites contain large volumes of contaminated liquids and/or slurried materials. This 
is especially true of sites designated as Superfund clean-up sites. Superfund site managers or project managers often 
have the task of selecting the proper pumping equipment. In most cases, site managers or project managers are not 
experts in pumping technology. Pumping equipment is. the second largest category of materials handling equipment 
used at haz.ardous waste sites (Dosani and Miller [1]) . The selection of the right pump types and sizes facilitates 
the hazardous waste remediation process and results in significant cost savings. Hence, the objective of this research 
was to develop a user-friendly software package to help select capable and cost effect pumps. 

The expert system for selecting the right pump was created with the aid of an expert system shell called 
VP-Expert. The knowledge base was drawn from handbooks, manuals, and the personal knowledge of the 
developers. 

LITERATURE REVIEW AND BACKGROUND 

A number of handbooks and manuals describe how to select pumps. The expert system developed is based 
on the knowledge presented in references (1-8]. In particular, Warring [8] gives a detailed and systematic treatment 
of this subject. However, no published papers could oo found which dc;SCribe the use of expert systems for selecting 
pumps. 

Pumps can be divided into two general categories: centrifugal and positive displacement. A classification 
chart of these pump types is presented in Figure 1. Centrifugal pumps can be further characterized as horizontal 
or vertical. Horizontal pumps include general service, chemical, high temperature, multistage, slurry, self-priming, 
mixed flow, and propeller. Vertical pumps include general service turbine, general service volute, sump, chemical 
in-line, high speed in-line, and can or low NPSH. 

Positive displacement pumps can be partitioned into three categories: rotary, reciprocating, and controlled 
volume. Positive displacement rotary pumps include gear, screw, lobe, rotor, and vane types. Reciprocating pumps 
include direct acting, plunger or piston, and horizontal or vertical; controlled-volume pumps include plunger and 
diaphragm pumps. A third type of pump included in the knowledge base is the submersible pump. 
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I CENTRIFUGAL I POSITIVE 
DISPLACEMENT 

- HORIZONTAL 
- ROTARY 

GENERAL SERVICE 
CHEl-lICAL (ANSI) GEAR ,. 

HIGH TEMP. (API) SCREW 
MULTISTAGE LOBE ROTOR 
SLURRY VANE 
SELF-PRIMING 
MIXED FLOW 
PROPELLER - RECIPROCATING 

DIRECT ACTING TYPE 
- VERTICAL PLUNGER OR PISTON 

HORIZONTAL OR VERTICAL 
GENERAL SERVICE 

TURBINE TYPE 
VOLUTE TYPE ~ CONTROLLED VOLUME 

SUMP TYPE 
CHEMICAL TYPE IN-LINE PLUNGER TYPE 
HIGH-SPEED IN LINE DIAPHRAGM TYPE 
CAN TYPE (LOW NPSH) TYPE OF STROKE 

ADJUSTMENT 

Figure 1. Pump classification chart 

Pumps Used at 100 hazardous waste sites as determined from a survey published by Dosani and Miller llJ 
are shown in Table 1. 

Diaphragm pump 

Submersible pump 

PUMP SELECTION 

Table 1. Pumps Used at 100 Hazardous Waste Sites 

36 

16 

Trash pump 

Barrel pump 

15 

7 

The right pumping equipmeot for the job is determined hy the users' requirements including capacity, total 
head, suction conditions, discharge conditions, and fluid characteristics. Two characteristics frequently encountered 
at hazardous waste sites are that the fluids are corrosive and/or solids contaminated. 111ese characteristics are major 
factors governing the selection of pump types. Another factor to be determined in selecting a pumping system is 
the type of drive or motor. Taken together the users' requirements, the fluid characteristics, and the drive type all 
influence the selection of th~ right type and size of pump to use. Additionally, other conditions of the liquid such 
as the specific gravity, fomperature, chemical characteristics, and vapor pressure wi II influence the selection of hoth 
the pump type and size or horse power. 
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Viscosity, Specific gravity, and temperature will mainly affect the system friction head. Viscosity may also 
affect pump speed and thus modify performance. Vapor pressure and temperature will also have an 1mpo1rta11t 

on suction lift. The degree of solids contamination will influence the choice of a pump type. Chemical/corrosive 
characteristics of the liquids will govern the materials used for the wetted parts of the pump. Liquids found on ·· 
hazardous waste sites are frequently contaminated with solids and/or corrosives. Pumps that handle 
characteristics are given priority in the selection process. 

The flow chart of a five-step process for selecting the right pump is presented in Figure 2. Step 1 involves . 
the selection of the pump type. The user is asked to select the requirements of the pumping system and fluid 
characteristics from a menu. All pump types suitable for the user's requirements will be selected. The knowledge 
base for this selection is drawn from pump handbooks and manuals. An example of the type of information used . 
in the knowledge base of this expert system is shown in Table 2, which was taken from Warring [8]. 

Table 2. Pump selection by capacity (gal/min). 

GMP-> 5-10 10-100 100-200 200-500 500-1500 1500-5000 >5000 
Pump TypeU. 

Centrifugal 

S-stage X X X X X X X 

2~stage X X X X X 

M-stage X X X X X 

S-priming X X X X 

Regenerative X X X 

Mixed flow X X X X 

Axial flow X X X 

Submersible X X X 

Reciprocate 

Piston X X X X 

Plunge X X X X 

Gear X X X 

Lobe rotor X X X X 

Screw rigid X X X X X 

Screw Flexible X X 

Diaphragm X X X X 

Peristalatic X X 

Vane X X X X X X 

Flexible Vane X X 
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Figure 2, Flow chart of the expert system 
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Many handbooks provide factors, in the form of curves or tables, for finding the perfonnance of a .. 
conventional centrifugal pump handling a viscous liquid, when its water performance is known or can be found. . 
Our system uses the charts of reference [6]. After the performance corrections have been made, if the selected 
centrifugal pump is no longer suitable for the corrected requirements, the selection of the pump will be canceled. 

Step 2 in the selection process determines the best pump type when several pump types can handle a user's · 
job. The following factors are considered: 

(1) Preference. The user may prefer one type of pump to other pumps. 
(2) Availability. The user may have some pumps in stock, increasing .the user's tendency to select 

an available pump. 
(3) Initial cost. High initial cost is frequently accompanied by lower operating costs. 
(4) Operating cost. Operating costs plus initial costs can be optimii.ed by having a good estimate of 

total volume. 

Since these factors are not always equally important to a user, the expert system will ask the user to 
designate a weight (importance) to each factor. Then the system will calculate the selection criteria for each feasible 
pump. The system will select the pump with the highest score. 

Step 3 in the selection process is to select the pump drive type. The initial and operating costs are a large · 
percentage of the total cost. Hence, the selection of the drive type may be as important as the selection of pump 
type. This is especially true when the horsepower requirement is large. If A/C electricity is available and the 
horsepower required by the pump is more than 200 HP, then an electric motor is probably the best choice because 
of its low initial cost, operating cost, and compact structure. However, there are other forms of engines available 
which may be used. The expert system can select a drive type from the following: 

- Three-phase squiITel cage alternating current electric motor 
- Three-phase wound rotor alternating current electric motor 
- Direct current electric motor 
- Gasoline engine 
- Diesel engine 

Step 4 in the selection process is to calculate the horsepower required to drive the pump. This calculation 
is based on the following factors: 

- Capacity 
- Total bead 
- Efficiencies of pump, drive, and the connection between them 
- Safety factor. 

The efficiencies of various types of pumps used. in the expert system are interpreted efficiency curves given 
by Warring [8] and Hicks [2]. The efficiency curves are general and cannot be accurate for a specific pump. 
Accordingly, the computation results of horse power given by the expert system should be used only as reference 
data. The pump manufacturers should be consulted for specific data. A safety factor is employed in order to avoid 
overloading the drive. This makes the determined horsepower of a drive larger than that required by the pump. 

Step 5 involves the selection of materials for the wetted parts. Corrosive liquids or solid-contaminated 
liquids will require special materials that decrease the erosion or wear. The expert system will select these kinds 
of materials according to the pH values of liquids and the abrasiveness or solid content of liquids. 

At the completion of step 5, the expert system will output the consultation results, such as the selected 
pump type, drive type, and horsepower, the capacity and discharge head of the pump required by the user, etc. 
If the user wants more detailed information about the selected pump, the expert system will output the pump's 
description. 
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MODEL TESTING OF THE EXPERT SYSTEM 

This expert system was tested using a variety of data sets. One such data set is listed below: 

- Capacity = 350 GPM 
- Discharge pressure == 150 ft. 
~ Specific gravity of liquid = 1.1 
- Liquid is solid contaminated 
- Solid content = high 
- Suction lift = 8 ft. 
- Pump must be self-priming 

The expert system gave the self-priming centrifugal slurry pµmp as the choice for these conditions. 
Lobanoff and Ross [4) show that a centrifugal slurry pump is suitable for the above conditions. Other test cases 

. show that the system produces good results. 

CONCLUSION AND RECOMMENDATIONS 

This research has been designed to help Superfund project managers select pumps. Once the requirements 
of the pumping system and the characteristics of fluids to be pumped have been identified, the expert system will 
list pump types suitable for the job. If more than one pump type can be used, the system will give the optimal 
pump type. In addition, the expert system will select drive types for the selected pump and calculate the horsepower 
required for that drive. The expert system can also show detailed descriptions of various types of pumps. 

The knowledge base of the expert system is taken from standard published handbooks and manuals. The 
expert system has produced accurate selections for several examples on which it was tested. Limitations on the 
researcher's pract1cal experience with fluid dynamics and pump theory and lack of time have placed limits on the 
knowledge base of the expert system. More work should be done, especially in the area of obtaining practical 
experience in pump selection and adding it into the expert system. 
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ABSTRACT 

Simulation technologies, Inc. (SM) in support of the US Army Natick Research Development and 
Engineering Center, has been developing a comprehensive analytical environment for the simulation of 
issues dealing with the individual dismounted soldier. This integrated unit simulation systems, !USS, 
incorporates engineering models of weapon systems with environmental representations of the battlefield 
and task network models of human performance to ex-pl ore all aspects of the soldier in combat. Combat 
missions are represented in the !USS as simulation networks, each of whose nodes represent one of the 
battlefield operating systems tasks(BOS-T) as defined in the army training and evaluation program and 
mission training plans (ARTEP/MlPs). This ensures a common framework for analysis, training, and 
combat operations, and enhances communication between all the players. 

The !USS, by adopting the form and methods of the ARTEPs, expands the concept of"train as we fight 
and fight as we train" to include "analyze as we fight and train". The IUSS is intended to provide 
functionality which cuts across multiple domains; analysis in support of combat developments and 
associated R&D efforts, training - in support of classroom and field exercises and virtual reality 
composites of both, and operations providing mission rehearsal tools and operational decision aids. 

The IUSS architecture is designed to allow easy integration of data and information from multiple 
sources. Projections of the battlefield threat environment can be augmented by computer generated 
representations of realistic threats and hazards. Ultimately, constructive simulations incorporated into the 
IUSS will be used to supply input data to the personnel and equipment engaged in virtual reality 
experiments. With such a system, the line between training and actual use blurs, bringing home the 
promise of fight as we train, train as we fight through sophisticated state-of-the-art technology. 
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VIRTUAL TIME : ADDING THE FOURIB DIMENSION TO VIRTUAL 
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ABSTRACT 

The virtual time (Vf) concept is an unique new manipulation oftime in the context of virtual reality. vr 
refers to a virtual reality paradigm that manipulates time under the control of the operator, instructor, or 
software. Current virtual reality environments allow operators to control space. Virtual time extends -
operator control to vary the flow of "simulated time", i.e., "time wrap" the virtual environment. A 
hypothesis of the immersive nature of virtu.al reality which tightly binds an individual's " time norm" to 
the speed of the environmental cues is presented and provides the framework within which to define the 
VT concept. The pilot study presented in this paper can also be characterized as the first use and 
extension of the above real-time training (ARTI) paradigm. In this application of virtual time, twenty 
eight university students performed a simple tracking and targeting task under two levels of time 
compression (i.e. I.Ox, l.7x). 

All subjects were then tested in a real time (I.Ox) environment. This study investigated a virtual block 
grabbing task. The block moved in a three dimensional virtual environment and subjects were required 
to use a virtual reality glove to track and grab the block. In the block grab task, the mean performance for 
the VT (l.7x) trained group performed twice as fast as the control group (l.0x) during testing (transfer of 
testing) when both groups were tested at real time. Post test a set of questionnaires were administered to 
subjects in order to establish the perceived temporal and workload demands of the task. The results from 
these questionnaires indicated that within both subject groups (I.Ox and L7x), there were no significant 
differences detected between the perceived temporal and mental demands of the testing and training 
phases. This indicates that the vr group did not perceive the change in temporal demands between the 
training (l.7x) and the testing (I.Ox) phases. There were, however, significant differences in the 
perceived temporal demands between subject groups. The VT group perceived less temporal demands 
during testing (I.Ox) phase than the control group. These results indicate that VT is a potential means of 
e>..i>loiting an existing ability of humans (time adaptability) within virtual training environments in order 
to achieve performance enhancement in real-time situations. ARTI analogi~s and parallel concepts are 
discussed including a synthesis of multidisciplinary support for -virtual time. Conclusions and novel future 
research directions are presented. 
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Rapid Development of Multimedia Software to Teach Somali Language 

J. Peter Kincaid and Daniel E. Mullaly, Jr. 
Institute for Simulation and Training (1ST) 

University of Central Fl_?rida 

ABSTRACT 

This paper describes the rapid development and field testing of a multimedia program, Survival Somali, 
which teaches functional Somali to U.S. military troops engaged in humanitarian support in Somalia. 
The program is hosted on a Macintosh PowerBook, which is a small, portable PC with a built in voice 
intetface. The program rapidly teaches key phrases to those who must have a functional grasp of the 
language in order to communicate orally. It also has a function to play preselected phrases through a 
public address system or through the computer itself. Field testing in Somalia by U.S. Marines confirmed 
the effectiveness of the approach. 

Development and delivery of the completed software was extremely rapid -- only six weeks from the 
initial definition of the requirement to delivery of completed software to the U.S. Marine Corps. The 
reasons for this are based on a number of strategies developed for the language technology project at 1ST" 
including: 

1. Use of available low cost multimedia PCs and authoring languages. 
The program was based on software developed for other purposes. 

2. Total production capabilities on-site. 
All resources were in place for production of courseware including computers, authoring 
software, voice interface equipment, a complete graphics department. audio recording 
capabilities, and the right mix of e:>.-pertise. 

3. Concentration on specialized applications. 
We do not attempt to comprehensively teach a foreign language, but rather concentrate 
on rapidly teaching limited (but useful) functional oral skills for particular applications. 
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ABSTRACT 

of Human 
{CA'l') 

Recent advances in cognitive science research have 
provided a capability for quantifying the complexity of 
a human system interaction and for predicting the 
complexity of a proposed human system interaction. The 
technique requires that a detailed cognitive analysis of 
the interaction be conducted. This analysis is quite 
complex. Consequently, an automated aid was developed 
to assist those not skilled in the conduct of a detailed 
cognitive task analysis. The process employed by the 
aid and an evaluation of the aid is presented. 

INTRODUCTION 

The cognitive complexity analysis approach was initially developed by 
Kieras and Polson (1) who proposed that the complexity of a human system 
interaction could be assessed from the perspective of the acquisition and 
execution of a cognitive skill. A cognitive skill is a function of the 
knowledge and processes required to perform a task expertly. Consequently, if 
one can determine the amount of knowledge required to perform a skill and then 
estimate how long it would take the average user to learn each knowledge unit 
making up the skill, then a measure of the time to learn the skill could be 
calculated. This technique has been employed to assess the complexity of 
competing interface designs and has resulted in significant cost savings in 
terms of the productivity of human system interactions. As an example, Gray, 
John and Atwood [2] employed this technique to assess a new telephone operator 
workstation design for a major telephone company. Gray et al . [2] developed 
models of the old workstation and the new design in terms of the time to 
execute a variety of different benchmark tasks. Their analysis and data from 
the field indicated that the new design was 4 % slower than the old 
workstation. In this industry every second saved in processing calls 
translates into 3 million dollars per year. The company rejected the new 
workstation design. 

The problem, however, is the complexity of the cognitive task analysis 
required to specify the knowledge units making up the skill of interacting 
with a system. The objectives of this paper are to present the process and 
empirical support for the use of this type of analysis in assessing the 
complexity of a human system interaction and to describe how this process has 
been automated in the form of a practical aid to assist designers and 
evaluators of human system interactions. 

THE PRODUCTION UNIT AS THE BASIC UNIT OF SKILL 

The unit of knowledge which must be analyzed in the conduct of a detailed 
cognitive analysis is taken after Anderson's (3) ACT-R model of cognition. 
The basic unit of knowledge acquired when learning a skill is referred to as 
the production unit . The production unit is made up of condition-action 
pairs. The condition side of the pair consists of a set of chunks of 
information, usually not more than 3-5 chunks. A chunk could be a word, the 
perception of an object, an image, an icon on a computer screen etc . The 
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action side of the pair consists of a single action in a novices 
representation of information and multiple actions in the representation of an 
expert. The action may consist of a motor response, a perceptual response or a 
cognitive response, such as, inserting or deleting something in memory, 
removing an active goal and or setting a new goal in memory. The chunks of 
information on the condition side consist of the individuals current active 
goal or goals, immediate information from the environment, the results of 
immediately preceding actions and information retrieved from, retained in or 
stored in memory. The basic unit of analysis with which a human system 
interaction must be described in order to compute measures of human system 
interaction complexity is this production unit. The set of units describing 
the interaction make up a cognitive model. 

QUANTIFYING COMPLEXITY: CALCULATING TIME TO LEARN AND EXECUTION TIME 

The significance of this type of modeling rests in the fact that the 
execution times for many primitive production rule units is known. The level 
of detail of the model specifies these primitive actions as simple motor, 
perceptual and cognitive operations all of which have known execution times. 
The execution times have been determined by prior research in human 
information processing over the past 30 years. This means that elaborate 
empirical observations of the execution of procedures and tasks using a device 
are not needed to make predictions of execution time. From a relatively small 
set of independent motor, perceptual and cognitive operators any human 
interaction with a system can be defined and predictions of execution time can 
be made . Since the operators are independent and at a low enough level of 
description, they can be combined in many different ways to yield predictions 
regarding the time to execute any behavioral sequence. This notion goes as 
far back as Gilbreth [4] and was more recently substantiated by Card, Moran 
and Newell [5]. 

Calculating the time to learn a task given these cognitive models of a 
human system interaction is done by determining how many new knowledge units a 
user of a given system must acquire in order to learn how to use the device . 
As a result of research conducted by Kieras [6] Kieras and Bovair (71 and 
Bovair, Kieras and Polson (8) the time to learn each new production unit is 
equal to 30 seconds per new unit. The qualifier here is that the unit must be 
new. If a unit is similar to another unit only one new unit is charged with 
the 30 second time to learn, not two . Consequently, the units must be 
compared to each other in order to determine the number of new unique units to 
be learned. Given this number of new units to be learned, the analyst need 
only multiply this number by 30 seconds to get the time to learn a specific 
task . This nwnber is then added to a base rate of time, estimated by Kieras 
to be 30 - 60 minutes. The equation for time to learn is then: Time to Learn 
= ( 30-60) minutes+ 30 seconds x the number of new production units [9]. 

When comparing the complexity of one system to another, the analyst must 
take a sample of tasks modeled for each system which accomplish identical 
goals, compute the time to execute procedures to accomplish each task goal on 
each system, compute the time to learn to perform the tasks and accomplish the 
goals on each system and then compare the two. That system which reflects the 
lowest value would be judged the less complex. It is important that in doing 
the calculation of execution t i me that some measure of response time of the 
system to user inputs be obtained since this can effect the time to execute. 

To improve on a systems performance the models from which these 
calculations were made can be examined to determine the potential for 
improvement . Goals which require many operations to achieve may be shortened 
to reduce both execution time, as well as, learning time . Knowledge units 
making up a procedure to acc omplish a goal can be examined to det ermine how 
many conditions mus t be tested for an action to be initiated. Too many 
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conditions means a high memory load on the user. The number of conditions 
should be examined to see how they may be reduced by making some of the memory 
external by retaining it on the display as opposed to the user's internal 
memory. Likewise, if a user must retain many goals in memory to determine 
wheres/he is in the execution of a task, it would be prudent on the part of 
the analyst to combine some of the goals and reduce the number of operations 
to accomplish the goals. · This in essence' reduces the depth of the goal 
hierarchy. In general system complexity is reduced by eliminating operators 
and creating similar operations for executing similar goals reducing the 
demands on memory. 

AUTOMATING THE COGNITIVE TASK ANALYSIS PROCESS WITH 'CAT' 

Again the key to conducting a cognitive complexity analysis is having the 
cognitive model of the human system interaction as indicated in the above. 
Fortunately, a rather systematic method has evolved over the past several 
years beginning with Card, Moran and Newell's [5] GOMS analysis which was 
further de~eloped into a practical methodology by Kieras [9] and extended and 
formalized into a computerized aid by Williams [10]. The discussion to follow 
describes the process of conducting this analysis as embodied in the Cognitive 
Analysis Tool (CAT). 

The analysis process requires a top-down-breadth-first decomposition of 
task ~oals, methods, .QPerators and ~election rules (GOMS). First, the process 
for conducting· a GOMS analysis will be described as operationalized in CAT and 
then this process will be applied to describing the copy file procedures using 
the Macintosch OS and PC-DOS operating systems. 

THE COGNITIVE TASK ANALYSIS PROCESS 

All input to CAT consists of typed text. The cognitive task analysis 
process begins by requesting that the user specify the top most goal which 
must be achieved using the system being modeled. This could be editing a 
manuscript using a word processing system or using a low frequency active 
sonar system to detect underwater targets etc . All goal statements are 
described as an action and an object (e.g. <edit manuscript>, <copy disk>, 
<detect targets>). Having specified the top level goal to be achieved, the 
system then asks the analyst to specify a set of high level steps which must 
be accomplished in order to accomplish the high level goal of interest. The 
system allows the analyst to specify as many steps as desired without 
constraint. Usually a novice analyst will start specifying very low level 
steps at this point and will not organize the task into sub tasks. The system 
keeps a count of the number of steps which the analyst is describing but does 
not interfere, so that recall of steps can proceed without interruption. If 
more than seven steps are eventually specified, the system will force the user 
to go back and group some of these steps into higher level steps until not 
more than seven steps have been described. 

Having specified a high level goal and a set of steps to accomplish the 
goal, a high level method has been defined. The system requests that the 
analyst specify the order in which the steps must be executed. If steps can 
be executed in parallel the analyst is instructed to give them the same rank 
in the order of step execution. The system then asks the user if there is 
another set of steps which could be used to accomplish the same high level 
goal. (Usually at this highest level there is only one high level set of 
steps.) If there is another set of steps which could be used to accomplish 
the goal then the user is asked to describe them. If the analyst defines 
another method to accomplish the goal, the system again asks for another set 
of steps describing yet another high level method until the analyst responds 
that no further alternative methods can be defined. 
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If more than one method is described by the analyst, the system will 
request that the analyst define a set of selection rules which discriminate 
between the alternative methods described. For each method of the set the 
analyst must describe under what conditions a method would be used as opposed 
to the others in the set . The conditions of each selection rule are ANDed, 
such that all must be true for the method to be selected. These selection 
rules are decisions which a user of a device must make when interacting with 
the device. A selection rule takes the form IF <goal and conditions> THEN 
<operators>. There may be more than one selection rule for each method. If 
so the selection rules for that method are ORed. If the device requires a 
user to learn various alternative methods without good reason then the device 
design is adding unnecessary complexity for the user. 

Given that a high level method and alternatives with selection rules have 
been described by the analyst, the system then retrieves the first step in the 
first method described and sets this step as a task subgoal which must be 
accomplished.on the path to accomplishing the high level goal . For each of 
the steps in each high level method defined the analyst is required to specify 
a set of steps which describe how the subgoal would be achieved as was the 
case for the highest level goal. This process iterates on each step defined 
until a step is specified as a primitive. A primitive step is one which the 
analyst no longer wishes to decompose into a lower level method. When all 
methods described by the analyst are defined as primitives the first phase of 
the analysis is completed. 

Primitive steps consist of motor operators, perceptual operators, and 
cognitive operators. Primitive motor operators consist of such actions as 
pressing a key on a keyboard, clicking a mouse button, horning the hand from 
keyboard to mouse, moving the cursor via the mouse, extending the .hand and 
arm to touch an active area on the display, voicing a command etc . Primitive 
perceptual operators consist of such actions as locating an icon on the 
display, reading text from the display, listening for a voice response or an 
audible feedback sound etc . Primitive cognitive operators consist of 
recalling a command from memory, retaining a piece of information in working 
memory which is to be used by another step further down in a sequence of 
steps, setting a new goal in working memory, deleting an already accomplished 
goal from working memory, storing a new piece of information in long term 
memory, deciding or choosing between alternatives, etc. If the user is forced 
to wait as a result of system response time, a primitive operator for system 
response should be included in the analysis at this level. 

The system currently recognizes English descriptions which are instances 
of these kinds of primitive operators. For example if the analyst describes 
something which would be indicative of a decision as is; choose, select, 
decide; the system first verifies by asking the analyst if the description 
refers to a decision. If "yes" then the system presents a dialogue box to the 
user requesting the user to specify the decision in an IF - THEN or IF - THEN, 
ELSE format. The user may use traditional GO TO some step NUMBER in the body 
of this format. In this way transfer of control within a method description 
can be explicitly defined. Transfer of control using DECIDE and GO TO 
operators is restricted to within a method only. Transfer between methods is 
done by other logical operations . Likewise, if the system detects a 
description indicative of a STORE operator or RECALL operator the analyst is 
asked to verify its meaning. If the meaning is verified by the analyst, s/he 
is presented with other dialogue boxes which request that the analyst define a 
key in memory for the information to be stored as a retrieval cue and the 
value of that information to be stored. If information is to be recalled then 
the analyst must specify the key for retrieval and the value to be retrieved. 
The analysis at this point can be described as an AND/OR graph of production 
units linked together in a hierarchy of goals and subgoals. The system can 
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actually execute the model as a logical ?rogram to insure that the system has 
been described in a logically correct fashion . 

With this stage of the analysis complete, the analyst is then presented 
with a list of the primitive methods defined and asked to determine if any 
could likely fail during execution. If a primitive step is likely to fail, 
then the analyst must make sure that an alternative method is available for 
accomplishing the goal. If an alternative is not available . then the analyst 
is requested to develop another method to overcome the failure. If none can 
be defined then the goal will fail and the system being designed will not be 
capable of executing a task which requires the implementation of any method 
which contains the primitive step in question . This is the way that the 
analyst can assess if the design of the system provides the user with error 
correction procedures to overcome failures, as well as, errors in task 
execution. 

AN EXAMPLE ANALYSIS 

With the process described above examples of conducting a cognitive task 
analysis on a simple task of copying a file from disc to hard drive comparing 
the Macintosch OS and PC-DOS is presented in the following. 

First specify the goal: 

Specify steps: 

Make Step 1. a Subgoal: 

Specify steps: 

Make Step 2. a Subgoal: 

Specify steps: 

First s pecify goal: 

Macintosch OS 

Method to Accomplish goal of copy disk file to 
hard drive 

Step 1. Accomplish goal of Find file object 
Step 2. Accomplish goal of Move object 
Step 3. Return goal accomplished 

Method to Accomplish goal of Find file object 

Step 1. Home hand on mouse ( . 4 sec) 
Step 2 . Locate icon of disk on screen ( .3 

sec) 
Step 3. Move mouse to icon ( 1.1 sec) 
Step 4. Double click mouse on icon ( . 4 sec) 
Step 5. Return goal accomplished 

Method to Accomplish goal of Move object 

Step 1 . Locate object on screen (.3 sec) 
Step 2. Move mouse to object ( 1 . 1) 
Step 3. Hold mouse button down (.1 sec) 
Step 4. Locate Destination for object ( . 3 

sec) 
Step 5 . Move cursor to destination location 

(1.1sec) 
Step 6. Verify cursor at destination (.1 sec) 
Step 7. Release mouse button (.1 sec) 
Step 8 . Return goal accomplished 

PC-DOS 

Method to Accomplish goal of Copy disc f ile to 
hard drive 
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Specify steps: 

Make Step 4 a goal: 

Specify steps: 

Make Step 2 a goal : 

Specify steps : · 

Step 1 . Recall command name is COPY (.07 
sec) 

Step 2. Recall source directory name and file 
name and retain ( . 14 sec) 

Step 3. Recall destination directory name and 
file name and retain (.14 sec) 

Step·4. Accomplish goal of executing command 
Step 5. Return goal accomplished 

Method to Accomplish goal of executing a command 

Step 1. Type command name COPY ( 1.12 sec) 
Step 2. Accomplish goal of entering source 

file specification 
Step 3. Accomplish goal of entering d 

destination file specification 
Step 4. Verify command ( 3.5 sec) 
Step 5. Type Return ( .28 sec) 
Step 6. Return goal accomplished 

Method to Accomplish goal of entering source . 
file specification 

Step 1. Type space ( .28 sec) 
Step 2 . Decide: If source is drive A 

or B and retain ( .4 sec) 
Step 3. Type source dive A: or B: (. 85 

sec) 
Step 4. Type "\" (. 28 sec) 
Step 5. Type directory name (1. 4 sec) 
Step 6. Type ''\" (. 28 sec) 
Step 7 . Type file name (1. 4 sec) 
Step 8. Return goal accomplished 

Make Step 3 a goal: Method to Accomplish goal of entering 
destination file specification 

Specify steps Step 1. Type a space (. 28 sec) 
Step 2. Type destination drive C: ( . 85 sec) 
Step 3. Type ,, \,, (. 28 sec) 
Step 4: Type directory nazne ( 1.4 sec) 
Step 5: Type ,., \ ,, (. 28 sec) 
Step 6: Type file name (1. 4 sec) 
Step 7: Return goal accomplished 

EXAMPLE CALCULATION OF COMPLEXITY 

Predicting the time to learn the task on these different systems is done 
by first determining what methods must be learned by the user . For the 
Macintosch case, the methods to be learned include: Find File Object, Move 
Object and Copy Disk File To Hard Drive. The methods then need to be compared 
for similarity in the sequence of steps to be learned. In this case the 
methods are quite different. Determining similarity of methods is typically 
done by comparing the goal statement descriptions. If the goal statement 
descriptions are similar then there is a good chance that the methods may be 
similar. If the methods are different then count the number of statements in 
the method descriptions including the goal statement and the return goal 
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accomplished statement . For each statement in the two methods assi gn a 30 
second learning time charge. In this case there are nineteen statements. 
Therefore, the predicted learning time would be 19 x 30 sec per statement= 
570 seconds or 9.5 minutes for a novice to learn this task to a criterion of 
being capable of executing the task without error. 

In predicting learning time for the PC~DOS case, there are four methods 
which need to be learned. However, two methoos are almost identical; Entering 
source File Specification and Entering Destination File Specification . 
Between these two methods there is only one statement which is different. 
When calculating time to learn the statements which are identical .between 
these two methods are only counted once . This leaves nine statements to be 
learned to cover these two methods . The statement count for the remaining two 
methods equals 13. Consequently time to learn the task with PC-DOS is (9 + 
13)30 seconds per statement equals 660 seconds or 11 minutes. 

Time to execute each task using the different systems is computed by 
selecting those method steps which actually must be executed in sequence to 
accomplish the task goal. This includes that chain of steps across methods 
which must be performed. The time for executing each step { e.g. given in the 
parentheses next to each executable step) are given in Card, Moran and Newell 
(1983). The time estimates for each step in this chain of steps are then 
summed to compute time to execute the task . For the Macintosch case, the.time 
to execute is ( .4 s + .3 s + 1.ls +.4s + .3s + l.ls + .ls +.3s + l.ls + . ls 
+ . ls= 5.3 seconds) . This time is added to the time it takes the cognitive 
processor to cycle on each step (Bovair, Kieras and Pol.son, 1990 and Kieras, 
1986) which is .1 seconds per step or eleven steps to be executed. Cognitive 
processor cycle time to execute the task then equals 11 x . 1 seconds per step 
or 1.1 seconds. The total time to execute the task is ( 5.3 seconds+ 1.1 
seconds= 6.4 seconds) . 

This same calculation carried out on the PC-DOS version of the task is 
( . 07s + .14s+ . 14s + 1 . 12s + 3.Ss + .28s + .28s + .4s +.85s +.28s + 1 . 4s +.28s 
+l.4s + .28s + . 85s + .28s +l.4s + . 28s + 1.4s = 14 . 63 seconds). This sum is 
then added to the cognitive processing cycle time of .1 second x 19 statements 
= 1. 9 seconds. The total. time to execute is then ( 14 . 63 + 1 . 9 = 16 . 53 
seconds). 

SUMMARY OF CAT EVALUATION 

Forty secretaries expert in the use of Microsoft Word for the Macintosh 
were asked to interact with CAT and to describe how tney would perform a Cut 
and Paste task. The models generated by CAT as a result of these test subject 
interactions were then analyzed to determine (1) how accurate their models 
were as compared to a baseline model. developed by a cognitive analyst and (2) 
how consistent their models were when compared to each other test subject's 
model. A total of seven methods where required to model this simple task with 
three levels of subgoals. The results demonstrated a 90% degree of 
consistency between test subject models. The analysis of accuracy of test 
subject models to the base line model indicated that the subjects described 
85% of the physical primitives of the methods they modeled accurately but only 
28 % of the mental primitives were accurately described. Consequently, those 
not skilled in the conduct of a cognitive task analysis are very good at 
describing low level physical primitive operators which include observable 
motor responses and perceptual activities but are not very good at describing 
the covert mental operations . What is required is that CAT be equipped with a 
set of queries which when answered by a user would then make infer ences as to 
the kind of mental operators which must be inserted into the task description. 
The objective of the research which is presently ongoing is to determine the 
kinds of inferences which can be made and the questions which must be answered 
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AVIATION ALARM SYSTEMS 

Alarm systems are designed with the goals of (1) attracting the attention of 
the operator to an anomalous situation via visual, auditory, and tactile 
indicators, (2) providing the operator with infonnation related to the nature 
of the anomalous condition and to aid in diagnosis, (3) aiding the operator 
without detracting attention from basic operation of the aircraft, and "(4} 
guiding the operator toward an appropriate response to resolve the anomalous 
condition. 

The information provided by alarm systems can range from simple illwninated 
warning lights and auditory signals to detailed diagrams of complete aircraft 
subsystems and synthesized voice warnings. The number of alarms in a modern 
commercial aircraft can be quite extensive . For example, Veitengruber, 
Boucek, and Smith [4) reported that one version of the Boeing 747 contained 
more than 600 lights used for alerting functions. O'Hare and Roscoe [5) noted 
that some commercial passenger aircraft can provide 30 to 40 different 
auditory warnings to the aircraft. As aircraft sensor and alarm system 
technology has increased in its application, the potential for an anomalous 
situation to be accompanied by multiple alarms has increased. 

Randle et al. (3) outlined a number of problems that can be associated with 
these sophisticated alarm systems. The problems included: (a) more alerts 
require more memorization of meanings and greater probability of error, (b) 
the credibility of the alarms decreasing as the number of false alarms, due to 
equipment failure, increases, (c) some frequently heard alarms going unheard 
or unheeded, (d) higher workload, and (e) a decrease in the alerting value of 
an alarm due to increases in workload and attention demands. 

ALARM SYSTEM DESIGN PHILOSOPHIES 

Two prevalent philosophies currently exist toward the design of ala.an systems 
in the major airframe companies [6]. Each philosophy represents slightly 
different approaches for dealing with ergonomic considerations . 

The alarm system design philosophy used by Airbus Industries on the A310 was 
to provide the crewrnernbers with full-time displays of engine status and a 
constant flow of alarm and system-related information on two displays (i . e., 
provide the pilots with as much information and control as possible at all 
times). The pilots are provided with decision-aiding information, and they 
initiate the required actions. During routine operations, the warning display 
presents a list of messages indicating that the systems are performing 
normally. During non-routine conditions, an alarm message appears on one 
display and the ~.alfunctioning system is automatically displayed on a second 
display. A corrective action checklist and statement of the effect of the 
failure on aircraft operations are also displayed. 

The alarm system design philosophy used by Boeing on the B-757 and B-767 
aircraft was to provide the crewmembers with only the information necessary 
for a given operational condition or phase of flight (i.e . , provide the pilots 
with required information). During routine operations, engine and system 
status is monitored by the aircraft and not displayed to the crewrnembers. 
When a system reaches a cautionary or out-of-limits condition, an alarm is 
automatically brought into view on one display and information related to the 
malfunctioning system appears on a second display. Changes in color coding 
and the sudden increase in fhe amount of information of the displays attract 
the pilot's attention . 

ALARM SYSTEM DESIGN GUI~ELINES 

Many guidelines have· been developed for the design of alarm systems in the 
aviation environment. The guidelines represent recommendations to the 
aviation industry so tha t standardization and improvement of aircraft alarm 
systems could be realized. Veitengruber et al. [4 ) invest i gated the then-
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current state of affairs concerning aircraft alerting systems and determined 
that many inconsistencies and needless proliferations existed in commercial 
aircraft alerting systems to that point. In response, the authors developed a 
list of recommendations for standardization of alerting functions/methods. 

several years later, Berson, Po-Chedley, Bou~ek, Hanson, Leffler, and Wasson 
(7) conducted an FAA research project to develop an improved and standardized 
aircraft alerting system design guidelines. Important contributions from the 
Berson et al. guidelines included: (a) the use of redundant visual and 
auditory/voice ala:rms to attract crew attention, indicate initial urgency, and 
report the nature/location of the problem, and (b) the use of a time-critical 
visual display to provide information and guidance about especially urgent 
problems requiring immediate crew action. Recently, Bliss, Gilson, and 
Rinalducci [8] provided an updated review of existing alarm design guidelines 
and alarm research. The result of the review was an integrated and 
comprehensive set of design guidelines for visual and auditory aircraft alarm 
systems. 

HUMAN PERFORMANCE AND ALARMS: A RESEARCH FRAMEWORK 

Clearly the design of an alarm system can greatly enhance or degrade the 
performance of the aircrew depending on a variety of factors (e.g., alarm 
system reliability, crew training). A properly designed alarm system should 
provide the necessary detailed information required to assess and resolve a 
specific condition. On the other hand, improper designed systems may present 
too many alarms or too much information to the aircrew and create the 
potential for distractions, delays, habituation, masking of relevant data, 
indecision, and errors in resolving abnormal situations. 

Although the existing alarm system design philosophies and design guidelines 
have been useful, the advances in aircraft systems will require new human 
factor and ergonomic investigations. Human performance research has suggested 
that the amount of information available in an individual's environment may 
exceed the capacity of the operator's central nervous system (9). Therefore, 
it may be necessary for humans to perform a considerable reduction process in 
an effort to obtain information from their environment (i.e., only minute 
fraction of the information available is consciously absorbed and processed by 
the brain). In addition, since humans can only maintain a few unrelated items 
in working memory during task performance (10), it will be important to design 
alarm systems that will not the operator's capacity to store unrelated 
information. · 

The limitations of the human information processing systems can lead to a 
variety of errors. Edwards (11) notes that these errors can include: (a) 
failure to detect a signal because of input overload, (b) incorrect 
identification of a signal due to lack of differential cues and inappropriate 

, expectations, (cl incorrect signal recalled because of confusion in short-term 
memory, and {d) wrong action selected due to inhibition of the correct action. 
These errors can be extremely critical in situations were operators must 
respond to alarm systems. These limitations suggest that the performance of 
human operators interacting with these systems needs to be better ~nderstood . 

Clearly, the investigati9n of human performance in alarm situations to improve 
the design of alarm systems mus t encompass a wide range of issues (i.e., from 
the characteristics of alarm stimuli and human-alarm system interface to the 
sensory and cognitive processing-required by the crewmernber). The following 
section provides a framework from which to conceptualize human performance and 
to initiate the design of alarm research. 

RESEARCH FRAMEWORK 

For purposes of the current effort, a basic input-process-response f ramework 
wil l provide a simple , yet useful, organization from wh~ch to discuss the 
scope of research required to address human performance issues in alarm 
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situations. The input component of the framework involves the characteristics 
of the alarm stimuli presented to the aircrew. These characteristics include: 
(1) the purpose of the alarm (e.g . , warnings, cautions, advisories), (2) the 
location of the alarm (e.g., in the field of view or periphery), (3) the 
modality of the alarm (e.g., visual, auditory, haptic), (4) the number of 
alanns, (5) the duration of the alarm, and (b) the brightness, color, a~d 
frequency of the alarm. This component is by far the most researched, and 
best understood, aspect of human performance associated with alarms. The 
physical characteristics are important because alarms must often compete for 
the attention of the operator with other stimuli. Alarms must be easily 
discriminated from other stimuli to ensure that the operator is aware of the 
anomalous situation. 

The process component of the framework is associated with crewrnember 
processing of the information provided by the system. This component is 
related to human performance issues such as attention, vigilance, and 
workload. Specifically, operator processing involves the (a) encoding the 
sensory stimuli presented by the alarm system, (bl placing the sensory 
information into short-term working memory storage, (c) searching long-term 
memory storage for previous experiences with similar situations, and (d) 
identifying a set of possible responses to the alarm system based on 
priorities such as the risk or even the possibility of false alarms associated 
with each response. Little is known about the mental processes used by 
operators in alarm situations. One reason for the relative lack of research 
involving the process component, as compared to the input component, is 
because effective research techniques in cognitive sciences have only recently 
been developed. 

The response component of the framework involves the decision making -performed 
by the operator in an alarm situation and the manner that the operator inputs 
the decision into the system. The response component is related to human 
performance issues involving mental models, heuristics, decision rules, and 
probability analysis. The operator must decide whether to respond to the 
alarm situation or not respond to the alarm situation. After making a 
decision to respond to the alarm, the crew must generally provide some type of 
input into the system (e.g., acknowledging the alarm, performing emergency 
procedures, ignoring the alarm). Depending on the input into the system, the 
crew will typically receive some type of feedback. Since an alarm is usually 
a predecessor to an emerging problem, the interaction between the alarm system 
and the crew will continue until this_ condition is resolved, averted, or 
simply disappears. Little is known about the decision making processes of 
operators in anomalous situations. The complex nature of human decision 
making and the limited availability of acceptable decision making research 
paradigms have slowed advancements in this important area . 

The previously described framework provides a framework from which ergonomic 
and human factors issues associated with alarm system design can be studi.ed. 
The authors acknowledge that the research framework will need to be expanded 
and improved as the results of human performance investigations become 
available. 

CURRENT STATE AND NEEDS OF RESEARCH 

State: Much of the currently existing alarm research has been performed in 
laboratory environments us,i.ng non-aviation tasks. While the results of 
laboratory investigations are beneficial for increasing the understanding 
basic nature of human performance in alarm systems, these results can only be 
applied to operational settings with some degree of caution. 

Need: A need exists to conduct alarm research us i ng more aviation-oriented 
ancroperationally relevant tasks. Studies should be performed using high 
fidelity simulators (i.e., simulators designed as replicas of the actual 
aircraft with motion bases and visual systems). Research scenarios need to 
immerse the subjects into the task and require performance similar to that 
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during line-operations (e.g . , communication with other aircraft, handling 
unplanned events, conducting pre-flight briefs) . 

state: Most of the existing alarm design guidelines were developed for 
electro-mechanical alarm systems that primarily serve alerting functions and 
do not apply to advances in aircraft alarm system technologies that can assist 
the operator in decision making. 

Need: New design guidelines are needed which consider new and emerging 
technologies (e.g., adaptative automation, virtual reality, artificial 
intelligence, expert systems, voice recognition, 3-D aural alarm systems). 
Alarm research involving these technologies must be performed so that useful 
ergonomic and design guidelines will be available to designers. 

state: Most alarm system design has focused on visual and auditory stimuli at 
the exclusion of other types of stimuli. 

Need: Since it is possible that future alarm system designs may eventually 
exceed the information processing capabilities of the operator ' s visual and 
auditory systems, additional research needs to be conducted toward the 
enhanced utilization of other sensory modalities, such as the haptic system. 
Although most alann guidelines and research have involved the visual and 
auditory systems, little work has been performed toward the enhanced use of 
tactile alarms. 

State: As the complexity and incidence of alarm systems increase, the 
potential for multiple alarms occurring simultaneously will increase as well. 

Need: Little is known about human performance in multiple alarm situations, 
and furthermore few guidelines exist for the use of multiple alarms in 
aviation systems. Research concerning human performance in multiple alann 
situations should be conducted This work should involve ergonomic and human 
factors investigations. 

State : Most alarm research has focused on individuals even though most 
commercial aircraft are operated by multiple crewrnembers. 

Need: Few investigations have studied the performance of multiple crewrnembers 
or operators in alarm situations. Research needs to be conducted to better 
understand the interactions required between crewmembers in non-routine 
situations involving alarms. 

State : Although technological advances in aircraft systems have changed the 
nature of aviation, few advances have occurred in the development of aviation 
training programs. 

Need: Research is required to determine how to best train the operator to 
respond to alarms with varying characteristics. Training research is necessary 
to establish guidelines for the development of methods that will reduce 
training time and improve performance . 

CONCLUSIONS 
. ~ 

While current state of the art alarm research and design has made progress, 
addi t ional research needs to be performed to bette~ understand a number of 
issues. It is likely that alarm research will require a continued, long-term 
commitment; however, the results of such effort s will have the potential to 
s i gnificantly enhance the design of alarm systems, the development of alarm 
system training programs, and the performance of crewrnembers to situations 
involvi ng alarms. 

Once research with impli cations for alarm system design has been compl eted, it 
is critical that ·the r esults are t ransl ated into useful ergonomic guidelines . 
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Furthermore, these guidelines need to be clearly documented and forwarded to 
alarm system designers and engineers for application. 

Although the current focus has been related to aviation alarm systems, 
additional research and investigation will clearly result in a better 
understanding of human performance issues in, other similar settings (e.g., 
nuclear power plants, air traffic control, and processing plants, to name just 
a few). 
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ABSTRACT 

Many software packages have been developed to model the human body, assisting 
engineers to incorporate ergonomic concepts into new designs. These programs can w9rk 
effectively only when they have accurate databases supporting them. This paper will describe 
a proven data acquisition procedure for measuring isometric human strength capabilities and 
will highlight a newly developed software package f or controlling the procedure and 
collecting data . 

INTRODUCTION 

Any system, regardless of its purpose or intended use, will almost 
always require maintenance during its life cycle. Often, a minor repair will 
require extensive downtime and labor simply because the defective part was in 
a "hard to reach" place, or was secured such that the ave r age person is unable 
to remove it without unnecessary strain. To improve the maintainability of 
modern systems, designers have begun to incorporate human factors and 
ergonomic concepts into their products. 

Several simulation programs like MANNEQUIN, CREW CHIEF, and COMBIMAN 
have been deve l oped to test new designs by incorporating scale models of 
humans into the product design in the early stages of development. These 
programs require numerous data bases to represent the size, shape, and 
strength capabilities of the human body and often allow for the distinction 
between different user populations based on age, sex, ethnic origin, etc. For 
this reason, the required data bases can be very extensive. 

To date, an enormous amount of data has been collected for use with 
human simulation programs, but given the scope and diversity of the human 
body, a complete data base can neve r be achieved. For this reason, most of 
these programs are designed to simulate only those aspects of the human body 
that their databases will support. 

During the past few years, several research projects involving human 
strength testing have been performed at Tennessee Technological University. A 
progra m written at Wright - Patte r son Ai r Force Base has been used in 
conjunction with a PC, an Analog-to-Digital converter, and strain gauges 
and/or load cells during these protects. This system performed well but was 
lacking in several aspects of its user interface. 

A new soft~are package was deve l oped and used in a recent human strength 
investigation [Deivanayagam] . During this investigation, the new software 
proved to be a very effective data acquisit i on tool by prov iding a superior 
us e r interface. This improved user interf ace will be h ighlighted as the data 
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acquisition system is presented. Also, some recommendations and lessons 
learned will be suggested for future research projects regarding human 
strength testing. 

GENERAL GUIDELINES FOR DATA ACQUISITION 

The US. Air force has been involved with strength testing research for 
many years. Early in the 1970's a research project aimed to develop a 
standard testing procedure was completed [Caldwell, et al.]. The guidelines 
resulting from this research have been used for numerous strength testing 
projects since that time. The following is a summary of these testing 
guidelines. 

Instructions to test subjects 

1 . Subjects should be informed about the experiment's purpose and procedure. 
2 . No instantaneous feedback should be presented during exertions. · 
3. Instructions should be kept factual and not include emotional appeals. 
4. Rewards, goals, competition, spectators, noise, etc . can influence the 

subjects performance and should be avoided. 
5. Subjects should be instructed to increase to maximum exertion (without 

jerk) in about one second, and maintain this effort for four seconds. 

Data Collection 

1. Testing conditions should be described. ( posture, muscle group, etc.) 
2. The transient period, first second, should be discarded. 
3. The datum point is the mean taken from th~ next three seconds. 
4. A deviation of ±10 percent of the mean is acceptable during the 

exertion. 
5. A mandatory 2 minute rest break should be given between exertions. 
6. Some anthropometric data should be obtained about the subjects. This 

should include age, sex, weight, and height. 
7. The method of subject selection should also be recorded . 
8. Care should be taken to make sure each subject uses the same posture. 

These guidelines are generally accepted as a valid and reliable means of 
conducting a strength experiment. However, additional guidelines may need to 
be developed for each specific experimental investigation. Often, subjects 
are given a maximum of three attempts to produce a "good" exertion. If the 
first exertion is not consistent or steady during the last three seconds, a 
second, and third attempt are done as necessary. The "best" of the three 
exertions is then kept and the other two are discarded . 

DATA ACQUISITION EQUIPMENT 

Any system designed to observe a physical event must be able to measure, 
quantify, and record data. The measurable quantity (torque, linear force, 
etc . ) must first be converted into an electrical signal with a suitable 
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ansducer . For strength measurements , a load cell or a st~ain gauge can be 
~:ed - The output signal must then be ampli fied and conve rted to a digi tal 
ignal a nd relayed to the c omput er to be analyzed. This process requires 

:everal fundamenta l components as shown in Figure 1, below. 

Load Cell 

Tone/ Light Box 

AID Converter 

DIA Converter 
Computer Software 

.Fi gure 1 : Diagram of a Data Acquisition System For Human Strength Testing . 

DATA ACQUISITION SOFTWARE 

The computer software is a crucial part of the data acquisition system. 
It must be compatible with all other components and a l low the user to conduct 
the experiment without unnecessary work. Furthermore, it should be able to 
assis t the user when setting up an experiment and calibrating the other 
components. A new software package developed by the authors was developed 
last summer with this in mind . 

Egatures 

This new software "STRENGTH" was modeled after a program developed at 
the Wright-Patterson Air Force Base in early 1987 [Thai]. Although the new 
program works fundamentally the same as the old, it looks and feels very 
different . The older software works effectively, but does not provi de a 
calibration option. Also, it does not allow the user to terminate the program 
and return t o the operating system (DOS) . The authors made provisions for 
these options in the new software, and enhanced its operation with the use of 
color and mouse control . Furthermore, a two minute countdown timer and a 
graphics window were a dded to the screen. 

Without the two minute timer, the experimenter had to keep up with the 
time either by continually looking at his/her watch or operating a hand-held 
t i mer . This method was found t o be unrel iable and put unnecessary work on the 
experimenter. The two minute timer was added to the program to ensure that 
the subjects were given the requi red rest break between exertions. 

The graphics window was added to provide a visual representation of t he 
exertion. This window makes t he results of an exertion much clearer than the 
statistical information alone. From a glance the experimenter can see the 
skewness, peak and mean values, time of peak value, and how much the curve 
varied from the mean. To aid in the evaluation of the exertion, horizontal 
lines are drawn on top of the curve to represent the mean value, and ±10 
percent of the mean. Vertical l ines are drawn to represent t he end of each 
second. Figure 2 , belo w, shows t h~_rnain video display screen after a typical 
exertion has been completed . 

Another addition to the program was an optional offset that is simply 
added t o the incomi ng data . Th i s offset can be useful when different 
orientations of t he load cell/s t rain gauge are used in the same experiment . 
Sometimes, moving the load cell/strain gauge from a ver t ical position t o a 
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horizontal position will produce an unwanted shift in the data readings. For 
instance, the sy5tem may be calibrated to read zero in one position, but when 
moved to another position will r.ead a non zero value, say -6. This can be 
easily corrected by setting the offset to the same magnitude but with the 
opposite sign (+6 for this example.) Normally, the offaet is set to zero, but 
can be changed when needed . 

operation 

The STRENGTH program makes the operation of . the data acquisition 
equipment very easy and straight forward. The main screen offers several 
options to the user. At the bottom of the screen there are four buttons 
labeled "Quit", "Collect Data", "Parameters", and "Calibrate". The user can 
select any of these options by cl i cking the mouse on the appropriate button . 
The upper portion of the screen displays headings such as "Subject#", 
"Fastener", and "Size''. The attributes associated with each of these headings 
cdn also be changed by clicking the mouse on the desired heading. To 
{llustrate how the software works, a simple calibration and a data ~ollection 
procedure will be explained . 

Subject II: RC 
Fastener B 
Glove C 
Trial II 1 

Tl"C e - 1 seconds: 
average: 24 .7339 
peak ti~e: B.5008 
peak value: 31.3356 

Til'le 1 - 4 seconds: 
average: 28 .1315 
peak ti~e: 1.1080 
peak value : 29 .8435 

Hu~i)er •/- 10z : B 
(peak 8- 1 / ave 1-4) 1 . 10 

Strength Testing Progra~ 

T 

Session 
Size 
Orient. 

1 
E 
H 

0 ······ ··· · ···.·· ·· ···•······ ·· · ··· ··•· ····· · . .. . 

l;roop 
T!lpe 
Posltio11 

T 
K 
1 

r .. ....... =····· ..... ·····•:·• ... -·· .. · ···•- ·· ·-··· •. ·. -·-· .• __ ...... .. ·-·· 
.... :, ; 

··•.·.· .................. , ._,.I 
q ...... ... : ........... ...... ; ................ ......... ; ................ ......... , ......... . 

u 
e 

I. 
1 · 

II 
r 

Thie 223,280 

~ calibrat e ] 

figure 2: The Main Video Disp l ay Screen of STRENGTH After the Completion of a 
Typical Exertion 
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Ca1ibration 

Once all of the equipment has been connected, it needs to be 
calibr ated for the experiment. To do this, the user can run the software and 
choose the calibration mode. A real time display of the current reading will 
then be displayed on the screen. . 
At this point the amplifier should be adjusted 'so that the display will read 
as close to zero as possible when no load is presented to the load cell or 
strain gauge. 

Next, the load cell/strain gauge should be subjected to the maximum load 
that is expected during the experiment . The amplifier gain should then be 
adjusted so that the full range of the A/D converter is utilized. Care 
should be taken not to set the gain too high as the signal may get larger than 
the A/D converter can digitize. (This results in a signal that rises and then 
remains constant even though the load continues to increase on the load cell.) 
After this is complete, the stress on the load cell should be varied from zero 
to maximum stress to make sure that the reading changes throughout the entire 
range. 

Now, the "Calibrate" mode should be exited and the "Parameters" mode 
chosen. Here, the scale factor and base can be adjusted to correctly follow 
the load on the strain gauge . For instance, if the reading was 2 with no lpad 
present and 12 when 100 pounds force was exerted, a base of -2 and a scale 
factor of 10 would result in a correct calibration. This entire process can 
be expressed mathematically as follows ... 

where, 
R ( I x G + B ) X S + F 

R Output reading at the computer 
I Input signal from load cell/strain gauge 
G Gain of the amplifier 
B Base value {software variable} 
S Scale factor (software variable} 

(1) 

F Offset value (software variable, norma lly set at zero) 

Data Col.lection 

Once the experiment and the test subject are ready, the user simply 
clicks the mouse on the "Collect Data" button . The graphics area a nd any 
previous data is cleared from the screen, and a "start" button appears . The 
experimenter must then click the mouse on the "start" button and 
simultaneously tell the subject to begin. At the end of the four second 
interval, the computer beeps to signal the subject that the exertion is over. 

Statistical information about the exertion, mean and peak values during 
the first and last three seconds, is then displayed at the right side of the 
screen. The graphics area is then redrawn to show the relationship of these 
s t atistics to the collected data. This window has proven to be very valuable 
because the statistics alone do not always give a clear pictur e of how the 
exertion progressed. This is also a good tool to help explain to the subject 
what is expected from future exertions . 

As mentioned previously, a countdown timer is shown on the screen. This 
timer resets each time an exertion is completed . During the two minute rest 
brea k, the experime nter can evaluate t he s ubject's performance, choose whethe r 
or not to save the data to the disk, _ and make any necessary changes for the 
next exertion . At the end of the t~o minute interval the countdown timer 
disappears from t he screen, and the computer beeps t o alert experimenter. The 
c ountdown timer does not interfere with any other program func t ion and does 
not prevent the e xpe rimen te r from c o nduct ing ano ther t e st before t he end of 
t he r est break . 
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OBSEEYA'UONS AND SUGGESTIONS 

During the course of the recent study focused on the torquing abilities 
of people on small fasteners, an interesting observation was made 
[Deivanayagam). Subjects seemed to respond according to the way the starting 
instruction was given. If the experimenter said "Go" too loudly or abruptly, 
it seemed to initiate a startling response and the subject would tend to jerk 
instead of increasing smoothly. 

This observation was made after only a few exertions with the first test 
subject and an attempt was made to correct this problem. The instruction was 
changed from a simple "Go" to "all right . ... Go" and was spoken with somewhat 
of a monotone voice. Nonetheless, it is hard to maintain a consistent voice 
pattern over an entire experiment, and each subject will respond differently 
to variations in the experimenter's voice. 

One possible method to standardize the signal for subjects to begin is 
to make it part of the software. The computer could tell the subject to 
begin by presenting a "get ready" tone/light followed by a "begin" tone/light . 
This could also be accomplished in the reverse order by having the computer to 
monitor the incoming signal and start collecting data just as the subject 
begins the exertion. 

CONCLUSION 

As more human simulation models are used in the early stages of product 
designs, the need for data on human strength abilities continues to increase. 
A proven method of measuring human strength capabilities has been presented in 
this paper. The testing guidelines combined with the newly developed software 
can be used to obtain accurate test data. Suggestions have been offered to 
further improve the system for future experiments. 
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ABSTRACT 

Contemporary legislation places increasing pressure on designers of public and work 
environments to improve access and usability for disabled persons. Not only do these 
long-awaited changes afford persons with disabilities a more independent lifestyle, but 
they also make good business sense. However, despite legislation, many private 
settings still require much more attention to the needs of the disabled. This paper 
evaluates one such setting: a buffet serving area in a popular Florida restaurant. The 
first step in this evaluation was a review of applicable legal requirements, especially 
the Americans with Disabilities Act as it applies to restaurants. The current state of 
the selected buffet area was analyzed from an ergonomic standpoint in terms of 
wheelchair accessibility and ease of use. The analysis revealed significant limitations 
for a disabled individuals. This paper details several of these problems and 
recommends improvements based on ergonomic principles. The improvements include 
a ramp and several modifications to both the serving table and its accessories. Several 
alternatives to a permanent ramp are also discussed. Although this analysis centered 
around one specific buffet serving area, the recommended improvements are applicable 
to other buffet areas as well. Implementation of these recommendations should 
increase the accessibility of the buffet for disabled individuals. Additionally, the 
recommended serving table and accessory modifications should increase the ease of 
use of the buffet not only for disabled individuals but for many others as well. 

INTRODUCTION 

Contemporary legislation places increasing pressure on designers of public and work 
environments to improve access and usability for disabled persons. Although these long awaited 
changes afford persons with disabilities a more independent lifestyle, much more attention to the needs 
of the disabled is necessary in many private settings. One such setting is the buffet style serving area-
a segment of many modern restaurants. 

Each day, millions of Americans take advantage of restaurant buffets. The popularity of 
buffets stems from the opportunity for people to see their food choices before selecting what they want 
to eat (P. A. Fehring, hospitality consultant, personal communication, September 26, 1993). Instead of 
relying on written descriptions in menus, buffet customers are treated to abundant sights and smells. In 
addition, self-service allows each person to choose the desired quantity of each item. Unfortunately, 
many disabled individuals--especially those confined to wheelchairs--are not able to reap the benefits of 
a buffet arrangement. Poor layout, utensils which are not easy to use, and structural barriers are just a 
few features which may make it difficult, if not impossible, for the disabled to access and use a buffet. 

In this study, we examined the layout of an existing buffet which is highly difficult for some 
disabled individuals--particularly those confined to wheelchairs--to access independently. We suggest 
ways in which the_ set-up may be modified to increase accessibility and useability. These 
recommendations should benefit not only disabled individuals but many others as well. 
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LEGAL REQUIREMENTS 

The 1970 census revealed that IO percent of all Americans were disabled in some way 
(Brodsky-Porges, l 978~ L. Frederici, Director, Student Disability Services, personal communication, 
October 2 I, 1993). Since then. several pieces of legislation have been enacted to guarantee those 
individuals employment opportunities and access to and with.in public places. The most far reaching is 
the 1990 Americans with Disabilities Act (ADA). As stated in Dorf (1992), the ADA gives disabled 
individuals civil rights protection similar to those provided to individuals on the basis of race, sex, and 
ethnicity . It guarantees equal opportunity in employment, state and local government services, public 
accommodations and many other services offered to the general public (Dorf, 1992). 

Restaurants, bars, and other food and drink serving establishments fall into the "public 
accommodations" category of the ADA (Dorf, 1992). Under the ADA, new construction of places of 
public accommodation and commercial facilities were required to be accessible in facilities for first 
occupance after January 26, 1993. Older establishments, on the other hand, may need to remove certain 
architectural and transportation barriers to comply with provisions of the ADA. To encourage 
compliance, the government offers tax incentives for businesses who perform alterations, such as efforts 
to remove architectural, communication, physical, or transportation barriers that prevent a business from 
being usable by individuals with disabilities. In addition, big businesses can receive an annual tax 
deduction up to $15,000 for removing barriers to disabled individuals (Dorf, 1992). Design areas 
covered include grading, walks, parking lots, ramps, entrances, doors, stairs, floors, toilet rooms, 
telephones, and much more (see Dorf, 1992). 

Regardless of legal requirements, creating an accessible establishment is simply good business 
sense. Restaurants exist to make money, and restaurants will not exist if the customers do not come. 
Although disabled people are a minority, a business owner must take into account both the individuals 
themselves and their companions (Brodsky-Porges, 1978). The numbers add up quickly. Indeed, 
keeping a restaurant accessible to the disabled has both moral and dollar value. 

CURRENT ST ATE OF AND PROBLEMS WITH THE DESIGN 

The focus of this paper is a popular Florida restaurant. The clientele is made up of both 
tourists and local residents. Although much of the establishment appears to be suitable for wheelchair
bound customers, the buffet area is not (see drawings 1 and 2). The buffet area is elevated from the 
rest of the restaurant and guests must step up a small set of stairs going to and departing from the 
buffet. Once up the stairs, patrons carry their plates and serve themselves from the line of food. 

The restaurant offers the buffet once a week for brunch. During this time, patrons' only option 
is to eat from the buffet: ordering off the menu is not an option. Hence, a wheelchair-bound person 
must order the buffet, but does not have the opportunity to enjoy the full experience of the buffet. 
Because of the steps, such a person could not go independently to the buffet and another person would 
have to fill the disabled's plate. Further, the wheelchair-bound person could not freely make return trips 
to the buffet. Again, another person would be depended upon for refills. 

Along with the stairs, other problems exist. Even if a wheelchair-bound person could get to 
the buffet, the buffet's height would cause difficulties in both seeing and serving the food. 
Additionally, a wheelchair-bound person would likely have difficulty holding a plate while maintaining 
control of the chair. Finally. reaching and manipulating the awkward serving utensils and lifting the 
heavy pan lids could also be highly difficult. 

ERGONOMIC GUIDELINES AND IMPROVEMENTS 

A number of guidelines exist that could be employed to improve the current design of this self
service area. In applying these guidelines, out first concern was access to the elevated serving area. 
An optimal solution would be to move the serving area to a non-elevated location. assuming that this 
is not an option, a ramp would be necessary to provide access to the elevated area. The proper 
minimum ratio of ramp length to height is 12: I (Weinstein, 1992). the ability to navigate a ramp of 
this ratio is a function of the overall length. Longer ramps should have a lesser slope (higher length to 
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height ratio) (Steinfeld, 1987). Additionally, the sta!e of Florida requires a 44 inch minimum ramp 
width (L. Frederici, personal communication, October 21 , 1993). 

In constructing a ramp for the existing setting, we suggest replacing one of the two stair sets. 
The serving area is approximately 14 inches (two stairs) above the restaurant floor. Following the 
guidelines, an appropriate ramp would be at least 14 feet long and 44 inches wide as depicted in Figure 
1. Any ramp must have a level five foot landing at both the. top and bottom (L. Frederici, personal 
communication, October 21, 1993). If the ramp approaches the elevated floor area at a perpendicular 
angle, the existing space will provide a sufficient landing at the top and bottom. If the ramp is placed 
parallel to the elevated area, a five foot landing will be needed at the top to provide a turning point for 
access to and from the ramp. 

Although two ramps, one at each end of the serving area, seem needed, we suggest that one 
will suffice as the existing area between the buffet table and the high standing bar structure is adequate 
for comfortable turning. Steinfeld (1987) advises that an area of four to six feet in width is sufficient 
for 180 degree turns in wheelchairs. 

After access to the serving area is improved, modifications to the serving table and accessories 
are needed. Our suggestions are depicted in Figures 2-4. first, as shown in Figure 2, a tray slide 
should be attached to any self-service area. This allows a disabled user to use both hands to operate 
their wheelchair and prevents the static muscle exertion required to constantly hold a tray or plate. The 
optimal height for the slide is 30 inches (Weinstein, 1992). Items which must be reached by the user. 
(food, utensils, etc.) should be no higher than 36 inches (Weinstein, 1992) and must also be within the 
user"s horizontal reach envelope. Since a wheelchair-bound individual must move parallel to but some 
distance from the table edge, items must be placed within shoulder grip length from the edge of the 
serving table. The shoulder-grip length of the 5th percentile female is approximately 20 inches 
(Grandjean, 1988). which should be considered when determining the correct placement of table-top 
items. Thus, allowing for five or six inches of space between the patron and the table's edge would 
require items to be approximately 15 inches or less from the edge. Note that the tray slide must also be 
included in this distance. Because this increases the distance required to reach items being served, we 
suggest a tray slide of minimum width to safely support a tray. To keep items within easy reach, we 
propose a serving container design which overhangs the tray slide. The container, tray slide, and their 
measurements are depicted in Figure 2. 

The proposed serving container design - a bottleneck shape - is detailed in Figure 3. The 
bottleneck provides a resting place for the sen1ing utensil. Prompting the user to return the utensil to 
these resting places should increase the likelihood that they will be within reach for others. 

Finally , we propose a wheelchair-mounted tray which would hold a specially designed serving 
tray. The mounted tray, fixed to the annrests of the chair with a simple spring mechanism, would free 
the hands of the wheelchair-bound individual for locomotion. The proposed tray is attached by pulling 
the handles apart, placing them outside the armrests, and then releasing them so that the pressure of the 
spring holds the upper portion of the handles snugly against the outside of the armrests. The tray is 
removed by pulling the handles away from the center of the chair and lifting the tray. 

The mounted tray has a raised edge around its perimeter and the serving tray - shown in Figure 
4 - fits closely within it. The raised edge on the mounted tray prevents the serving tray from sliding 
while the chair operator is navigating a ramp. The serving tray is also designed with ramp navigation 
in mind. It has a cut-out area for a plate to rest in and a holder for a glass or cup. Both are designed 
to keep items in place while navigating non-level surfaces. The raised handles of the serving tray allow 
for easy placement into and removal from the mounted tray. They also make the tray easier to grasp 
when placing it on or removing it from the tray slide. · 

FURTHER CONSIDERATIONS 

The primary issue in the analysis of this buffet is the elevated serving area . An optimal design 
would keep all surfaces level to comfortably accommodate the most diverse user group. An alternative 
to a ramp is a whealchair lift, which would require much less space. However, the mechanical 
workings of a lift require constant upkeep. An inoperable lift would limit access until repairs could be 
made. Also, a mechanical lift might increase the feelings that alterations were made specifically to 
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provide access for disabled users. This may make these individuals uncomfortable by "highlighting" 
their disability. Any design should minimize the intrusiveness or obviousness of those characteristics 
included to specifically enhance accessibility (L. Fredcrici, personal communication, October 21, 1993). 

An additional possibility is a temporary ramp for use only during the buffet. Since any ramp 
design will certainly involve the removal of at least a few tables, a temporary ramp would allow for 
only occasional removal of tables rather than permanent removal and the consequent loss of revenue. 

We recognize a number of trade-offs in the design of the table and serving containers. Using 
raised serving containers may limit the view of their contents since the average eye level of wheelchair 
users is 43 to 51 inches (L. Frederici, personal communication, October 21, 1993). One option would 
be to place the serving container in the surface of the table. Another would be to simply lower the 
table. Both of these options would provide lower serving containers. However, if the tray slide were 
included, these options would increase horizontal reach distances. In addition, atypical tables may be 
needed. 

An alternative to the standard serving containers is a Lazy Susan serving table. This type of 
table rotates so that the food moves by each person, thus allowing them to partake of the buffet while 
remaining stationary. Such a design could also reduce reach distances by allowing wheelchair operators 
to move straight up to and even slightly under the front edge of the serving table. 

The proposed mounted tray design would improve wheelchair operator mobility on both ramps 
and level surfaces by freeing the operator's hands. However, difficulties exist in developing such a tr_ay 
because of, among other things, a lack of guidelines for wheelchair design (L. Frederici, personal 
communication, October 21, 1993). Some chairs lack armrests, while others have armrests that would 
not accommodate the tray design proposed. If such a tray were to be built, more study would be 
needed to identify the most common wheelchair designs so that the tray could be designed to fit as 
many wheelchairs as possible. An additional complication is the fact that all restaurants do not have 
the same size cups or plates. Thus, trays would ·probably need to be specially designed for each 
restaurant. 

CONCLUSIONS 

Implementation of these suggestions should create an accessible and more usable buffet area. 
It is important to recognize that accessibility improvements may benefit users such as the elderly as 
well. In addition, delineating accurate, usable solutions to accessibility problems may help prevent 
ergonomic quasi-specialists from taking advantage of the laws and recommending expensive, extensive 
renovations (Romano, 1993). 

As a final note, we emphasize that with almost any ergonomic improvement, trade-offs will 
occur. Hence, each situation requires careful thought and consideration. 
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Drawing I. Front access to buffet area Drawing 2. Side access and lengthwise view of buffet area 
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Abstract 

Screen usability is a key part of a system's effectiveness. In this paper, screen 
usability is considered from three perspectives: (1) Task analysis, (2) 
Psychological consideration, and (3) Cognitive Ergonomics. The objective of 
the paper is to summarize findings of recent researches in order to identify 
human factors that account for the largest part of screen usability from the 
user's point of view. Eight factors are identified. A checklist based on the 
criteria are listed. 

INTRODUCTION 

The effectiveness of all forms of interactive computer software is strongly influenced by the quality of the 
hwnan-computer interface-the communication established between the human user and the computer system. 
With current microcomputer technology, the visual display is the key element in that communication [5]. However, 
many screens in today's office systems are difficult to use and lack visual clarity [2]. There are some reasons for 
this, such as: 

(1) Some aspects of software and hardware design have ignored consideration of the human bioware and 
cognitive requirements [9]; 

(2) Screen usability is not ex-plicitly specified. 
A well-designed screen can increase human processing speed, reduce human errors, and increase human 
productivity [2]. Dunchak (1976) conducted a research on display for power plant, and reported a result of 
qualitative judgement of "good" screens. Keister and Gallaway (1983) reformatted a series of screens, and the 
users of modified screens completed transactions in 25%_ less time and with 25% fewer errors than those who used 
the original screens [2]. Tullis (1984) conducted two ex-periments, and indicated that the most important predictors 
of search time are two measures associated \vith the grouping characters and the average visual angle subtended by 
those groups. Thacker (1987) conducted a series ·of ex-perirnents in which another variable-highlighting-was 
considered. 

The purpose of the study is: 
. (a) to identify factors that affect the performance of screen users; 

(b) to find out psychological and ergonomic basis of these variables for screen usability; 
(c) to give a guideline which imbeds human psychology and ergonomics characters into screen usability. 

PROCEDURE OF THE STUDY 

This research integrates task analysis, cognitive psychology, and ergonomics into screen usability. 
I. Task analysis-analyzing user's typical procedures of performing cognitive tasks, especially, the 

activities involved in human-computer interface for screen users. This should be the base of the research. 
II. Psychology consideration-finding out the cognitive operations involved corresponding to each activity 

and psychological basis of these activities. 
III. Ergonomic consideration-finding out the human capacities as well as limitations for the screen user. 
Based on thec1bove three considerations, human factors criteria for screen usability will be obtained. They 

are followed by a criteria-based checklist. 
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The research framework used for the studies in this paper is shown in Figure 1. 
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Figure 1. The framework of the research 

DOMAIN OF THE STUDY 

There are many different definitions about usability. Different definitions emphasize different aspects. In 
this study, the following aspects are essential to achieving the research objectives. They are: 

(1) Screen type: screen can be developed for a wide variety of purposes and in a wide variety of styles. 
However, based on the form of the screen, it can be cataloged as graphic and iconic screen and alphanumeric 
screen. The study focuses on alphanumeric screen type. So here an interface is defined as the alphanumeric-based 
information presented via the display medium. 

(2) Subjects: novice and e>.--perts new to the system. 
(3) Selection of the factors: human use of the screen is affected by a variety of design factors (2). The most 

·wanted screen factors are the important consideration of this research. However, the factors which affect user's 
cognitive task performance significantly are the most serious considerations here, which means that the factors that 
make users perform differently are the variables of screen usability. 

A "usable" system is often translated as one from which users easily and successfully accomplish a task. It 
is governed by the interface quality-accuracy and speed. Usability assessment can be user-centered or designer
centcred. In thls study, screen usability is defined as the sum of the variables affecting user's cognitive task 
performance successfully and efficiently. 

LIST OF FACTORS FOR SCREEN USABILITY 

Based on literature review and analysis, eight factors which affect screen user's perfom1ance significantly 
are obtained. They are summarized in Table 1, and classified into four categories. The hierarchical figure of eight 
factors is shown in Figure 2. 

EXPLANATIONS OF THE FACTORS 

Human cognitive performance cannot go beyond "bioware" restrictions [9]. Display should also follow 
the ergonomic rule of information presentation. If screen design confliets with human "bioware" requirement, 
both stress and errors will happen. The following factors are in this category: 

Information densitv - the number of characters or highlights displayed on the screen. It include character 
density and highlight density (7). As for character density, it includes (I) overall density-the number of 
character displayed which is expressed as a percentage of the total space available; (2) local density-the 
number of other characters near each character (8). 
How much information to be presented on computer screen is a fundamental issue to be faced when 

designing a computer screen. Screen density is a significant predictor of user's search time using single screen [8). 
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Number Factors Categories 

1 

2 

3 
4 

5 
6 
7 

8 

Infonnation Density Visual Clarity 
(local density, overall density) (bioware requirement) 

(highlight density) , 

Layout Complexity (attention & distraction) 
(grouping, alignment, elements) 

Screen Stability (bioware requirement) 
(pacing, delay time) 

Visual Span (bioware reauirement) 
Color's Meaningful Uses Consistency 

Meaningful Location 
Information Compatibility Com_patibilitv 
Inter-screen Organization Flexibility (cognitive style) 

(levels and sequences of screen) (working memory load) 

Screen 
Usability 

Table 1 Human Factor Criteria For Screen Usability 

Categories 

Visual Clarity 

Criteria Attributes 

Information 
Density E 

Local Density 

--- Overall Density 

Visual Span 

Screen Stability 

Layout 
Complexity 

Highlight Density 

-[ 

Color Uses 
Consistency 

Meaningful 
Location 

.---Groupings 
----r---Alignments 

...._ __ Elements 

- Compalibility 

- Flexibility 

Information Compatibility 

Inter-screen 
Organization 

-- Levds 

----,--Sequences 

Figure 2. Hierarchical Figure of Eight Factors 

Some researchers have conducted a series of e:-..-periments in e,-'tracting information from computer-generated 
display (See Table 2). The reasons for these mixed results might be that density limitation depend on differences · ' 
of task property, experiment situation and subjects. 

Lavout complexitv - the extent to which the number of items and arrangement of the items on the screen 
follows a predictable visual and mental scheme (8). These include (1) the number of information items, 
(2) groupings-the number of groups, such as minimizing the number of alignment points on a screen, 
including horizontal and columnar alignments, and (3) the number of information formats, such as color, 
fonts, and cursor type. 

Layout complexity is affected by the human attention span. Human attention is subject to certain 
restrictions and it is impossible for all aspects of a task to be considered simultaneously. One way to minimize 
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Researcher Year Lower Bound Medium Upper Bound Conclusion 

Danchak 1976 15% 25% Not exceed 25%. 15% is "~ood " screen 
Tullis 1981 0.90% 14.20% 27.90% Uoner limit is 25% 

Thacker 1986 14% 29% 43% 14% and 29% for high accuracy; , 
preference for 29%. for tabular disdplay 

Coll et al 1990 24% 37% 64% 24 % is preferred 
StaPPers 1993 21%.31%. 32% 33%. 41% .59% Prefer hi~h densitv 

Table 2 Information Density and Conclusions 

screen complexity is to reduce the number of the fields displayed. Vitz (1966) has discovered that people have 
subjective preferences for the right amount of information, and too little is as bad as too much. This is associated 
with optimal ranges of attention span, any further reduction after this point will lower the level of perfonnance. It 
has been proved that at the very high levels of arousal, only relevant cues remain [9]. Galitz (1989) recommended 
organizing the screen into functional, semantic grouping. Grouping has been found to aid recall [l], resulting in 
faster screen search [2]. Tullis (1983) also found that grouping is the strongest determinant of a screen visual 
search time. Too many colors, different character sizes or cursor types will distract the user. 

Screen stability -- the extent to which to show the context while keeping the screen still and to· match 
response time. 
This is related to Hansen's principle of display inertia. The sensory of the eye must also be considered in 

order to avoid the perception of flicker on a screen. Some researchers have suggested changing the screen by 
paging rather than scrolling. Card ( 1983) obtains the following results: minimum time of detection for vision is in 
the range 50-200 msec.~ sensory memory--time for retention of 50% of the information is 90-1000 msec.; and 
information retained immediately after presentation is 7-17 letters. It should be noted that a warning or help 
messages outside the array of focus should last 230 msec.(for eye movement) + 100 msec (for detection), and the 
slowest case is 7oo+200 msec. The screen designer must consider these limitations. 

Visual span (visual angle of groups) - the e,--ient to which characters on the screen form well- perceptual 
groups . 
. Thacker (1987) used the term " average visual angle of groups" in his research. For screen users, the 

movement of the eye has to be taken into account. The eye can not focus on an area covered by an angle of more 
than two degree [IJ, or approximately three to four letters at once in Patterson and Tinker's research (1947). As 
soon as a message appears outside this angle, the eyes have to move. With the eye movements it is possible to 
embrace an angle of 30 degree. Beyond that, the head must be moved. Card (1983) noted that four parts~entral 
vision, peripheral vision, eye movement, and head movements-operate as an integrated system. In real design 
situations, the screen designer should attract the user's attention ·with indications in the peripheral field to reduce 
head movement. So the eye and head movements won't be wasted. 

The following factors are associated with consistency of the screen. Users are quite likely to encounter 
conflict betw·een the model he/she employs and the output of the computer system. This may be due . .to 
inconsistencies in the system itself. Consistency is important, because it can reduce requirements for human 
learning by allowing skills learned in one situation to be transferred to another (2]. 

Color's meaningful uses -- the e>.."tent to which color has meaning on screen throughout the system. 
Color can be another dimension to screen usability. Researches of improving screen usability have 

concluded mixed results. For example, color could improve user's performance in Christ (1975), Kopala (1981), 
Carter (1982) and Sidorsk)' (l982)'s research. However, it could impair user's performance in Christ & Teichner ( 
1973) and Christ (1975)'s research. These mixed results have shown color as a factor really affecting user's 
performance. A properly selected color-coding scheme permits a user to identify a relevant category quickly 
without having to first read its contents [2]. Color also can be distracting and visually fatiguing, and impairing the 
screen usability. Particular colors should be used for certain types of information (2]. It should have meaning to the 
screen user. 

Meaningful location -- the extent to which position on the full screen has its meaning. 
Teitelbaum and Granda (1983) have found that user thinking time nearly double when position of screen 

elements varies on a series menu screen. Jones ( 1989) also suggcstted taking advantage of spacial thinking and 
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memory by adding spacial cues to the dala. Consider the entire system as a landscape composed of individual 
displays with pathways connecting them. Design this landscape so that users don't become lost. The same material 
should be presented in the same surrounding and the same way throughout all the system [9]. 

The following factor is associated with compatibility of screen. The way the system looks and works 
should be compatible with user conventions and e:-..-pcctations. It involves prior knowledge transfer. Waern (1982) 
notes that prior knowledge will be evoked, which is similar, in some way, to the situation when it was learned. 
Positive transfer effects arise when common elements exit between the old and new situations. So system designers 
and document writers should consider the source of prior knowledge. The system designer has to know something 
at least about the intention of the typical user and the concept with which he/she works. The commands and the 
feedback provided should then comply \\<ith these intentions and concepts. 

Infonnation compatibility - the extent to which words or terminology displayed on screen are related to 
user's prior knowledge and expectations. 
This involves the interpretation of words on screen. Since people tend to transfer their prior knowledge 

and e;11.-periences to the new situation, they will be able to use the old situation as a basis for the intentional transfer 
of knowledge. Theoretical basis for this may involve the retrieval of information stored in memory. When he/she 
learns some words, they are encoded in some way. This encoding includes various cues for recalling the item. 
Items in working memory are usually sensitive to acoustic interference (sound alike). The items in long term 
memory are more sensitive to semantic inference (similar meaning) [I]. Remembering is related to the number of 
cues in common to the present situation and situation in which the information was remembered. The more 
difficult it is to retrieve, the fewer common cues [9]. It has been recognized that people learn new things by 
generalization and discrimination [9]. So, a set of command names should be distinct, and non-overlapping. In 
human-<:0mputer interaction, the opportunity for generalization should be promoted as far as possible. Some 
researchers suggest that the words displayed on the screen should be higher levels. One of the difficulties in 
designing user' s model of the system lies in diagnosing the user's knowledge and cues. An approach to this 
problem is to let the system infer the user's knowledge from his/her input. 

Inter-screen organization (relationship) -- the number of levels and the sequence associated with inter
screens. 
This involves the topic of working memory. The limitation of the working memory is probably the most 

imponant factor to be considered in attempting to achieve a "user-friendly" system [9]. When the capacity of 
working memory is exceeded., something must be "dropped" from active. memory in order to bring something in. A 
pure capacity of working memory is 3 chunks. When this pure capacity of working memory is augmented by the 
use oflong-term memory, the effective capacity of working memory extends to 7 .:t 2 "chunks" [I]. Therefore, the 
levels of capacity of screen shouldn't exceed 5. For a novice, the capacity should be 3. To reduce the working 
memory load on the user, Galitz (1989) suggests providing all relative data on a single screen, but this will conflict 
with layout simplicity. Badre (1982) notes that the designer of computer displays can use the principles of 
chunking to reduce the load on user's memory. User should also be provided with a method for stepping back and 
to the previous screen. Vivente and Williges (1988) added a partial map of the file hierarchy and an analogue 
indicator of current file position to the file system. Some researchers, for example, Dray (1981), Kiger(1984) and 
Landauer & Nachbar (1985), concluded that users performed tasks more quickly in a hierarchical organization 
with a few levels and with more alternatives at each level than in an organization with a lot of levels and only a 
few alternatives at each level, and users search in a heuristic manner. A computer system should embed user's 
model to allow the use of several paths for achieving the same goal. 

EVALUATION CHECKLIST OF SCREEN USABILITY 
• > 

Table 3 is a checklist for assessing the screen usability. The aim of this is to assess whether the screen 
design meets the above criteria. Some questions are adopted from (4]. 

CONCLUSIONS AND FUTURE DIRECTIONS 

In this paper, ?creen usability is considered from the uscr•s·point of view. Based on task analysis, 
psychological consideration and ergonomic consideration, eight factors are identified to establish the criteria for 
assessing screen usability. The psychological and ergonomic basis of these factors are also analyzed. These are 
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l Information Density 

2 Layout Complexity 

3 Screen Stability 

4 Vi 
5 

6 tion 

a. s 1 ormauon on e screen easy o see an 
? 

enus, 
n screen. 

7 
ormauon 

Information Compatibility 1-r--,.:::;,:;,..~~~~~~~-:::-:-:-==--r.:-:-::::r'::-=-===:r-,===----1 man , ncuon, 

ass a sequence 

8 Inter-Screen Organization t e user oo ence o screen m en 1er 
direction? 

C. ere you are w en encountering a sequence 

Table 3. Evaluation Checklist For Screen Usability 

followed by a criteria-based checklist as baseline for assessing screen usability. The future direction is to propose a 
fuzzy evaluation model to quantify screen usability. Eventually, for a particular screen system, usability scores will 
be obtained. 
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Recently, a significant relationship between ergonomics and rehabilitation has been recognized. In 
general, rehabilitation is the activity undertaken to prevent disabilities, compensate deficits, and 
reestablish capabilities, while ergonomics is the activity taken to improve working conditions, achieve 
effectiveness, and ensure health and safety. As mentioned above, the similarity between these two 
activities exists because their primary aims are to strengthen and optimize human performance. 

Statistics report that the disabled population is increasing drastically. Specifically, over 30 million people 
in the United States are born disabled or have functional limitations because of accidents, disease, or 
aging and two out of every three disabled adults do not work. Besides being unable to contribute to the 
national economy, it is reported that disabled persons lack confidence and self-esteem. In addition, Title I 
of the American Disabilities Act (DA) legislation prohibits employment discrimination and requires 
employers to make reasonable accommodations for all current and future disabled members of the 
workforce. Therefore, on the basis of economics, legislative mandates, and social reasons, there is a need 
to incorporate disabled persons into the normal workforce. 

Kumar ( 1992) developed a conceptual model that covers the type of assessment needed to evaluate 
functional abilities and factors that affect work perfonnance. This multidimensional model considers the 
psychological, physical, and social issues essential for evaluating capabilities of a disabled person 
returning to work. According to the model, activities such as range of motion, strength, speed, dexterity, 
precision, endurance, aerobic capacity, tissue tolerance, and pain should be measured to test for physical 
perfonnance. 
The psychological assessment involves analysis of perception, cognition, integrative judgement, decision 
making, reaction time, operation, mental fatigue, and motivation. In the social aspect, analysis should be 
done on peer acceptance, self-esteem, confidence, goal orientation, drive, and task commitment. 

It can be seen that integrating disabled persons into the workforce involves comprehensive evaluation and 
analysis. Research studies must be done to determine best methods for assessing functional capability and 
performance capacity of disabled persons. This paper re\·iews past ergonomics research and identifies 
models that will assist in evaluating the functional capabilities that impact work performance of disabled 
persons. This analysis includes assessment of physiological factors that impact work performance such as 
endurance, strength, and range of motion as well as psychological far;tors of decision making, motivation, 
and mental fatigue. Lastly, this paper also discusses how past research can be applied in fulfilling the 
goal of rehabilitation, and identifies areas of future research needed to integrate disabled persons into the 
normal workforce as productive employees. 
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ABSTRACT 

The ability of the U.S. Army to maintain combat readiness is dependent on continuous collective training 
of its units on their war time missions and tasks. Collective training has traditionally been accomplished 
through field exercises. Within the last decade, escalating costs combined with reduced budgets, and 
environmental and political factors have severely limited the Anny's ability to conduct field training. At 
the same time, simulation technology has advanced to the point where networked simulators can begin to 
assume a significant part of the collective training burden. SIMNET, developed by the Defense Advanced 
Projects Agency (DARPA) was the first network of simulators to use Distributed Interactive Simulation 
(DIS) technology (fhorpe, 1987). It demonstrated the capability of man-in-loop simulators to create a 
virtual battlefield on which meaningful collective training could be accomplished. This paper discusses 
the ergonomic considerations associated with developing realistic simulator training for maneuver forces-. 
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Note: This project is supponed by a grant from NASA-CORE at North Carolina A&T Stale University. 

Proposed aircraft systems, such as NASP vehicle prototypes, are showing an increase in design complexity 
and sophistication. Though evolving in design in response lo changing flight mission requirements (e.g. 
hypersonic flight) and technological advancements, aircraft systems are continually requiring some level 
of piloted (manual) supervisory control. Driven by individual system requirements, this control is 
necessaTY either in a primary or backup mode. Nevertheless, for successful mission execution, in any 
contextual framework, control must be maintained without the sacrifice of satisfactory flight handling 

qualities. 

A flight handling quality is a composite measure of performance used to assess how well a pilot responds 
to flight conditions. Flight handling qualities are concerned directly with the entire pilot-vehicle system 
and the environment in which it operates. In the NASP {domain, this environment is characterized by 
dynamic pilot orientation. Coupled with systemic control requirements, this could potentially impact 
flight handling qualities, and more specifically motion induced flight handling qualities. 

The potential existence of a relationship between human (pilot) dynamic orientation and motion induced 
flight handling qualities is significant. To investigate the existence of a relationship, a series of 
experiments was designed within the framework of a laboratory motion si mutator. Through study of pilot 
control (performance) under dynamic orientation imposed by the simulator domain, a quantitative and 
qualitative 
analysis was performed validating the systemic effect of human dynamic orientation on motion induced 
flight handling qualities. 

Within the conte.,'t of the NASP environmenl overall flight handling quality and more specifically motion 
induced flight handling qualities are acute, essentially driving mission success. By recognizing the 
significant effect of dynamic orientation on motion induced flight handling qualities, NASP system 
designers can more effectively evaluate systems and mission designs, providing more effective designs 
that not only meet prescribed oQ_jectives but provide and accommodate for maximum flight handling 
qualities. 
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Since 1992, Martin Marietta Aero & Naval Systems has maintained a significant Independent Research and 
Development Program in support of the design, development and testing of large, mobile, teleoperated material 
handling equipment for such applications as the excavation and handling of hazardous nuclear waste and 
une,q>loded ordinance remediation, and for emergency response situations. These systems require operator control ' 
stations which provide "essential" information to the operator, while minimizing distractions and distortions. 
Importantly, the control station provides the operator's "window to the world" and should incorporate state of the 
art technology as well as design features for maximum operator comfort and task support. This paper summarizes 
our findings to date regarding requirements for visual information during complex teleoperation tasks using the 
Field Material Handling Robot (F.MR) testbed, with an emphasis on mono vs stereo vision comparisons for specific 
tasks, and potential impacts on operator performance over prolonged periods of operation. 
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The International Standard Organization (ISO) proposed an analytical determination of heat stress using a 
calculation of required sweat rate. Their purpose was to develop a method to determine the eJ1.-posure time 
limit by the use of estimation and interpretation of heat stress which allows a more precise approach than 
that described in the earlier heat stress standard that was based on Wet Bulb Globe Temperature (WBGT). 

The ISO's approach compares the skin wetness required and the sweat rate required to maintain the 
thermal balance of the body. The required skin wetness and required sweat rate are predicted by the use 
of three stages of calculation as follow: 

1. Calculation of the required sweat evaporation rate to maintain thermal balance f-the body: 
2. Calculation of the maximum sweat evaporation rate the ambient conditions pennit. 
3. Calculation of the required skin wetness and required sweat rate. 

No e:\.-posurc time limit is suggested when the required sweat evaporation rate is less than the maximum 
sweat evaporation rate allowed by the ambient condition, the required skin wetness level is less than the 
maximum level of skin wetness allowed by the ambient conditions and the predicted sweat rate is less than 
the limit of the maximum acceptable dehydration rate. If one or the other of the above three conditions is 
not satisfied, the duration exposure limit (DLE) is calculated based on three different conditions as follow: 

1. When the required sweat evaporation rate is greater than the maximum evaporation rate possible. 
2. When the required skin wetness is greater than the maximum level of skin wetness possible and heat 
storage of the body exceeds its maximum level. 
3. When the predicted sweat rate is greater than the acceptable dehydration permitted. 

It should be noted that this method considers only normal work clothing and does not include the effects 
of special protective clothing which are basically impermeable. 

The determination of DLE requires in-depth calculations and interpretations of the determined values. In 
practice, it is difficult to calculate the DLE without proper knowledge of heat transfer between human and 
environment. Hence, the application of this heat stress index in work places may be prohibited. In order 
to overcome this difficulty. an expert system was developed to aid the practitioners in the use of DLE. 

This expert system is capable of determining the DLE values as well as interpretation of the results using 
an intelligent user interface. The system is also able to suggest possible ways to modify existing 
environmental characteristics to obtain desirable DLE values for a given task. The system is developed 
using CIC++ program language and CLIPS expert system shell. 
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ABSTRACT 

This paper discusses the way the Sea-Doo/Ski-Doo division of Bombardier inc., 
some of their suppliers, and a group of researchers from the Universite du 
Quebec a Trois-Rivieres are working together to achieve World Class 
Manufacturing. 

Simplicity, efficiency, quality and responsiveness are the name of the game in 
fast changing and highly competitive markets. To stay ahead of the 
competition, a World Class Manufacturing company must help its suppliers to 
do better, faster, with fewer resources; in other words, these suppliers must also 
be brought up to a World Class Manufacturing level. To reach this objective, 
Bombardier and its suppliers have decided to invest time and money on a five
year research program agreement with the active involvement of the Universite 
du Quebec a Trois-Rivieres. 

In this paper, we highlight the overall project which comprises the introduction 
of IlT, the development and implementation of new managerial concepts and 
technologies such as Electronic Data Interchange (EDI) and the development of 
innovative approaches in buyer/supplier relationships. Also, we will present the 
results of the first field study at the site of one of Bombardier's suppliers. 

RESEARCH OBJECTIVES 

The research program of which this field study is part has two main objectives. The first is to develop a dynamic 
model of World Class Manufacturing enterprises adapted to systems of large and small enterprises working together 
in close relationship and forming what can be called a World Class Industrial System, this will be called the 
scientific objective. 

The second objective is operational and aims at promoting and implementing new technologies that can be beneficial 
for these enterprises. In this paper, the term technology is used in a broad sense; for example, it includes a variety of 
new "hard technologies" including machines, tools, processes, EDI, CAD/CAM, robotic, FMS. and "soft 
technologies" such as total quality, JIT and concurrent engineering. 

The research team is working in close collaboration with the Sea-Doo/Ski-Doo division of Bombardier inc. The 
collective effort of Bombardier, its suppliers, and our research team, toward a successful implementation of new 
technologies and integrative technologies in a consistent and systematic manner in a large number of Bombardier's 
suppliers will undoubtly result in a well established World Class Industrial System. The research is conducted in a 
manner such that all Bombardier's suppliers can maximize their benefits to reach a given level of World Class 
Manufacturing as soon as possible. To be successful. this synergy must embed new forms of buyer/supplier 
relationships with systematic information sharing through EDI. 

Overall, the research program methodology is presented as follows: 
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Phase #1: 
Phase #2: 

Literature review on JIT, EDI, and buyer/supplier relationships 
Literature perusal and success factors identification 

Phase #3: 
Phase #4: 
Phase #5: 

A training seminar presented for all Chief Executive Officers and managing directors 
On-site data collection at each supplier's location 

Phase #6: 
Phase #7: 

Data analysis conducted by a panel of experts 
JIT, EDI and buyer/supplier relationships conducted 
Monitoring the technological evolution of enterprises 

PROJECT JUSTIFICATION AND HIGHLIGHTS 

Recent researche indicates that a company is efficient not only because it has the best technology or because it 
systematically innovates, but also because its suppliers and sub-contractors supply the best products on a very short 
notice and at a competitive price (1). When we talk about national and international competitiveness, we cannot 
focus solely on individual enterprises because their relationships with their suppliers and customers contribute 
significantly to productivity improvement. Thus, the implementation of new "soft technology" becomes to som~ 
extent more important than R&D in "hard technology" [4],[6],[7],[9J .. 

There exists a variety of technologies that focus on manufacturing systems integration; some are internal and others 
are external to the enterprise. Examples of internal technologies include total quality, IlT and quality circle, whereas 
an example of external technology, which focus usually on the integration of the enterprise with its suppliers and 
customers includes EDI. 

This research program is spread over a five year period and aims at developing a network of well integrated World 
Class Industrial System companies with Bombardier acting like a conductor that gives the beat to·all of its musician 
players. 

The research program could not be realized without the financial involvement of Bombardier, its suppliers, the 
Natural Sciences and Engineering Research Council of Canada, and the Social Sciences and Humanities Research 
Council of Canada. The contribution of each partner over the five-year program is highlighted in figure #1. 
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Buyer/supplier relationships 

This project focuses on certain forms of relationship with suppliers; There are in fact three fundamental types of 
suppliers' relationship [2],( 10],[ 12). 

The first one is a supplier of capacity. These suppliers respond to the demand and follow the specifications carefully. 
In these cases, the suppliers are normally selected on a best-price basis. 

The second is a supplier of specialties. These suppliers can sometimes innovate and even improve on product 
specifications. In these cases, the suppliers are mostly chosen for their prices and quality. 

The third type is a supplier of "intelligence". These suppliers innovate, develop and systematically produce the best 
product in terms of the needs expressed by their customers. They become partners in R&D, contribute to market 
opening and must therefore have both "hard" and "soft" technology. Thus, if this last type of relation is extended to 
all members, it should stimulate a partnership that favors innovation throughout all members of a well integrated 
World Class Industrial System. 

In this concept, all members of a World Class Industrial System must collaborate at all levels and systematically 
exchange information on technology in order to develop a first quality product made of parts and sub-assemblies of 
superior quality. In such a World Class Industrial System, everything becomes crucial: R&D, "hard" and. "soft" 
technologies, software programs, stock reduction, buyer/supplier relationships, quality improvement, employee 
participation, information system within and outside (EDI) the enterprise, system dynamic, etc. 

Confidentiality agreement must be clearly established so that suppliers do not give away their technology. With 
proper confidentiality agreement, they can controNhe give and take process for the benefit of all members. This 
way, all members of a well integrated World Class Industrial System should benefit from strategic information years 
before the competition as is the case of two Bombardier' suppliers. 

Electronic Data Interchange (EDI) 

The integration will be achieved through the implementation of EDI. Thus, in this project, the objective is to 
promote and facilitate the adoption and implementation of EDI between Bombardier, its suppliers and distributors. 
At the moment, this project involves Bombardier and more than 30 suppliers. 

The first step aims at studying existing data architectures (computerized or not) within and between all members. At 
this point, it is important to measure the sophistication level of each member with respect to information 
technology and more specifically to EDI. Based on this information and the result of a literature review, a list of 
success factors is then established. An estimation of actual member's performance with respect to all success factors 
is obtained. This way, we obtain the enterprise's global profile with respect to EDI and it is then possible to 
determine its real potential. Also, this information will be used to help each enterprise to focus on specific aspects 
(training, technology, resources, data format, etc) during the implementation. 

The second step of the methodology aims at identifying a basic data architecture that is suitable to all members. The 
nature and the type of transactions that will occur between members at a different hierarchical level and at the same 
hierarchical level are the focus of interest. The determination of operational and managerial support at all hierarchical 
levels for each industrial function is also a major concern. This second step is conducted almost concurrently with 
the previous one. 

The third step concerns the identification and selection of an appropriate EDI technology and its configuration. The 
technology includes hardware (computers, terminals, network, etc) and software (communication packages and other 
applications). At this stage, security, legal aspects, emerging standards and trends in the automotive industry should 
be considered because compatibility among members is a major concern. 

Developing a method<'ilogy that will favor a better and faster implementation constitute the aim of the fourth step. 
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The fifth step aims at implementing a pilot project between Bombardier and a few suppliers. The suppliers that will 
be chosen for this first pilot project are those having the highest sophistication level in terms of information 
technology; In general, they are also those that have the greatest needs. 

The last step is essentially an evaluation of the pilot project results. At this point, we are mostly concerned with 
the identification of potential problems and benefits. The idea is to make all the necessary adjustments to the 
methodology and to eventually monitor the implementation that will be realized by a consulting firm throughout the 
World Class Industrial System. 

JIT implementation 

JIT is a philosophy referring to the enterprise as a whole [3],[11 ],[ 13),(14). Therefore a systemic approach must be 
used to evaluate the capacity and the specific needs of the enterprise in order to implement the TIT. With this idea in 
mind we have established an evaluation tool based on factors known to be essential to the success of JIT. 
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Figure #2: Enterprise's potential to operate in TIT for each category on a scale of O to I 00 

An extensive and recent literature review on JIT (nearly 300 papers and books) allowed the following conclusion : 
most factors required for a successful implementation of JIT could be grouped in 2 classes (operational and 
organizational) and 10 categories [6],[7]. 

From these IO categories, we have found a total of 47 success factors. The evaluation tool can be used as an 
objective criteria to obtain a comprehensive analysis. This evaluation tool is a complete and systematic approach for 
evaluating the enterprise's potential to operate in JIT. A typical result on a scale of O to I 00 is shown in figure #2. 

For each category we have developed a set of questions which were used to conduct the interviews. These questions 
ease the interview process, but it is nevertheless difficult to interpret the interlocutor's answer. It is easier when we 
ask the interlocutor to pick an answer from a list but the systemic nature of these factors make it sometimes difficult 
to determine how the answer will influence the result of the category evaluation. It is the best way we have found so 
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far. This explains however why it is important to have a panel of experts to discuss the resul ts of weekly 
interviews. 

At the first field of study (the name of the company is confidential), data collection was mostly done on site by a 
freshly graduated industrial engineer supervised by a researcher in Industrial Engineering. A management sciences 
researcher was also involved in collecting data. The team worked in constant collaboration during the study that 
lasted for nearly three months. At the end of each week, the data were systematically analyzed for each successful 
factor in order to evaluate the skills and limits of the enterprise in managing with each of these factors. 

The evaluation of the firm focuses on two specific aspects: the position and the potential to satisfy the success 
factors with respect to JIT. This analysis allowed us to identify the enterprise's global profile with respect to ITT and 
has permitted us to establish its underlying potentiaL 

The research team did several brain stonning sessions to come up with 46 recommendations. A cost estimate and a 
list of activities (means) and objectives accompany each recommendation. Since this study is systemic by nature, all 
these recommendations were interrelated and oriented toward a common goal: the implementation of JIT. In order to 
emphasize these interrelations and priorities, the activities (more than 85 in all) have been arranged and included in a 
PERT like precedence diagram. 

The advantages of a PERT in JIT implementation are: 

l . Useful tool in project planning 
2. Help the project engineer to stay in control during project realization 
3. Help to focus on critical activities 
4. Help respecting deadlines 
5. Help monitoring resource utilization 
6. Help delaying major investment 
7. Help optimizing resource affectation 
8. Help coping with unexpected events or opportunities 
9. Unlike the Gantt's diagram there is no time limit for the activities th~refore taking into consideration the 

enterprise's realities 
I 0. Furthermore this diagram gives an overall picture. 

Whenever possible, an identification of all resources and government funding programs that could potentially be 
useful in realizing each activity was also provided. 

In this particular case, the enterprise could not actually operate in TIT. However, this does not mean, that the 
enterprise should not begin working on the project in an orderly fashion as proposed in the PERT like diagram. Of 
course, during the implementation, the research team monitors the realization of each activity, particularly those 
activities that are realized by consulting firms. 

According to our conclusions, if the enterprise proceeds along the lines of the diagram, we believe that it will operate 
in JIT by the end of 1999 and therefore be a World Class Enterprise of the 21st century. 

CONCLUDING REMARKS 

JIT is responsible for a number of benefits; It guarantees a very quick response, improves quality, reduces lead time, 
reduces losses, increases flexibility and may even increase efficiency. At the same time, one must say that all 
employees do not perceive TIT the same way and we have heard employees saying Just in Time - Just the Same and 
other employees saying Just in Time - Just too Bad. This indicates that a great deal of promotion and training must 
be done prior to the implementation. 

A research program of this nature supposes that all suppliers' CEO are willing to get rid of their old paradigms and 
accept to consider new ways of doing things and more specifically new manufacturing technologies including 
machines, new facilities layout such as cells or virtual cells (5), and new forms of organization and buyer/supplier 
relationships. 
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It is our belief that if canadian and american industries want to stay among the best and continue to compete in a 
world wide market, there must be other similar research programs to generate this synergy essential to industries for 
growth and excellence. One must remember the following: the whole is sometimes greater than the sum of the 
parts. That is to say a World Class Industrial System is more efficient. more flexible and more profitable than the 
sum of its members taken individually. 
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ABSTRACT 

This work aims to develop a generic approach to FMS part scheduling, at the shop floor level, 
based on the application of the Rule-Based methodology and the opportunistic scheduling strategy. 
Thus, an intelligent dispatcher ROPS (Rule-based Opportunistic Part Scheduler) has been developed as, 
a research prototype for dispatching decisions for machines and routing decisions for parts/jobs.· This 
paper focuses on how individual parts advance within the system. The inherent flexibility of a FMS is 
exploited via the notion of alternative processing for each operation. The proposed approach attempts 
to identify the most solvable portions of a problem and considers these as islands of certainty. 
Premature commitments are avoided and decision making is postponed as much as possible so·as to 
secure the most current information about the problem. In each decision making round, several 
evaluation measures are utilized to determine which matching job should be selected by the currently · 
available machine. This approach supports three objectives: throughput acceleration, reduction of 
tardiness, and increase in system utilization. 

INTRODUCTION 

The opportunistic reasoning approach identifies the most solvable aspects of a problem, especially 
the ones with the least number of altemative solutions or the ones where potent heuristics are known. 
Candidate solutions are then developed to tackle the subproblems. Such solution components behave 
as "islands of certainty" in the search space upon which problem-solving can build [61. This approach 
improves the solution quality and reduces the amount of search needed to reach an optimal solution. It 
is especially effective in handling problems that are highly complex and rich in detail. Such richness of 
the problem guarantees enough opportunities and dues to structure and solve subproblems. The search 
is then guided primarily by what has been most recently discovered about the system and its behavior, 
rather than by requirements to satisfy subgoals 14, 8). 

This approach has been utilized to control a number of known systems such as CRYSALIS 18), OPIS 
16], and systems shown in 131 and (4). Opportunistic scheduling is accomplished by transforming the 
problem of combinatorial complexity into the solution of the executional uncertainty problem (based 
on the least commirment principle). Also, based on the principle of opportunism, the problem of 
executional uncertainty is simultaneously transformed, in turn, into the solution of the combinatorial 
problem [4]. However, opportunistic scheduling raises a set of new concerns. It requires a new 
perspective on planning, a new framework for schedule construction and execution, a new 
representation for plans and schedules, and new algorithms for scheduling 12). 

The routing flexibility and integration provided by the FMS concept and layout makes any attempt 
to (statically) schedule parts in advance, somewhat, meaningless. Unlike advance operation 
sequencing, dynamic scheduling makes routing decisions for each part in a progressive (incremental) 
manner. As a part finishes its operations one after the other, the next machine for that pan at any 
moment in the production span is decided upon just as soon its current operation is complete. This idea 
utilizes the routing flexibility of the FMS that results in several processing alternatives. The notion, of 
course, is to delay the loading decisions in order to persistently maintain the routing options so that the 
system's routing flexibility may be exploited opportunistically. Hence, part scheduling decisions (in the 
post-release phase) are not made too early or before they have to be made. 

However, in some FMSs, when a certain operation is selected for a particular part, it is then routed 
to join the machine's queue, i.e., the part is committed to that machine regardless of the loading reality 
or before it can be really loaded. Such a commitment decision does not represent an opportunistic 
decision even though it falls within the realm of a dynamic incremental routing approach. 

Since a mere incremental routing strategy does not necessarily yield opportune results, a potent 
part scheduling strategy needs to achieve a routing policy that is both incremental and opportunistic. 
Therefore, upon completion of an operation, a pan should not be committed or routed to machines, 
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rather, it should be directed to a global queue to wait for the next decision regarding the appropriate 
machine. Such a queue, in a physical system, can be a perpetual conveyor belt. As soon as a machine 
becomes available, an intelligent decision procedure is then applied on the waiting jobs to choose the 
most eligible candidate to be processed on the available machine(s). · 

Such a strategy has three imponant characteristics: (i) resource-based routing policy which 
emphasizes the resource utilization criterion for the capital intensive FMSs. In particular, bottleneck 
resources can be conveniently scheduled consistent with •this opportunistic mode of operation. (ii) 
composite decision making that implies simultaneous dispatching decisions for machines and routing 
decisions for parts in the global queue. The notion of the global queue makes the routing decision of 
pans to join machine queues irrelevant. (iii) loading and dispatching decisions are made with global 
options w ith respect to choosing parts from the global queue which is not the case in mere incremental 
routing whereby machine options are locally restricted to their own queues Ill. 

In the mere incremental routing case, dispatching decisions are based on priority rules or 
algorithms that are not supponed by a global assessment of the state of the FMS; hence, they do not lead 
to long term reliable performance. Thus, pure heuristic dispatching approach is inappropriate for the 
FMS part scheduling problem where routing decisions are global and resource-based. However, 
dispatching rules can be quite useful when they are selectively applied within an intelligent strategy 
framework; hence, they can become a source of knowledge for an intelligent knowledge-based system 
approach. · · 

THE FMS PART SCHEDULING PROBLEM & OBJECTIVES 

A two-phase classification scheme can be developed for FMS planning and control activities. First, 
the pre-release phase whose decisions are mainly concerned with part-mix ratios, process selection, and · 
the part input sequence. Second, the post-release phase decisions which begin after the actual launching 
of parts into the system and involve the flow control of parts on the shop floor, i.e., dispatching 
decisions for machines and routing decisions for parts {5]. The focus of this paper is the post-release part 
flow control on the FMS shop floor, i.e., how the individual parts advance within the system. Within 
the proposed methodology, both part routings and dispatching decisions are synthesized into one 
symbiotic decision making process. In such a process, both routing and dispatching decisions are 
collectively and globally deduced for all parts and facilities. 

Scheduling criteria, in general, provide the evaluation standards for schedules based on two basic 
norms: schedule cost and schedule performance. For FMS scheduling, it is important to explore the 
ongoing attitudes of different scheduling practitioners in operational FMSs. Meeting due dates, 
maximizing system or resource utilization, minimizing work-in-process inventory are the most important 
measures according to a survey reported in 171. 

The foregoing scheduling goals represent a good criteria to use in this paper. Nevertheless, these 
relatively general goals need to be reduced (translated) into finer objectives that can be pursued in the 
proposed strategy. Maximizing work progress, minimizing the number of tardy jobs, and maximizing the 
utilization rate for operation-machine combinations are examples of these finer part routing objectives . 
The accomplishment of such objectives will necessarily lead to the realization of the general scheduling 
goals. 

However, scheduling goals do not always perform consistently. The improvement of a certain goal 
may cause a parameter of another goal to deteriorate. Changes in the production environment (i.e ., 
changes in the priority of part types or the demand trends, delivery delays, machine breakdowns, tool 
shortages, etc.) may force certain alterations upon scheduling goals. The launching of an urgent job into 
the system would emphasize a due date oriented goal, whereas a distinct bottleneck situation, would 
suppon a machine utilization oriented goal. Therefore, the proposed approach would comprise a 
dynamic goal-adjusting reasoning technique within its rule base. 

BASIC NOTIONS OF PERFORMANCE MEASURES 

To serve the opportunistic reasoning needs, the . underlying notions and definitions for the 
proposed framework are specified in a quantifiable and functional manner which can be achieved 
through refining and modifying these concepts to accommodate the reasoning about global part 
scheduling in a FMS [3]. 

Unlike the advanced (fixed) scheduling with all operation processing times predetermined, in a 
FMS, an operation can be expectedly processed on more than one (alternative) machine involving 
different processing times. In such situation, the work content of an operation is evaluated by averaging 
the total expected processing times over all possible alternative machines . Upon completing an 
operation, the amount of the work accomplished is the average work content regardless of the actual 
processing time. Accordingly, 
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* Wavg =I.j Wj /m (for jml, .. ,m), 

where wi is the processing time of this operation on the alternative machine j and m is the number of 
alternative machines that can perform this particular operation. This method of measuring work content 
provides an effective tool to evaluate the overall work progress for all jobs in the system, as well as the 
(average) dispatching efficiency. The value of virtual accµmulated work depends on the efficiency 
resulting from the operation-machine match. For a given match, the processing efficiency index (p), 
where p> 0, is the ratio of the average work content of the operation ( wavg) to the actual processing of 
that operation on the machine (wa), i.e., 

* The Processing Efficiency Index (p)=wavg /wa , 

* Total Dispatching Efficiency (U) • LPi . ti /I.ti= LPi · t; /f, (for i=l,2, .. ,n), 

where n is the number of operations and ti is the actual processing time of each operation. 

* Work Progress (W) = U. T = Lp;. t;, 

where W is the virtual accomplished work value. Thus, the matching preference of a part for a certain 
machine is determined by (p), for the next operation of the part on that particular machine, compared with other 
alternative machines. If the value of (p) equals one, then the efficiency of the machine in processing that particular 
operation is considered average. However, a higher value of (p) implies a more successful operation~machine match. 
Consequently, the index (p) for any particular operation~machine match represents the ratio between the actual 
processing time (t) of that operation and the operation's work content. Hence, the total work progress (W) 
accomplished by a machine implies the virtual worth of all actual processing times of operations performed on this 
machine in comparison with operation work contenrs. It can be obtained by multiplying the dispatching efficiency 
by the total of the processing times. . 

Finally, the Due-Date Restriction lndex (ORI) is the ratio of the available time to remaining work. Thus, 

* ORI = (due date - current time)/ remaining work content. 

Also, System Occupancy is the number of jobs on the shop floor. lt is a measure of WIP inventory level and 
provides information necessary to adjust dynamic scheduling goals. 

SYSTEM & MODEL ASSUMPTIONS 

The following are the assumptions of the model and system under investigation: (1) Only one 
single primary dispatching goal can be pursued at any time. The remaining goals are treated as 
secondary, (2) Jobs are released into the system floor on a global (individual) basis, (3) The shop floor 
uses [5-10] general purpose machine tools. Alternative routes are generated randomly; they are limited to 
1 primary and 1 secondary, per operation, (4) There is a global queue for all waiting parts. No machine 
has an exclusive queue, (5) The machine tools have large tool magazines. Also, in-system storage 
capacity, pallets, fixtures, and material handling devices should not constraint the system, (6) Adaptive 
control capabilities diminish the need for special pallets and fixrures, (7) The number of operations for 
each job is sampled from a discrete distribution (3,51, (8) Job travel times are incorporated into the 
processing times, (9) Due dates are estimated as 1, 2, 3, or 4 times the total work content of each job. 
Each job has an equal opportunity to be assigned any of the four due date factors, and (10) Jobs are 
generated randomly and sampled from an exponential distribution with a rate of [J.1] arrivals per minute. 

THE OPPORTUNISTIC REASONING STRATEGY 

A part-based decision to select the next machine may be viewed as opportunistic from the part's 
perspective. However, this may not be the case from a global perspective. Both parts and machines 
interactively share the shop floor. Thus, loading decisions represent a matching process that involves a 
member from each set (machines and parts). Therefore, the optimal scheduling of parts and machines 
requires a simultaneous consideration of all these entities (including the future operations of unfinished 
parts which are alre~dy in the system). Consequently, the loading decision provides a specific match for 
each entity. Typically, this involves the evaluation of each possible part-machine match. Then, the best 
global match is adopted by considering the next operation of all unfinished parts in the decision 
making. 
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This approach of global dispatching is sometimes callt:d multiple dispatching [31. In such an 
approach, the next loading decisions for each part or each machine are made all at once, and the 
decision making is repeated each time a part becomes idle or a machine becomes available. Each time a 
new job is launched into the shop floor or an operation is completed, jobs in both cases are routed to 
wait in a global queue. Whenever, a job joins the global queue or a machine becomes available, the 
control process searches for possible matchings that may deduce new inferences regarding which job is 
to be selected for the cunent available machine. The matching process involves several evaluation 
measures to determine which candidate jobs should be selected. The evaluation process considers the 
processing efficiency index (p) of each idle job with respect to the currently available machine as a 
measure of preference, the due-date restriction index, and the primary dispatching goal which is decided 
upon by the system occupancy, and the number of jobs with tight due date. · 

The preference of any job for a specific machine is an indication of the processing efficiency. 
Thus, accelerating the total work content accomplished in the shop floor requires that a job is always 
loaded on its most preferred machine whenever possible. However, sometimes, the tendency of some 
jobs to be tardy suggests a need for preventing tardiness. Noteworthy, maintaining a high work content 
rate for a reasonable period would yield long term positive results regarding job tardiness. In contrast, a 
lower work progress rate implies the accumulation of WIP in the system later. Hence, as the system 
becomes exceedingly congested, due dates are more likely to be violated. The situation gets worse if a 
number of jobs, with tight due dates, are launched into the system. Thus, it is irrelevant to adopt any 
direct anti-tardiness measures since this will disturb the work progress and worsen the situation. A better 
alternative in this scenario is to boost the work progress. 

The reasoning process of this approach emphasizes the need for work content acceleration as a 
guiding rule except in a situation with few highly sensitive jobs emerging in the shop floor where the 
reasoning process shifts its emphasis to curtail tardiness. Hence, jobs are categorized based on the 
selected primary goal and the priorities involved in the situation. However, the proposed categorization 
is based on a qualitative judgment. In the proposed reasoning, a job can be categorized into more than 
one group based on different factors involved. Further discrimination among the same group is then 
performed for better job ranking. Consecutive grouping is aimed at enabling the scheduling function to 
support its decisions on a logical trade-off among expected benefits of the different alternative 
matchings. 

The above reasoning strategy resembles the reasoning usually exercised by the human supervisor 
who always attempts to identify any anomaly or controversy, as well as the conflicting aspects of 
different alternative solutions and their tradeoffs. Instead of following a fixed rule, the supervisor 
exploits the prevalent circumstances to decide opportunistically. However, if the solvable aspects of the 
problem are not recognized or an apparent judgment is not reachable, rules-of-thumb become an 
acceptable last resort to follow. 

The optimization procedure accompanied by a dynamic goal adjusting process performs wen 
regarding the long term perspective of accelerating the work progress and reducing tardiness. This is 
because the global optimization of the part-machine assignments exploits the routing flexibility. Also, 
the global optimization approach has some orientation towards the future, and hence provides a short 
term look-ahead perception. Furthermore, the approach allows interactions among all entities in the 
shop floor to be addressed without resorting to the problem decomposition approach. 

THE RULE-BASED OPPORTUNISTIC PART SCHEDULER (ROPS) 

The above framework of opportunistic part scheduling was used to develop ROPS, an intelligent 
rule-based dispatcher. This work utilizes CLIPS™, an expert system tool with object-oriented 
programming (OOP) capabilities. CLIPS™ supports a three-way representation of knowledge: (i) rules, 
that are essentially used to represent heuristic knowledge, (ii) functions and generic functions, that 
assimilates procedural knowledge, and (iii) object-oriented formulation, that is employed for procedural 
knowledge representation. The modeling tool is a forward chaining rule-based language whose basic 
elements are: the fact-list or the global memory for data, the knowledge-base that contains all the rules, 
and the inference engine th.at controls the overall execution. The preliminary implementation of this 
work is a research prototype, ROPS, an automated intelligent dispatcher. Prototyping is the knowledge 
engineering response to unstructured problems that demand incremental or progressive modeling. This 
approach attempts to fine tune model representation and control based on an acquisitive insight. 

The ROPS functions are: (1) simulating random job launching, (2) generating and updating job 
attributes, (3) determining the primary dispatching goal, (4) monitoring jobs, machines, queues of idle 
jobs and machines, process plans, and accounting for their status, (5) evaluating different processing 
alternatives, (6) computing different evaluation measures such as (p), (DRI), urgency, occupancy, the 
numbers of completed jobs, tardy jobs, and tardy urgent jobs, as well as the averages of flow-time, actual 
processing time, work content, tardiness , and machine utilization, (7) triggering milestones or target 
dates upon the completion or s tarting of certain activities, (8) propagating resource and temporal 
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constraints to avoid conflicts, (9) dispatching matching idle jobs to the currently available machine, (10) 
collecting statistics for various performance measures, (11) maintaining a non-monotonic style of 
reasoning by removing redundant facts from the ROPS data base, (12) resetting the control process after 
each r0und of decision making, and (13) updating the "calendar" regarding the newly emerging activities 
and also sorting the times of all activities in the calendar before proceeding with the next scheduled 
activity. 

The ROPS performance was tested and compared to four conventional dispatching rule·s: (i) The 
Earliest Due Date {EDD) rule, (ii) The Shortest Imminent Operation {SIO) rule, (iii) The Least Relative Slack 
{LRS} rule, and (iv) The Least Remaining Work {LRW) rule. For performance measures: the total 
accomplished work, the number of completed jobs, and the dispatcher processing efficiency, ROPS 
outperformed all other dispatching rules. Also, for measures like the WIP inventory value and the 
average processing time per completed job, ROPS performed better than all dispatching rules except the 
S1O rule whose performance was nearly equivalent to ROPS's. However, in regard to the number of tardy 
jobs and the average flow time per completed job, the ROPS performance was better than all tested rules 
except the SIO rule which resulted in a lower values of tardy jobs and flow time. However, the SIO rule 
is not capable of exploiting the routing flexibility provided by a FMS and does not consider any 
measures except the operation lengths. Thus, if a part has only one long operation, it may stay in the 
system forever because there are always one or more parts with short operation(s) competing for loading 
on the next available machine. The performance results are delineated in figures 1, 2, 3, and 4. · 

CONCLUDING REMARKS 

This paper presents a generic approach to part scheduling/dispatching in flexible manufacturing 
based on the use and application of the intelligent rule-based methodology and principles of lease 
commitment and opportunistic reasoning. The proposed opportunistic scheduling approach utilizes the 
routing flexibility of flexible manufacturing that results in several processing alternatives. The basic 
notion is to delay the loading decisions so as to exploit routing flexibility by persistently maintaining 
the routing options. 

The focus of this paper is how the individual parts advance after they are launched to ·the system. 
In the proposed approach, both routing and dispatching decisions are collectively and globally 
deduced for all parts and machines. The objectives of this approach are to accelerate work progress, to 
reduce tardiness, and to boost the system utilization. The paper addresses the various underlying 
notions and definitions of the proposed opportunistic approach, the model assumptions, and also the 
different aspects of the global dispatching strategy. Finally, the implementation of the proposed 
approach as a research prototype ROPS, its functions, and the phases of development are described. 
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ABSTRACT 

The powerful role of mathematical programming in production planning is 
illustrated. The application is widertaken in one of the leading refrigerator company 
in the Gulf Area. The main objective is to have the best allocation of production 
level to each period in the planning horizon. Typical infonnation on the demand for 
each period,. size of the work force, daily working hours, over time shifts, inventory 
level, and material availability are investigated and recorded. Having an open labor 
market and the possibility of having more than one competent for a single job~ 
hiring or laying off will also be considered. To handle this amount of data, a menu 
driven software is constructed. The general flow of the software is through three 
stages. The first stage is the input and editing of data in the different files of the 
dBASE. The second stage is passing through LINDO and getting the solution. The 
last stage is the output which determines the production level, labor force 
information ,and inventory condition. Despite the simplicity of the present model it 
allows the company to analyze and plan before or during production actions. 

INTRODUCTION 

Production planning is a critical area of planning perfonned in the design of production systems. Bensoussan etal. [l} 
defined the production planning problem as the adaptation and the tuning of the firm's industrial resources, in order to 
meet demand for its final products.The production manager mu.st then take all decisions to make sure that the necessary 
capacity and qualified work force, the required materials and components will be available in right quantity,at the right 
place, at the right time; the objective is to fulfill a marlceting plan at minimwn overall cost. Over the years, many 
techniques have appeared in publications dealing with the translation of the forecasted demand into suitable resource 
plans. Nam and Logend.ran [2] conducted a survey of models and methodologies applied in aggregate production 
planning . These techniques range from simple graphical methods to more sophisticated search, heuristic and other 
dynamic methods.By applying the classical optimization techniques Taylor (3) studied the case when the demand is less 
than plant capacity. As another approach Lambert and Luss (4) examined the problem of finding minimum cost 

production schedule that satisfy known demands over a finite planning horizon. They developed an algorithm for 
production schedule by the help of dynamic programming. Kunreuther and Morton [5} used LP to examine a single 
product production planning problem in which demand in each period is known with certainty, and the costs for 
inventory and for adjusting the production level was considered linear. Miller [6} ex1.ended this work by applying Primal 
and Dual LP formulation. As examples from real life about the application of LP in planning, Elshafei and Elhadidi (7) 
used LP in the planning of the Egyptian Coke Manufacturing Industry in order to maximize the storage capacity, Kuru [8] 
applied LP in Turkish Iron and Steel Industry with the objective of minimizing the present value of all costs associated 
with the operation of the sector, and Whitaker and Brown [9) developed a large LP project at New Zealand Meat 
Industry. They used database for recording data and one of the known LP packages in solving the problem of cutting 
stock. 
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SYSTEM UNDER STUDY 

The company under study is one of the leading companies in Gulf area. It produces frost-free type refrigerators. The 
production department consists of press and metal fabrication, plastic· shop paint shop, assembly line, and quality control 
department. 

Because of the problems facing production planning, the present work is aiming to handel planning problem by the aid of 
LP available packages and trying to introduce it in a usable fonn. The formulation of the problem will take into account 
the effect of demand, working at regular and over time shifts, work force level and the inventory level. As output, the 
model detennines all the production levels at regular and overtime periods. The number of hired and/or fired is also 
obtained. 

After fonnulating the problem as LP, an optimizer is needed. There~ many LP packages available in the market (10}, 
one of the top packages is LINDO. The problem now is to handel the data to and from that LP optimizer, specially for 
non-specialist user. The best way is to integrate a database with linear programming solver. The database will be used for 
entering and editing data. Also the resulting optimum solution will then be written back to database where it could be 
viewed and printed. Having the access to dBASE m PLUS it had been chosen for development of database application. 

SYMBOLS USED 

C,.=Labor cost to produce one unit during regular time. 
Co=Labor cost to produce one unit during overtime. 
C.,=Labor cost per unit during under time. 
Ch=Cost of hiring one worker at the beginning of period t. 
C1=Cost. of layoff one worker at the beginning of period t 
Ccr=Inventory canying cost for a unit held from t-1 tot 
Rt=Units to be prcxluced in period t in regu]ar time. 
Ot=Units to be produced in period t during overtime. 
U,=Labor undertime (units not produced). 
Hi=Units to be produced in period t when hiring one worker. 
~=Units not to be produced in period t if layoff one worker . 
Dt=Inventory level at the end of period t 
RC=Production capacity in period t during regular time. 
OC=Production capacity in period t during overtime. 
UCi=Maximurn number of units not to be produced for non 

productive activities in period t 
HCi=Allowable increase in work force in period t 
LC=Allowable decrease in work force in period t 
DC=Perrnitted inventory level at the end of period t 
N,=Forecasted demand for period t 
T =Time horizon for production plan. 

OBJECTIVE FUNCTION 

T 

minZ = L Cr Re+ C,Or + CuUr+ ChHt + Cilc+ Cd De l 
I=! 
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CONSTRAINTS 
-Production demand : 

-Production capacity : 

-Under time : 

-Inventory level at the end oft : 

MODEL IMPLEMENTATION 

2 

(3-6) 

(7) 

Di~ DC, (8) 

It should be noted that all the units in the present model are taken as units of refrigerator. Thus it is necessary to convert 
the logical units of the variables to units of refrigerator. That will be considered during model implementatiort Also, the 
material availability and machine maintenance cost will not be considered. The reason of this comes from the 
independency of their planning and budget from the system under study and raw material could be obtained from more 
than one source. Information needed to use this model could be classified into two parts~ the right hand side related values 
and the objective function coefficients. 

RIGHT HAND SIDE RELATED VALUES 
-N1 is supplied by the marlceting department and based on the branches sales requirements for the coming year. It is 
beyond the scope of the present study to analyze the accuracy and the method applied for forecasting the demand. 
-RCi is calculated from: 

-The production rate:(nurnber of workers/ nwnber of man hours required to produce one unit of output) 
-The total regular hours available every month. 

-QC, is calculated from: 
-The production rate and monthly overtime. 

-HCi is calculated from: 
-The maximum allowable increase in the level of work force which is specified by the pennission given to the 

company to hire new workers. 
-The total regular hours available every month. 

-LCi is calculated from: 
-The maximum allowable decrease in the level of work force. 1bis limit is restricted to the minimum number of 

labor working together (e.g two workers in plastic shop). 
-UC is referring to the non productive activities that must be done (i.e maintenance). The c.ompany is completely shut 
down for one month . By this decision UC12 = RC12. 
-DC is based on the past records of rush orders or priority orders and determinend at the beginning of the planning 
period. 
OBJECTIVE FUNCTION COEFFICIENTS 
-Cr is calculated from: 
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-Nwnber of man hours required to produce one unit of out put 
-The average regular man-hour cost (wage). 

-C0 is calculated from: , 
-Number of man hours required to produce one unit of out put 
-The average overtime man-hour cost (wage). 

-Cu is based on the two types of losses: 
-labor idleness. 
-mis.9ng of finished product profit 

~ is calculated from: 
-The cost to hire one worker in period t 
-Number of man hours required to produce one unit of out put 
-The regular working hours 

-C1 is calculated from: 
-The cost to fire one worker in period t 
-Number of man hours required to produce one unit of out put 
-The regular working hours 

-Cd is based on: 
-The storage cost 
-Tied capital cost 

-The man hour required to produce one unit is calculated by the help of a work study procedure available at the company. 
It includes the different production departments, machine sections, set up times, operation time, production capacity in 
units per hour and in units per day, and finally the production rate in units per hour. 

-The daily working regular and overtime hours has been investigated through a questionnaire distributed to all employees. 
1he results of this questionnaire are considered in the running of the model. 

-The average regular manhour cost is based on: 
-The average of the actual salaries at different departments of the company. The departments are grouped under 

the main sections of Press & Metal, Paint & Plastic, and Final Assembly. 
- The average nwnber of regular hours per month. 

-The cost of hiring a new work.er is based on the average ticket, recruitment agent charges, legalization fees,and living 
pennission_ 

-The cost of firing a worker is based on the average ticket, the present month salary, and one month bonus. 

COMPUTERSOFIWARE 

At the MS-DOS prompt, when the user types SRAMCO, the menu-driven application starts with the lhree introductory 
screens (title, password, and package description) leading to the main menu. The n~1 screens are presented in series 
showing tables in which the data is stored (constant file update, the days update, and the input file update for the objective 
values). Once the user exits tile input update screen, the main menu is shown. Pressing [Esc] leads to the output menu 
with two options of view solution or print solution. The output comes out as if LINDO package stands along, i.e all 
LINDO commands could be used, then it is saved in a database fonnaned file so it can be viewed using the database 
facilities. 

CONCLUSION 

By applying the developed model to the company real data of year 1989 and comparing the results coming out from the 
model and the actual plan for that time attracts the attention of the administration to the value of the present package as 
decision tool and to let them use it in the near future. The experience in developing a user-friendly system for this 
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company has given an insight into the properties that would be ideal for this type of modelling tltat links between an LP 
optimizer and database software. 
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ABSTRACT 

This paper presents a bicriterion approach for grouping focused machine cells. 
The problem is first formulated as a bicriterion nonlinear programming model. 
The number of part types accommodated into the focused cells is employed as 
a measure of system flexibility and the average system similarity is used as a 
measure of system efficiency. A heuristic procedure, consisting of seeding, 
grouping, and inserting modules, is then proposed to solve the model. An 
example problem is included to illustrate the application of the model and 
solution procedure. 

1. INTRODUCTION 
Cellular manufacturing (CM) bas drawn increasing attention over the years. Literature in this area has been 

enriched by many researchers (e.g., (1,5]). An important issue in cell formation is the exceptional part problem. A 
few exceptional parts could have considerable disturbing effects on the overall CM system. Some obvious disturbing 
effects include complicated planning and scheduling, intercell movements, investment for the intercell material 
handling equipment. and additional buffer space. Therefore, it may be desirable to develop focused machine cells 
and subcontract exceptional parts as suggested by Skinner [8], and Kumar and Vannelli [6]. 

Since machine cells are designed to achieve desired compromise between the functional manufacturing 
system and mass production line system, " ... cell system design is a multiple objective task" [9]. Reported work using 
multiobjective approach in non-focused cell design is very limited, including the studies by Gangan et al (4), and 
Dahel and Smith [3]. The counterpart work for focused-cell design is even scanter. It is therefore necessary to further 
investigate the focused cell design problem. Particularly, the two fundamental but conflicting objectives--flexibility 
and efficiency--sbould be simultaneously considered. To this end, a bicriterion approach incorporating the two 
objectives is proposed. 

2. MODEL FORMULATION 
2.1 Notation 

Parameters 
a;i = 1, if part type i requires machine type j; 0, otherwise 
M a big positive number 
U upper limit on machine cell size 
Ni number of available machines of type j 
fiP weight assigned to the objective of maximizing accommodated part types 
fl, weight assigned to the objective of maximizing average system similarity level 
Sil similarity between part types i and l 
PT _L set of part types that has not been grouped 
SIM current similarity search level 
SIZE cell size 
MIM similarity incremental step 
ZJv maximum number of part types accommodated so far 
ZN' number of part types accommodated based on a new combination of (SIZE. SIM) 
z; highest average similarity level reached so far 
z; average similarity level obtained at the current iteration 
P

0

;k solution of P;. in the heuristic for Prob-P (or Prob-S) 
x"jk solution of Xi< in the heuristic for Prob-P (or Prob-S) 
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Variables 
p ik = l, if part type i is assigned to family le, 0, otherwise 
x~ = 1, if a machine of type j is assigned to cell k; 0, otherwise 

2.2 The model 
In this paper, the number of part types "absorbed" by lh&focused CM system is adopted. as a measure of 

system flexibility. The efficiency of the focused CM system mainly depend on the simplicity of work flow and the 
reduction of setups and material handling activities. Since there is no intercell flow in the focused. CM system, the 
workflow simplicity is automatically achieved once the CM system is developed.. The remaining issue is to .measure 
the reduced setup and material handling. Maximizing total similarity has been used as an objective in machine-part 
grouping problem by many researchers (e.g., [5,7]). The idea is that higher similarity level indicates less setups and 
inteccell movements. In this paper, Dice similarity coefficient is adopted for measuring the system efficiency in this 
paper. The Dice similarity coefficient is defined as 

S;=2a/(2a+b+c) 
where a= number of common machines required. by both parts i and l; b (or c) = number of machines required 
by part i (or[) but not by l (or i). The indication of serup and material handling reduction is given by the system' 
similarity level 

K I k-1 I k K 

SL=(E L L Sa)/ (0. 51:J ii k-1)) 
k=l i =1 I =i •l k=l 

To illustrate, consider lhe following two part-machine matrices: 
Machine Machine 

(1) 1 2 3 4 ( 2) 1 3 2 
1 r 1 1 l 2 r 1 1 
2 I 1 1 I 3 I 1 

Part 3 I 1 I Part 5 I 1 1 
4 l 1 1 J 1 l 1 
5 1 1 4 1 

Matrix (2) is obtained by rearranging matrix (1). The Dice similarity values of the part pairs are: 
S1z=(J, SJJ= 0, S14=1, S1_s=O, S2;=2/3, S24=0, S2.s=l, S3;=0, S3_s=2l3, S4s={). Accordingly, 

the number of part pairs in matrix (1)=5(5-1)/2=10, 
the number of part pairs in matrix (2)=3(3-1)/2+2(2-1)/2=4, 
SL of matrix (1) = (1+1+2/3+2/3)/10=0333, and 
SL of matrix (2) = (1+1+2/3+2/3)/4=0.833 

4 
l 
I 
I 

tJ 

This means that 83.3% of operations in matrix (2) are common and thus setup and material handling reduction can 
be expected on the 83.3% of operations. However, in matrix (1) only one third of operations share common machines 
and can be expected to have reduced setup and material handling. This clearly shows the grouping efficiency. 

Given the above background information, a bicriterion model is formulated as follows. 

Maximize 

subject to 

1 J 

L aij pik < M~k 
i =1 

V j,k (1) I: ~k ~u 
j =1 

\;/ k (2) 

Vi (3) (4) 

'ii i,j,k (5) 
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K K 

where /3p +f3s = l Zs = (L SLk)/ (L PAJRk) 
k=l k=l 

1-1 I 

SLk = L L Sa P;kPtk , 
i =1 I =i •1 

1 I 

PAJRk =·~o. sI:Pik (LPik -1) 
i =1 i =-l 

The objective function reflects the compromise between the two conflicting goals: part type accommodation 
(ZP) and average system similarity (Z). ZP and Z, are generally less than or equal to 1. Ideally, we wish Z approaches 
to 1. Constraint (1) states that a part type is assigned to a cell only when the required machines are available in that 
cell. The cell size is restricted by constraint (2). Constraint (3) ensures that if a part type is selected it will be 
allocated to only one family. The machine availability constraint is represented by (4) and the integrality of Pik and 
XJc is specified by constraint (5). The integrality of the variables and the non-linearity of the objective function pose 
a burden for optimally solving any meaningful sized problems. Thus a heuristic approach is developed to solve the 
model in the following section. 

3. SOLUTION ME'fHOD 
The solution procedure is composed of the following two phases: generation of efficient or non-dominated 

solutions and calculation of best solution based on the efficient solutions. · 

3.1 Generating efficient solutions 
The efficient solutions are generated based on the constraint method ([2,3]). In our case, the optimal solution 

to each of the following two "constrained" problems is an efficient or non-dominated solution to the original 
multiobjective problem. 

Prob-P Max ZP subject to (1) to (5), and Zs ?! SL (6) 

Prob-S Max Zs subject to (1) to (5), and zp '?:. PL (7) 

Prob-P and Prob-S will be solved using heuristics. Note that Prob-P is equivalent to 

T K 
Max ZN= L L P ik. subject to (1) to (6). Thus in our heuristic the latter is used. PL and SL are the pre-

i =1 k=l 

specified aspiration levels for part accommodation and average similarity. The PL and SL are determined using the 
procedure suggested by Cohon [2], and Dabel and Smith [3]: 

Step I Drop constraint (6) (or (7)) from Prob-? (or Prob-S) and find the heuristic solution of the relaxed problem. 
The solution is denoted as X!'(or X'). 

Step 2 Calculate the following objective function values: 
2i,(X1'), Z/X'), Z,(X'), and Z,(X!') 

Then the feasible values of PL and SL can be selected from the following ranges: 
[nP' MP] (for PL), and [n,. M,] (for SL) 

where, nP=min[Zp(X1'), Zp(X')], MP=max[Zp(X1'), Z/X')] 
n,==min[Z,(X!'), Z,(X')], M,=max[Z,(X!'), Z,(X')] 

Step 3 Choose the desired number of efficient solutions N and then the values of PL and SL can be calculated as 
follows: 

and t =0, 1, . . . , ( N-1 ) 

Heuristics for solving the two problems above are based on three modules: seeding, grouping, and inserting. The 
three modules are illustrated as follows. 
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3.1.l Heuristic modules 
( 1) Seeding module 
In this paper a machine requirement based (MRB) seeding method is proposed. With this seeding method, 

seeds are selected based on their priority Y,. in terms of machine requirements. f. is defined as: Y-=.L'. w .. where 
l ! J lJ 

Wii=bp/Nj and bj=lJ,.a;j• Wu represents the scarcity level of machine type j. The machine type associated with the 
highest Wii is the most critical bottleneck. Y; thus measures the total1'ottleneck level of the machines required by part 
i. The part with highest Y; value is selected as the first seed. 

(2) Grouping module 
To overcome the chaining problem, the average linkage clustering is used for grouping. The grouping 

procedure is described as follows: 

Step 1 Select a seed for a part family and add its required machines to the associated machine cell subject to 
constraints (1),(2),(4) and (6) (for Prob-P, or (7) for Prob-S). 

Step 2 Sequentially add feasible parts that have highest average similarity, Sik, with the seeded family and required 
machines, if the machines are not yet assigned to the cell, to the associated cell. Repeat this until feasible 
parts have been exhausted. The average similarity between a pan i and a seeded family k is defined as: 

S ik = ( L S ii ) / F k , where F1c is the number of parts currently assigned to part family k, and rp1 

I~ 

is the set of parts in family k. 
Repeat this procedure until all parts have been assigned or no family can be further formed. 

(3) Inserting module 
Whenever possible, this module is used to insert more parts to the part families formed by the Grouping 

Module. Toe steps are as follows. 

Step I If PT_L ;t: {</>} and Z, > SL, let k=l and calculate similarity Sile (i E PT_L) for each unselected part. 
Step 2 Sort Su: in descending order. 
Step 3 If constraints (2),(3) and (5) are feasible, temporally add the unselected part with highest Sik to family k and 

calculate Z,. If Z, ~ SL, keep the part; otherwise delete it from family k. Repeat this procedure until all 
unselected parts have been tested. 

Step 4 Let k=k+ l and go to step 2. Repeat until all families have been tested. 

3.1.2 The heuristic algorithm for Prob-P 

Step I Set SIM=O, flSIM=0.02, Z,=0, Ziv =0, ZN'=O, SIZE=2, and specify SL, and U. 
Step 2 Generate seeds using the Seeding Module. 
Step 3 Call Grouping Module. Toe outputs are Pa, ~;:, Z,. ZN', and PT _L. If ZN' > 7N" and Z, ;;:: SL, let ZN" <= ZN', 

p·ik¢J?ilo X:ji,~jlc• and go to next step; else, go to step 5. 
Step 4 Call the Inserting Module to attempt to add more parts to current families. If inserting is unsuccessful, go 

to next step; else, update p·iJ:• X:ik> 7.N", Z, and PT_L. If PT_L ={cf,}, stop; else, go to next step. 
Step 5 If SIZE < U, let SIZE <= SIZE+ 1 and go to step 3; else, go to Step 6. 
Step 6 If SJM < 1, let SIM <= SIM+6SJM, SIZE = 2, and go to step 3; else, stop. 

3.1.3 The heuristic algorithm for Prob-S 
This algorithm is obtained by replacing ZN", ZN', z,. and SL, with z;, z;. ZN, and PL, and delete step 4 

from the algorithm for Prob-P. 
The algorithms for both Prob-P and Prob-S were coded in Turbo C++. The application of the algorithms 

is demonstrated with an example in the next section. 

3.2 Calculating the best solution 
Once the desired number of efficient solutions have been generated, the best heuristic solution to the original 
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bi-criterion model can be calculated for a given (jJP JJ.) combination: 
Max Z=Max /fi,:Z,,,n + JJ:Z,n I 1 $ n $ NJ 

where N is the total number of efficient solutions generated. 

4. EXAMPLE 
A widely cited grouping problem [1] is modified for illustration. The number of machines of each type is 

shown in Figure 1. Depending on the values of /JP and ft,, the 43 part types may or may not be entirely 
accommodated to the focused cells. We assume that the minimum acceptable ZP is 25 and minimum acceptable z, 
is 0.333. To generate the efficient solutions, Prob-P and Prob-S are first solved without considering constraints (6) 
and (7). The objective values are: Z/X1')=43, Z,(~)=0.408, Z,(X')=0.873, Zp(.X')=l 1. Since n,=Min [Z,(xP), 
Z,(X')]=0.408 > 0.333, n, is set at 0.408. Similarly, MP is set at 43. However, since Min[Zp(~), ZP(.X')]=l l < 25 (the 
minimum acceptable ZP), we set nP to 25. Accordingly, M, is modified to 0.767 (obtained by solving Prob-P with 
PL=25. This is also because it is difficult to get a Zp(X') which is exactly 25 by solving Prob-S). For illustration only 
7 (N=7) sets of (PL, SL) are calculated 

MC 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

PART 

0000000001111111111222222222233333333334444 
1234567890123456789012345678901234567890123 ~ 

0000000000000000000000000000000000001000010 1 
01000000010000000000000000010001000011010 1 0 I 
0000001000000000100000000000000001110000000 1 
0000100010000100001010100000100000000000000 1 
000010011000011 1 001010100000100010000000101 1 
1100011100011100101000100000000111001011011 3 
1000000000001000000000001000000000000000000 1 
11100001101100100011101100110010000011001014 
0101000001000000010000000001000100001101010 2 
1000000000011000000000001100001000000010000 1 
0010000010000000000100010010010000000000000 2 
0000000000100000000001010010010000000000000 1 
0010000000000000000000010000000000000000000 1 
0100010000000000100000000000000000100000000 2 
0000100000000100001010000000000010000000101 I 
0100001001000000010000000000000100001100010 2 

N; = Available number of machines of type j. 

Figure 1 The machine-pan matrix for the example 

Efficient solutions Z when~.= 

4 z. 0.8 0.7 0.6 0.5 0.4 0.3 0.2 

43 0.408 0.882 0.822 0.763 0.704 0.645 0.586 0.526 
43 0.467 0.893 0.840 0.787 0.734 0.680 0.627 0.574 
42 0.546 0.891 0.848 0.804 0.761 0.718 0.675 0.632 
41 0.569 0.877 0.838 0.800 0.761 0.723 0.684 0.646 
40 0.589 0.862 0.828 0.794 o.1ro 0.725 0.691 0.657 
38 0.657 0.838 0.816 0.793 0.770 0.748 0.725 0.702 
37 0.670 0.822 0.803 0.784 0.765 0.746 0.727 0.708 
35 0.686 0.788 0.776 0.763 0.750 0.737 0.724 0.712 
32 0.713 0.738 0.735 0.732 0.729 0.725 0.722 0.719 
31 0.719 0.721 0.720 0.720 0.720 0.720 0.720 0.719 
28 0.744 0.670 0.679 0.688 0.698 0.707 0.716 0.725 
26 0.759 0.636 0.651 0.666 0.682 0.697 0.713 0.728 
25 0.767 0.619 0.637 0.656 0.674 0.693 0.711 0.730 

Table I The bicriterion objective function values 

All computations were performed on a 386 PC. The average run time is about 30 sec. for solving both Prob
p and Prob-S . The efficient solutions and Z values for different (JJP'fJ,) combinations are listed in Table 1. It can be 
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seen that the best solution forjJP=0.8 is the second efficient solution with Z=0.893. ForjJP=0.6--0.7, the third efficient 
solution is the best. WhenjJP decreases to 0.4-0.5, the 6th efficient solution becomes the best Further decreasing 
fir to 0.3, the best solution is obtained at the 7th efficienl solution. The machine and part composites associated with 
t11e best solutions are shown in Table 2. 

Group Parts Machines 

BP=0.8 1,5,8,9,12,13.14,15, 4,5,6,7,8,10 
16,19,21.23,25,26,29, 
31,33,39,41,43 

2 2,4,10,18,28,32,37, 1,2,6,8,9,14, 16 
38.40,42 

3 6,7,17,34,35,36 3,6,14,16 
4 3, 11,20,22,24,27 ,30 8,ll,12.13 

Br=0.6, 0.7 5,8,9, 14, 15, 16,19,21, 
23,29,33,41,43 

4,5,6,8,11,15 

2 2,10,28,32,37,38,40,42 1,2,6,8,9,14, 16 
3 1,6,12,13,17,25,26,31, 3,6,7,8,10,14 

34,35,36,39 
4 3,11,20,22,24,27,30 8,11,12,13 
5 4,18 9,16 

BP=0.4, 0.5 5,8,9, 14, 15,19,21,23, 
29,33,41,43 

4,5,6,8,11,15 

2 2,10,28,32,37,38,40,42 1,2,6,8,9,14,16 
3 1,12, 13,25,26,31,39 6,7,8,10 
4 3,11,20,22,24,27,30 8,11,12,13 
5 4,18 9,16 
6 35.36 3,14 

Br=0.3 5 ,8,9, 14, 15,19,21,23, 
29,33,41,43 

4,5,6,8,11, 15 

2 2.10,28,32,37,38,40,42 1,2,6,8,9,14, 16 
3 1,12,13,25,26,31,39 6,7,8,10 
4 3,11,20,24,27,30 8,11,12,13 
5 4,18 9,16 
6 35,36 3,14 

Table 2 The best solutions associated with different Br values 

5. CONCLUSION 
This paper proposes a bicriterion approach to attempt a best compromise between the desired job flexibility 

and average system similarity level. Associated nonlinear integer model and solution procedure are presented. The 
application of the model and the solution algorithm is demonstrated using a widely "Cited grouping problem [l]. The 
outputs provide decision maker with more alternatives in designing a CM system. Based on the computational results 
of the example problem, it is also found that when efficiency is more important, i.e., f3s is higher, the machine and 
part groups tend to be smaller while higher A generally yields larger machine or part groups. 
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ABSfRACT 

This paper addresses a joint part sequencing and tool replacement problem on 
a machining center. The objective is to minimize the expected production cost 
subject to available tool spares. In literature, it has been shown that the 
sequencing problems with sequence-dependent setups are equivalent to the 
'travelling salesman problem' (fSP) and thus are NP-complete. In the problem 
under consideration, the cost components associated with tool replacement and 
defective parts are position-dependent. That is, even if the precedence order of 
a pair of adjacent parts is fixed, their associated tool replacement cost and 
defective part cost may be different if their position relative to other parts in the 
sequence is changed. This, coupled with the sequence-dependent setups, 
precludes optimal solutions for any meaningful sized problems. To provide quick 
and reasonably good solutions, we propose a 'nearest neighbour heuristic' 
(NNH). The efficiency of the NNH algorithm is demonstrated with an example 
problem. The effects of tool spare level on the expected production cost are also 
discussed. 

1. INTRODUCTION 

,-. 

Automated machining centers have been widely used over the years. The popularity of machining centers is 
mostly due to their high flexibility and efficiency in processing a range of operations for various parts. An 
automated machining center, however, represents heavy capital investment, which can be justified only when the 
machining center is effectively operated. Operational decisions such as part sequencing and tool replacement have 
significant impact on operation effectiveness. 

In literature, the problem of part or job sequencing has been addressed by a number of researchers (e.g., 
[5,10]). For an automated machining center, the problem is more complex due to the tooling decisions and tool 
magazine capacity constraint. As indicated by Bard [ 1], "Although the single machine scheduling problem has been 
studied extensively, the added complication of tool loading undermines the usefulness of the much of the current 
results". Having identified the importance of tooling, Bard [l] suggested a heuristic which sequences jobs with an 
objective of minimizing total number of tool switches. Along this line, several notable studies are recently reported 
[7 ,9, 11]. However, an important issue which, to the best of our knowledge, has not yet been addressed in the 
literature pertinent to sequencing is the tool replacement problem. It is noticed that the term "tool replacement" has 
been used in [ 1, 11]. However, • tool replacement• in [ 11] is defined as a problem of determining the set of tools 
to be placed on the machine for a fixed job sequence. While in the context of [l], "tool replacement" appears to 
be equivalent to the tool switch required due to job change. Random tool failures, especially in-process failures, 
are not considered. Some important issues, such as expected defective part cost, the effect of tool spare level on 
total expected production cost, the feasibility of the tool provisioning decision made in machine loading stage (if 
the machining center is a part of a flexible manufacturing system), can be investigated only when tool replacement 
decision is accommodated. Therefore, sequencing jobs without considering tool replacement is not adequate. 

Studies on tool replacement are extensive (e.g., (2,4,6)). However, most of the studies, with the possible 
exception of [2], are limited to single-tool (type) and single-job problems. Billatos and Kendall [2] are probably the 
first who investigated the tool replacement problem for multi-tool and multi-job systems. However, since their focus 
was on the optimization of machining condition, the job sequence in their paper was assumed to be known and 

1 To whom correspondence should be addressed. 

260 



J&J,{S '94 Proceedings: Annual International 
conference on Industry, Engineering. and Management Systems 

fixed. In reality tool replacement decision is strongly affected by and, in turn, directly influences the part (job) 
sequencing decision because of their common objectives and constraints. For instance, whether or not a tool is 
replaced for the next operation will depend on which part (job) is scheduled for the next operation. If the expected 
remaining tool life is greater than the processing time of the next part (job), it may be desirable not to replace the 
tool. Othexwise, the tool should be replaced. This again calls for joint investigation of part (job) sequencing and tool 
replacement problems. · 

2. PROBLEM DESCRIPTION 
2.1 The problem 
Consider an automated machining center with an automated tool changer and a tool magazine of limited 

capacity. A number of operations of various parts can be processed on the machining center provided that the 
required tools are available in the tool magazine. Different parts may have similar or quite different fixturing 
requirements. Each part has a fixed operation sequence defined by a set of required tools. Once a part is setup, 
unless a tool fails during a machining operation, it will stay on the machine until all of its operations have been 
completed. Since the machining speeds are controllable and are generally set at desirable levels, we assume that the 
machining time (or cost) for each operation is constant. The machining cost is thus not included in the decision 
process and it is reasonable to consider only setup and in-process failure costs in our analysis. 

(i) Sezup In an automated machining center, the setup times are required by the following activities: (a) loading 
required tools, (b) tool changes, (c) part holder changes, (d) chucking up parts, (e) loading NC programs, and 
possibly (f) performing "dry ff runs. Since the required tools are loaded onto the tool magazine at the beginning of 
a production batch and the required time is not affected by part sequence, the setup time for (a) is excluded from · 
our analysis. Further, as tool changes are normally done in a few seconds and are mostly performed betwe.en 
operation changes, tool change times are either ignored or aggregated together with processing times. The 
aggregation of tool change times with processing times are is justified by the assumption that the operation sequence 
of each part is fixed. Activities (c) to (f) are required in most cases when the process shifts from one part to another 
and are considered as the main components of the setups. Since different parts may have similar or quite different 
fixturing requirements, the part setup times are generally sequence-dependent. Thus the sequencing decision has to 
be made to minimize setup time or cost. 

(ii) Defective pans In a machining process, the tools may fail randomly. The failure distributions of a tool may 
be different when different parts are processed. If a tool fails during the operation of a part, the part becomes 
defective. The defective cost of a part depends on the value accumulated up until the in-process failure occurs. The 
total defective part cost will depend on the tool replacement decisions. 

Our objective is to minimize total expected production cost. Since the machining cost is assumed to be a 
constant, the problem reduces to the one of minimizing total setup cost and expected defective part cost. 

2.3 Notation 
In this paper the following notation is used. 

tool type index, i = 1, ... ,/ 
j part type index, j = 1, . .. ,J 
l last position in the current part sequence represented by set '¥ 
½ a set of tools required for machining operations on part j 
0 a set of parts to be sequenced 
'¥ a set of parts having been sequenced 
m;i a tool replacement indicator; if tool i is replaced immediately before the processing of part j, m ij= 1; 

othexwise, mv= 0 
M; available number of tool spares of type i 
c machining cost per unit time 
ccy setup cost if part j is the first part being processed in the batch 
c6rw setup cost if partj is processed immediately following part o(l}, cMJi = c~ t\(IJi 

t\(1» setup time if part j is processed immediately following part o(l) 
tiJ machining time required by tool i for partj 
P;J cumulative value on part j up to the operation processed by tool i 
pi material cost of part j 
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hJt) 
o(lJ 
all) 
O(iJ) 

cost of tool type i 
expected cumulative cost when the lth position in set it is filled 
reliability of tool i at the end of the operation for partj if it is not replaced immediately before processing 
partj 
reliability of tool i at the end of the operation for part j if it is replaced immediately before processing part 
j 
hazard rate when tool i is used for part j 
index of the part in the Ith position of set '1t 
a set of parts completed by the current tool of type i after the processing of the Ith part in it 
the number of the operation performed by tool i on part j 

3. THE HEURISTIC 
In general the sequencing problem with sequence--dependent processing times or costs on a conventional 

machine is equivalent to the travelling salesman problem (ISP) - a well known NP-complete problem. The optimal 
solutions can be feasibly obtained only for small problems. This forces researchers to seek approximate algorithms. 
An excellent survey of approximate algorithms for the TSP was given by Golden et al (3]. They classify the 
heuristics into three categories: construction procedure, improvement procedure (or branch exchange procedure), 
and composite procedure (a combination of construction and branch exchange procedures). By comparing the 
performance of some well known heuristics in solving five 100-node problems, they conclude that a three-step 
composite procedure generally provides more accurate solution. They also point out that the three-step composite 
procedure is computationally slower. However, the branch exchange heuristics, the critical steps in the three-step 
procedure, can be applied only to the problems in which the distance between any two adjacent nodes is fixed. For 
example, in the following two "tours" , 

a-b-c-d-e-f-g and a-b-e-f-c--d-g 

the distance between c and d is fixed whether their position is between b and e or between f and g. When defective 
cost is considered, the incremental cost ("distance") between a pair of adjacent parts is affected by all previous tool 
replacement decisions. Therefore, the incremental cost or "distance" between any two adjacent parts is position
dependem, i.e. , even if the sequence of a pair of adjacent parts is fixed, the incremental cost of adding the second 
part of the pair to the fltour" may be different if their position relative to other parts in the "tour" is changed. This 
feature further complicates the problem and precludes the application of any branch exchange heuristics. Moreover, 
the real-world shop floor practice is more in favour of quick and relatively good heuristics. Keeping these in mind, 
we propose a nearest neighbour heuristic (NNH). The NNH contains the following steps. 

Step 1 Set it= {<I>}, l= l and start with any part, say j, as the first position in the sequence. The expected in
process failure cost, tool cost and setup cost are given by 

Then update part sets and remaining tool spares: 'ff-{j}, n-n-{j}, M;-M;-1 (iEI). 
Where 

O(i ,j ) 
p .. = Pj + L t nj C v idi,j I) 

n=l 

~j = exp (- J; ij h .. 
lj 

( t ) dt ) \/ iE½, j 

Step 2 For alljE 0, compute the cost increment assuming part} is placed at l+ 1st position in sequence ,Jr : 

Where 
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, i j = ( IT R; q) R;j 
qG:r; (/) 

Set l-l+ 1 and go to the next step. 

Step 3 IF 0= {</>}, stop; 

ELSE, let /.).g k = ~~ { D..g j } 

IFmik:s;M" foralliEl1c,set ·g 1 +-g1 +Agk, 'F-P+{k}, and !141-{k} 

ELSE, delete k from 0, and go to the beginning of step 3. 
END IF 

END IF 

Where, lrfi = 1, if (Q+Pij) ( l-R;i) +Q <(Q +Pij) ( 1-r ij); 0, otherwise 

This heuristic is applied repeatedly until every part has been used as the starting part in the sequence. In this way 
a total of J different part sequences are generated and the one with the lowest cost is selected as the final solution. 

4. EXAMPLE 
We illustrate the application of the proposed algorithm by sequencing 20 parts on a machining center with 20 

types of tools. The tool lives are assumed to follow exponential or Weibull distribution. The parameters of the 
exponential and Weibull distributions are assumed to be known for every tool-part combination. Both machining 
cost and setup cost are $5/min for all operations. The required machining time of each tool-part combination is listed 
in Table 1. Initial part costs (material costs) and tool costs are given in Table 2. The setup times are sequence
dependent and shown in Table 3. 

Part 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

2 

2.0 

2.0 1.0 
3.0 

3.0 

2.0 

2.0 4.0 
3.0 

3.0 

2.0 

1.0 0.5 
1.0 

3.0 

1.0 

3 

3.0 

2.0 
2.5 

1.5 

2.0 
1.5 

3.0 

2 .0 
2.5 

1.5 

4 

2.0 
2.0 

1.5 

2.0 
2.0 

3.5 

2.0 
2.0 

2.5 

2.0 

5 

1.5 

2.0 

1.5 

2.0 

1.5 

2.0 

·-• means no operation is assigned 

Tool type I 2 3 4 
Tool cost 10 12 14 5 
($/tool) 

Part type I 2 3 4 
Matenal cost 180 250 160 200 
(S/piece) 

5 
8 

5 

6 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

400 

Tool Typ~ 

7 8 9 IO 11 12 13 I 4 15 16 17 18 19 20 

2.0 

3.0 

2.0 

3.0 

2.0 

3 .0 

2.0 

2.0 
2.0 

2 .0 
2.0 

2.0 
2.0 

2.5 

4.0 

2.5 

1.0 

2.5 

1.0 

2.5 

1.0 
1.0 

1.0 
1.5 

1.5 
1.5 

2.5 

2.0 

2.5 

2.0 

2.5 

2.0 

0.5 

1.0 
2 .5 

2 .0 
0.5 

2 .0 
2.5 

Table I Required operation time (min.) 

6 7 8 9 10 11 12 
14 5 10 7 6 8 7 

8 6 7 9 10 II 12 
350 150 100 120 600 220 180 

Table 2 Tool cost ($/tool) 
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3.0 
0.5 

3.0 

3 .0 
1.5 

1.0 

3.0 
0.5 

1.0 

13 
15 

13 
240 

1.0 

2.0 

1.0 

2.0 

l.0 

2.0 

3.0 

14 
12 

14 
440 

2.0 

1.0 

2.0 

3.0 

2.0 

0.5 

1.0 

15 
11 

15 
450 

1.5 

1.5 

1.5 

16 
10 

16 
570 

3.0 
2.0 

3.0 

2.0 2.5 

3.0 
2 .0 

3.0 

2 .0 0.5 

1.0 
2.0 

3.0 

2.0 2.5 
0.5 

3 .0 

17 18 
5 6 

17 18 
280 350 

1.0 
2.5 

1.0 
2.5 

1.0 
2.5 

1.0 
2.5 

19 
8 

!9 
400 

1.5 

1.0 

0.5 

1.0 

20 
14 

20 

1.5 

1.0 

1.5 

200 



I I 

/EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering. and Management Systems 

Successor Predecessor part 
part 

2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 

I 2.0 0.5 1.0 2.0 2.5 3 .0 2.5 1.0 2.2 0 2.5 2.0 2.5 1.0 1.0 1.5 1.5 2.0 1.5 
2 2.0 I.5 0 2.0 2.0 1.0 2.0 1.0 .7S 1.0 0.) o.s 2 .0 2.5 0.5 1.5 2.0 2 .5 2.0 
3 o.s l.S 1.0 2.0 2 .5 3 .0 2.5 1.5 2.2 0 1.0 1.0 1.5 2.0 2 .5 2.0 1.0 0.5 1.0 
4 1.0 0 1.0 1.5 2 .0 2.5 3.0 2.5 1.0 2.0 1.0 1.0 1.5 2 .0 0.5 0.5 1.0 2 .5 1.5 
5 2.0 2.0 2.0 1.5 1.5 2.0 3.0 2.0 1.0 2.0 0.5 1.0 2.0 2.5 2 .0 0.5 l.5 2.0 2.5 
6 2.5 2.0 2.0 2.5 1.5 2.5 3.0 2.5 1.0 2.0 3.0 2.5 2.0 0 .5 0.5 1.0 1.0 2.5 1.0 
7 3.0 1.0 3.0 2.5 2.0 2.5 1.0 2.0 1.0 .75 2 .5 .75 2.0 1.0 1.0 1.5 2.0 2 .0 0.5 
8 2.5 2.0 2.5 3.0 3.0 2.5 1.0 1.5 .75 0 0.5 2.0 3.0 2 .5 1.0 1.5 1.0 0 .5 3.0 
9 1.0 1.0 1.5 2.5 2.0 3.0 2.0 1.5 1-.0 2.0 2.0 2.5 0.5 1.0 2.0 3.0 0.5 .75 2.5 
10 2 .2 0.5 2.2 1.0 1.0 1.0 1.0 1.5 1.0 2.0 1.5 2.0 2.5 1.0 0.5 2.5 2.0 0 .5 2.0 
11 2.0 2.0 2.0 1.5 0 1.5 2 .0 3.0 2.0 1.0 0.5 0.5 1.0 2.5 3.0 2 .5 1.5 1.5 1.0 
12 2.5 2.0 2.0 2.5 1.5 0 2.5 3.0 2.5 1.0 2 .0 3.0 .75 2.0 1.0 3.0 o.s 1.5 2.0 
13 0.5 1.5 0 1.0 2.0 2 .5 3 .0 2.5 1.5 2.2 0 3.0 2.0 1.5 3.0 1.5 2.0 2 .0 1.0 
14 l.0 3.0 1.0 0 1.5 2.0 2.5 3.0 2.5 1.0 2.0 3.0 2.0 1.0 3.0 0.5 1.5 2.0 1.0 
15 2.0 2.0 2.0 1.5 0 1.5 2 .0 3.0 2.0 1.0 2.0 0.5 2.0 1.0 1.0 3.0 1.5 3 .0 2.0 
16 2.5 2.0 2.0 2.5 1.5 2 .5 2.5 3.0 2.5 1.0 2 .0 0 3.0 .75 1.2 3 .0 0.5 1.5 2.0 
17 3.0 1.0 3.0 2.5 2.0 2 .5 0 1.0 2.0 1.0 .75 0 2.5 3.0 2.0 2 .2 0.5 2.5 2.0 
18 2.5 2.0 2.5 3.0 3.0 2.5 1.0 2.2 1.5 .75 l.5 3.0 3.0 2.0 1.5 3.0 1.5 2.0 1.0 
19 1.0 1.0 1.5 2.5 2.0 3.0 2.0 2.5 1.0 1.0 2.0 3.0 .75 2.0 1.0 3.5 0 .5 2.0 1.0 
20 2.2 .75 2.2 I.0 1.0 1.5 1.0 .75 1.0 0 2.0 3.0 2.5 2.0 1.0 3 .0 0.5 1.5 2.0 

. - "': Nol applicable 
Table 3. Setup times (min.) 

Part sequence 
M;=0 5,6,4, 7,2, 1,3,8, 13, 10,9, 11, I 2, 14, 17, 18,20, 19 ,16,15 
M;=l 5,6,4, 7,2, 1,3,8, 13, 10, 11,9, 12, 14,17,20, 18, 19, 16, 15 
M;=2 5,6,4, 7,2,3,1,8,11, 13, 12,9, 10, 14,20, 16,17, 19,15, 18 
M;=3 5,6,4, 7,2,3,1,8,1 1, 13, 12,9, 10, 14,20, 16, 17, 19,18,15 

M;=O M;=l M;=2 M;=3 
Tool spare cosl ($) 0 187 305 362 
Expected production cost ($) 3240 1097 1605 1469 
Average system reliability 0.61 0.74 0.81 0.83 

Table 4 . Solu1ion for the 20-part problem 

Tool type l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Required Spares 2 3 3 2 2 1 3 2 I 2 2 2 2 2 I 3 3 2 

Table 5. Tool spare requirements for the 20-part problem 

The heuristic has been coded in TURBO C. To analyze the effects of tool spare level on production cost, the 
problem is solved at different tool spare levels (0-3 copies). It talces less than 2 seconds for each run on a 486 PC. 
The results are summarized in Table 4. It is shown that the overall production cost can be significantly reduced and 
a more reliable production process can be achieved by increasing tool spare level. The tool spare cost in Table 4 
is only the cost of the tools which are actually required rather than that of the total tool spares. The actual tool 
consumption for M; = 3 is shown in Table 5. As can be seen in Table 5, only one tool copy is required for tool 
types 6,9,10,16, and 20 even if three spares are available for each of these tools. This indicates that the tool spare 
effect may reach a saturated level if the provided tool spare level is too high. This is supported by additional 
computations for an 80-part problem as plotted in Figure 1. Figure l clearly shows that for our example problem 
the tool spare effect reaches saturation level when tool spare level is 12. It is also worthwhile to point out that the 
actual tool consumption shown in Table 5 can be used to check the feasibility of the tool provisioning decisions 
made in machine loading stage if the machining center is a part of a flexible manufacturing system. The reason is 
that tool provisioning (allocation) decisions are often made in machine loading stage (e.g. , [8]) without considering 
part sequencing and the probabilistic nature of tool lives. This may lead to redundant or inadequate tool spares on 
the machining center, which can easily be corrected using the output of the proposed heuristic. 
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Figure 1 Production reliability and total expected production cost with different number 
of tool copies for the 80-part problem 

5. PERFORMANCE OF THE HEURISrIC 
To examine the computational efficiency, we have solved a set of 80-part problems with the same C code on 

a 486 PC. The average run time is less than five seconds. The accuracy of the heuristic solutions is examined by 
comparing the optimal solution with the heuristic solution for a set of 10-part problems. The optimal solution of the 
IO-part problem is obtained by enumerating all possible (10!=3628800) sequences. On the average it took more 
than 49 hours to get optimal solution on a 486 PC using a C code. The average percentage error in the expected · 
production cost between the heuristic and optimal solutions is 4.49% and the maximum error is 8.2%. Though we 
cannot generalize this conclusion, we believe this heuristic does provide a useful decision tool for solving such a 
complicated problem. 

6. CONCLUSION 
In this paper, a nearest neighbour heuristic is presented to solve the joint part sequencing and tool replacement 

problem for a machining centre. To incorporate tool replacement decision into the combined problem, probabilistic 
tool lives are assumed. The application of the algorithm has been illustrated with an example. The computational 
results indicate that, with the expense of small increase of tooling cost, a much more reliable production process 
with lower processing cost can be expected. However, this effect is bounded when the number of provided tool 
spares reach a saturation point. The perfonnance of the heuristic is also examined by solving a set of 80-part 
problems and comparing with the optimal solutions of a number of small sized problems. 
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SINGLE MACHINE SYSTEM 
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ABSTRACT 

We address the problem of scheduling njobs on a single machine with the objective of 
minimizing the flow time (completion lime) variance (CTV) and ll1e weigbled flow 

time variance. Such objective functions are known as non-regular performance 
measures. The CTV problem is NP-hard. We propose a labu search procedure to 
solve these two problems. Comparisons with the existing algorithms will also be 

furnished. · 

l INTRODUCTION 

Consider ll1e problem of scheduling njobs on a single machine with the objective of minimizing the 
squared deviation from the mean completion time (CTV). Such objective functions are known as non-regular since 
the objective function does not necessarily increase with the job completion time. 

Past research on scheduling has mostly concentrated on regular measure of performance, such as mean 
flow time and makespan. Yet in certain situations, non-regular measure of performance, such as completion lime 
variance and sum of earliness/tardiness penalties seem to be more appropriate. For instance, in service or 
manufacturing systems, it is desirable that each customer spends about lhe same time in the system as other 
customers. 

In recent years, scheduling research involving non-regular measure of perfomiance has received some 
attention, partly due lo tile introduction of tile Japanese just-in-time and zero inventory concepts. 

Completion lime variance (CTV) and waiting time variance (WTV) were first introduced by Merten and 
Muller(1972) [6] as two related non-regular performance measures. These measures were further investigated by a 
number ofresearchers, such as Scbrage(l975)[7], Eilon and Chowdhuary (1977)(2), Kanet(l981)[5), Vani and 
Raghvachari(l987)[8], Bagchi et al. (1987), Bagchi (1989) and Gupta et al. (1990, 1993)(31[4]. 

Schrage[SJ proposed the first optimal algorithm for scheduling up to five jobs, while Eilon and 
Chowdhuary[2] proved that the optimal sequence to CTVand wrv problems is V-Shaped, meaning that the jobs 
proceeding and succeeding the shortest job are in LPT and SPT. They also provided a number of heuristic methods 
for large problems. Kanet[6] developed a heuristic algorithm (JJK) and demonstrated the superiority of its 
performance to those ofEilon and Chowdhuary. He also showed that lhe CTV problem is equivalent to minimizing 
the sum of squared differences in job completion times. Vani and Raghvachari[9] also developed a heuristic 
algoriUm1 (V&R) based on the concept of pooled variance and found that their heuristics compared favorably with 
oll1ers. 

Gupta et al.(1990)[3] furnished a comparative analysis of the existing heuristics and also proposed a new 
heuristic (GGB l) for the CTV problem. They concluded that Ka net's JJK. algorithm and their GGB 1 are by far the 
most efficient heuristic algorithms. Recently, Gupta el al.[4] developed a heuristic procedure based on genetic 
algoritl1ms for the completion time variance and weighted completion lime variance problem. The GA algorithms 
performed very well when compared to other heuristics. In addition, it is more flexible and easier lo be adapted to 
different types of problems. 
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Cheng and Cai ( 1992)111 proved that the CTV problem is NP-hard. This justifies the necessity to further 
develop efficient heuristics for solving this class of problems when the size of the problc111 is large. We propose a 
solution method for the CTV and WCTV problems based on a relatively new procedure. called "tal.>L1 scarchM. 
Comparisons with the GGBl and FVM algorithms will be made and some conclusions will be drawn on wl1ich is 
the most appropriate approach for this type of problems. : 

II. PROBLEM FORMULATION 

Asswnc all jobs arc available al time 0. Associate with each job j is a processing time pj and a weight "j. 
The problem under study is sequencing njobs on a single machine so that the following two measures can be 
minimized: 

1 " - 2 
L crv- - L (c;-c) . 

n . I 
,- 1 " 

2. WCTV = Weighted Completion Time Variance - - L w-(C. - c)2. n , , 
j-1 

where 
" 

Cj = completion lime or flow time of job j, and C = I /n L Ci. ,-1 . 
For these lwo problems, permutation schedules constitute a dominant set 

III. T ABU SEARCH 

Tabu search, is a 'metaheuristic' for solving hard combinatorial problems. Proposed by Glover[5] recently. 
il has enjoyed a number of successes since its emergence. ll has been applied to problems in areas such as employee 
scheduling, machine scheduling, neural network pattern recognition, graph coloring and partitioning. IL 
outperformed many existing methods in tenns of solution quality and speed. Further, it is a general approach, 
hence can be easily adapted lo any applications without much prior knowledge of the problem structure. 

What distinguishes tabu search from other search procedures is a memory structure embodied in a list of 
tabu moves. In other words, tabu search keeps track of the moves made earlier so that cycling (repetitions of the old 
solutions) will not occur as the algorithm proceeds. The tabu restrictions are usually taken as the reversal of moves 
made before. By forbidding these attributes from occuning in the future, one can prevent the procedure from going 
back Lo the previous solutions. The tabu attributes, which are recorded on a list, remain on the list for a certain 
number of iterations. The tabu list operates as a first-in-first-out queue. When a move is removed from the list, it 
qualifies for. being selected again. In addition, the labu status of a move can be overridden by some aspiration 
criteria . .For instance, if a move is the best found so far, its tabu status can be overridden. 

IV. THE SOLUTION PROCEDURE 

To implement tabu search, we need lo define a neighborhood structure, an initial solution, and a stopping 
criterion to terminate the algorithm. ln this application, the neighborhood is generated by all pairwise interchange 
procedure. The tabu restriction is created by identifying paired attributes (job number, position) from the 
interchanges. Specifically, if a job is permuted from position x lo y. then pair (j,x) becomes tabu, which simply 
indicates that job j is prevented from going back to position x in the next few iterations. Following is a detailed 
description of the algorithm. 

Step l. Select an initial solution randomly. 
Step 2. Generate the neighborhood by all pairwise inlerchange method, and evaluate lhe neighborhood solutions in 
an orderly fashion. Select the best solution that is not tabu. 
Step 3. Replace the current solution with the solution found in Step 2 and update the best solution if it is better 
than the current best. 
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Slcp 4. Slop if the stopping criterion is true; otherwise go to step 5. 
Step 5. Update the tabu list and go back lo Step 2. 

V. PARAMETER SETTINGS AND COMPUTATIONAL RESULTS 

The tabu search algorilhm is implemented in PASCAL on the DEC VAX 6610 mainframe. For the CTV 
problem, we applied the algorithm to two sets of problems adapted from published articles in the literature. 

The first problem set was created by Eilon and Chowdhuary( 1977)[2] and consists of seven problems with 
sizes ranging from six to ten jobs. This set was subsequently used by Kanct [6], Vani and Raghvachari (9], and 
Gupta et al. (3)(4), for testing their heuristic algoritluns. JJK, V&R provided optimal solutions for five and three 
problems respeclively, while GGBl found the optimal solutions for all seven problems. The genetic algorithm of 
Gupta et al. also provided the optimum sequences for all seven problems. 

TI1e second problem set was given by Gupta et al. ( 1990) and consists of 15 problems with sizes ranging 
from ten to lwenty jobs. This set was used by Gupla et al. for comparing tl1eir algoriU1ms with other heuristics 
mentioned earlier. GGBl provided optimal solutions for eleven problems and it outperformed all other algorithms 
except in one case where JJK performed slightly better. Gupla et al. (1993) also applied their heuristic (FVM) 
based on genetic algorithms to this problem set TI1e FVM algorithm found optimal solutions for S out of 15 
problems and solutions that are within 0 .2% oftlle optimal for all the problems in this set 

Our algorithm based on tabu search found optimal solutions for all seven problems in tlle first sel 
Furthem1ore. it found optimal solutions for the 15 problems in the second set as well. Therefore. we conclude that 
the tabu search algorithm perfonned bcUer on the test problems than all the above-mentioned heuristic procedure, 
including the FVM algorithm by Gupta et al. based on genetic algorithms. 

For the weighted mean flow time variance problem., we slightly modified our original algorithm (changed 
the way the objective function was calculated) and applied it to the problem set created by Gupta et al.[4]. The 
processing times and the weights were generated randomly witll the weights added up to one. This set consists of 
10 problems of size eight. The FVM procedure of Gupla et al. found optimal solutions for all IO problems in tllis 
set. and so did our tabu search algorithm. 

The tabu list size was set at three different levels, 1, 7 and 10 and tl1e number of iterations was set at l 00, 
200, and 500. No aspiration criteria were employed in this application. After experimenting with the algorithm, we 
found that "7" is a good size for tl1e tabu list. and 100 iterations is sufficient for problems of this magnitude. TI1e 
results of our heuristics are shown in Tables 1 and 2. The CPU times of the algorithm for problem set 2 are also 
listed. In no case was tJ1e optimal solution found in more than a second. The CPU times for other problems are 
even less due to the smaller size of the problems. Since the CPU time of the other heuristics are not provided by the 
authors, we are not able to compare how well our heuristic performed relative to other approaches in terms of the 
speed of tl1e algorithm. Never-Ute-less, we believe that our algoritl1m is efficient and effective in solving these 
problems. 

VI. CONCLUSIONS 

In U1is paper, we applied a tabu search procedure to the single machine flow time variance and weighted 
flow time variance problem. The results are very encouraging. This work demonstrated the effectiveness and 
versatility of tabu search for the single machine scheduling problem. Our approach provided better quality 
solutions for the test problems than all olber existing heuristics, including a genetic algorithm approach by Gupta 
et al. Compared lo genetic algorithm. tabu search is simpler lo implement for this application, since it has less 
parameters involved. Hence based on our limited experimentation, it seems that tabu search is more appropriate for 
the single machine flow Lime variance problem than genetic algorithm. However, further research needs lo be 
carried out on testing tbc available algorithms on larger size problems in order to draw more appropriate 
conclusions. 
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T t,I I M C a e <.:all . O!IIJ) <.!(1011 llllC anaucc Results tor HI) ell! et . . .. .:------··- -·-· 
I . r V . P 11 S 

- . 
Probkm No. No. or Jolls Optimal Values Tahu Search Solutions 

I 6 2l8A7 218.47 
2 7 918.28 918.28 
3 8 187 .23 187.23 
4 8 254.48 254.48 
5 10 486.40 486.40 
6 10 3584.00 3584.00 
7 IO 1336.00 1336.00 

T bl 2 M C a e ean omp et1ou une anance I - T V . esu ts or ro em et R l fi P bl S 2 

Problem No. No. of Jobs Obj. Fune. Values by Optimal Values CPU Time 
Tabu Search (Seconds) 

1 10 7027.96 7027.96 0.12 
2 10 12269.76 12269.76 0.16 

3 10 20903.36 20903.36 0.14 
4 10 14094.01 14094.01 0. 14 

. 

5 10 1884.80 18884.80 0. 10 
6 15 16052.19 16052.19 0.35 
7 15 27082.80 27082.80 0.35 
8 15 29805.40 29805.40 0.35 
9 15 57713.76 57713. 76 0.34 
10 15 36005.18 36005. 18 0.29 
11 20 70843.39 70843.39 0.71 
12 20 76050.66 76050.66 0.67 
13 20 58912.59 58912.59 0.73 
14 20 54589.11 54589.11 0.69 
15 20 50015.15 50015.15 0.71 

T bl 3 W . h d M C 1 . a e : e1g. te ean omp euon Time V . anance R esullS 

Problem No. Ootimal Sequences Tahu Search Solutions Ootimal Values 
1 41786235 1095.04 1095.04 
2 25713846 418.46 418.46 
3 43271568 247.88 247.88 
4 16473852 1096.94 1096.94 
5 63487152 527.83 527.83 
6 . 58632714 378.06 378.06 
7 87156243 614.85 614.85 
8 83452761 1042.35 1042.35 
9 67582431 208.09 208.09 
10 42651738 207 .01 207.01 
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ABSTRACT 

Job Shop Scheduling (JSS) problems continue to be among the most 
challenging problems to solve. This paper offers an architecture and an 
implementation approach for providing optimal or near-optimal solutions to 
complex real-world sequencing, scheduling, and rescheduling problems. The 
architecture combines JSS solution components with the AI-based evolutionary 
computing technology of Genetic Algorithms (GAs) . Using this architecture as 
the model, a general purpose prototype application for solving JSS problems 
has been developed and several problems and solutions are shown. These 
example problems illustrate the architecture-based prototype's flexibility in 
solving traditionally difficult problems involving multiple objectives and 
relaxed constraints. For example, Cmax (makespan) can be minimized while 
concurrently handling a combination of other scheduling objectives and 
coristraints including job priorities, ready times and due dates, and sequence
dependent setup times. 

INTRODUCTION 

Numerous te>..tbooks and countless papers have been developed to discuss sequencing and scheduling issues. 
While advances continue to be made in this area that is often labeled as a "black hole for research," much of what 
has been published relates to the theoretical aspects of Job Shop Scheduling (JSS) problems. What is needed, we 
believe, is more practice-oriented scheduling research that focuses on application of theoretical results to real
world, practical situations. 

This paper describes a general-purpose approach for dealing with real-world job shop scheduling and rescheduling 
problems. First, an architecture for handling real-world scheduling problems is presented. The JD-JSS 
architecture is designed as a general purpose. flexible, and e:-.."tensible real-time model for providing optimal or 
near-optimal solutions to JSS problems. The architecture uses both domain-dependent and domain-independent 
components, and it capitalizes on the emerging technology of genetic algorithms [l, 2, 3, 4, 5, 6] to guide the 
optimizing search within the architecture. Ne:-..t, results from experiments using a representative prototype 
application implementing the architecture are presented. The prototype is used for defining, describing, and 
demonstrating features and functions of the architecture. Traditional scheduling-theoretical restrictive 
assumptions (7, 8, 9] used to accommodate scheduling research are relaxed, and the prototype application is used 
to demonstrate how real-world constraints can be employed individually or in combination. 

ARCHITECTURE OVERVIEW 

The structural and functional views of the JD-JSS architecture are shown in Figure I and Figure 2, respectively. 
Although the architecture is described graphically as having distinct separable components, the architecture is, in 
fact, highly integrated. A dra\\-i ng of the type shown in Figure 2 is necessary, however, to facilitate a discussion of 
the architecture and the flow of information. 

Specifically, the architecture must provide the opportunity for relaxing the Rinnooy Kan [7] restrictive assumptions 
as-well-as several additional requirements. Table l provides an abbreviated list of the minimum acceptable 
requirements for any application syslem developed in accordance with the architecture. This information provides 
a baseline for application development based on Rinnooy Kan's well-known set of assumptions. 
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Figure 1. Structural View of JD-JSS Architecture Figure 2. Functional View of JD-JSS Architecture 

Table 1. Scheduling Theory Restrictive Assumptions and JD-JSS Architecture Requirements (Abbreviated) 

JOB-ORIENTED JD.JSS ARCHITECTURE 
RESfRICTIVE ASSUMPTIONS REQUIREMENTS 

Jl The number of jobs is knoMI and med. Add, change, or clelete jobs, machines. or constraints 
at any ooint in the scheclwe's execution. 

J2 All jobs are available at the same instant and Def"me ready times and job order precedence. 
indenendent. 

MACHINE-ORIENTED JD-JSS ARCHITECTURE 
RESTRICTIVE ASSUMPTIONS REQUIREMENTS 

Ml The number of machines is known and f"axed. Add, change, or delet~ jobs, mac:hiJles, or constraints 
at any noint in the schedule's execution. 

M2 All machines are available at the same instant and Pennit schedulecl machine downtime and machine 
independ~ denendenn·. 

JOB & MACHINE-ORIENTED JD~JSS ARCHITECTURE 
RESfRICTIVE ASSUMPTIONS REQUIREMENTS 

JMl All processing times are fixed and sequence- Set sequence-<iependent setup times. Chanic 
indeDeDdent. a,rocessin• times. 

JM2 Each operation once started must be completed Permit job interruption and reschedule remaining 
without inten,iption. workload. 

JM3 The a,rocessine order 1>er iob is known and fixed. Pennit open job shop sdleclalin2 (OSSP). 

ADDITIONAL JD.JSS ARCHITECTURE 
RF,OUIREMENTS 

Permit limits on work-in-oro!ress (WIP) inventorv. 
Permit non-machine and dwmnv iobs. 
Permit choice of ~lobal .....,uenc~ependent. or zero setup tunes. 
Permit partitioned (1.e-, partial) schedale re-ootimization. 
Pennit dvnamic rescheclulin! ca11abilitv. 
Permit variable lot sizes. 
Permit real-time view of chan!eS and "wbat-ir' scenarios. 

The GA component provides the scheduling domain-independent optimi7ing search process for the architecture. 
This process does not provide a schedule as its output. The GA component simply provides a sequence of job
operations as input to the Scheduler component on each iteration of the optimizing process. The Scheduler places 
each job-operation on the schedule based on the GA-provided sequence using an heuristic set of Scheduling Rules. 
The Evaluator component computes a fitness value for each schedule developed as the optimizing process proceeds 
through each iteration. It synthesizes all information from the scheduling process and combines the results into a 
cumulative single value called the schedule's fitness value. Since the fitness value is a composite of several 
variables, it has no meaning other than as a comparison relative to the fitness of other schedules. The fitness value 
determined by the Evaluator is then passed back to the GA component. and the cycle continues. Since the GA 
process is aware that the objective is to minimize the fitness value. it employs its unique stochastic technique in an 
attempt to improve on the scheduling sequences it passes to the Scheduler on each iteration. The iterative process 
continues until some stopping criterion is reached. 
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The GA component passes each new sequence to the Scheduler component [4, 5, 6] and waits for the results of the 
Scheduler and Evaluator processes before it develops the next sequence. The Scheduler actually provides a 
simulation of the shop based on the scheduling sequence received from the GA component. It is conceptually 
analogous to an intelligent Gantt Chart/Diagram builder in that it uses the GA-provided sequence of job-operations 
to idenlify the next task to place on the Gantt Diagram as it is being constructed. 

The Scheduling Rules provide the Scheduler with details such as: 1) always forward schedule, never back schedule; 
2) always schedule only one job-operation at a time on each machine (unless the machine is designated as a multi
task or non-bottleneck machine, such as a drying oven); 3) always schedule one machine per any job-operation 
(unless the job has lot size greater than one and has been split); 4) always test for constraint violations (rewards or 
penalties) after the job-operation has been scheduled: 5) add any required setup time to the schedule before 
scheduling the objective job-operation: and 6) do not fix any constraint violations, simply add the reward or penalty 
to the overall fitness of the schedule. 

Outputs provided are both tabular and graphic. The tabular schedule permits viewing all details of the objective· 
schedule as well as allowing for real-time adjustments to the schedule on a "what-if' basis. The graphical outputs 
are the standard Gantt Chart variety. 

JD-JSS ARCIDTECTURE PROTOTYPE APPLICATION 

We now provide example problems to demonstrate the capabilities of the JD-JSS architecture-based prototype 
application. First, the Rogers multi-stage scenarios are shown (10]. Then, e:\.iensions to the Rogers scenarios are 
shown to demonstrate that the prototype has the capability to satisfy the requirements established by the JD-JSS 
requirement specifications shown in Table 1. The low-cost prototype is implemented on a 386/25 PC using the 
Microsoft Excel™ spreadsheet tool and the Evolver™ genetic algorithm add-in tool from Axcelis. 

The Rogers example· problem scenarios consist of a set of three increasingly complex job shop scheduling 
problems. The problems are representative of the real-world scheduling dynamics in that changing conditions 
require schedule modification and rescheduling actions. Scenario- I starts the problem with a job shop having a 3-
job, 3-operation. 3-machine scheduling situation. This is a standard, general job shop case with a minimum 
makespan objective. The problem is classified as a 3/3/G/Cmax problem [9]. For Scenario-I, the Cmax problem is 
setup as shown in Table 2. The technological constraints on the job-operation sequence are given as: l-10-< 1-20 
-< l-30; 2-10-< 2-20-< 2-30: and 3-10-< 3-20-< 3-30. That is, job-operation 1-10 precedes job-operation 1-20, and 
soon. 

TABLE 2. JSS Problem Setup for Rogers' Scenario-I 

Job Job- Predecessor Machine Processing Read)' Due Job-Opm 
ID Opm Operation ID Time Time Date Priority 

ID 
1 1-10 2 4 0 - -

1 1-20 1-10 1 7 0 - -

1 1-30 1-20 3 6 0 - -

2 2-10 2 9 0 - -
2 2-20 2-10 3 5 0 - -
2 2-30 2-20 1 4 0 - . 

3 3-10 1 1 0 - -

3 3-20 3-10 2 2 0 - . 

3 3-30 3-20 3 10 0 - . 

Table 2 completely specifies the technological information necessary for solving Scenario-I of the Rogers problem. 
The solution objective is minimization of Cmax. Following the optimization process. the optimal solution is 
shown in Table 3 with maximum completion time (Cmax) = 27. This value represents an optimal value for this 
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JSS problem, although there may be other schedules that provide the same optimal Cmax. This solution has been 
verified by exhaustive enumeration ( IO]. 

TABLE 3. Rogers' _Problem Scenario- I Res~lts - An Optimal Solution 

Scheduling Machine Processing Start Complete 
Sequence ID Time Time Time 

(Job-Oprn) 

3-10 1 1 0 1 
1-10 2 4 0 4 
1-20 1 7 4 11 
3-20 2 2 4 6 
2-10 2 9 6 15 
3-30 3 10 6 16 
2-20 3 5 16 21 
2-30 1 4 21 25 

1-30 3 6 21 I 27 I 
The ne:-.."t step is to produce a visual representation of the schedule. A machine Gantt diagram of the above solution 
is shown in Figure 3. Figure 4 shows a job Gantt diagram of the same optimal solution. 

>J,«e'h 1 LJO l:a-20 I 12- :110 I 0 1 ... 11 Z1 25 

.._eh 2 
11-10 13-20 12-10 I ·o ... 6 15 

:..Cc'h 3 13-30 lz-20 11-30 I 6 ..... Z1 Z7 

Figure 3. Rogers' Scenario-I - An Optimal Solution. Machine Gantt Chart. 

J- 1 11-10 11-20 I 11- :110 I 0 ... 11 Z1 Z'7' 

J-Z 
lz-10 lz-zo lz-30 I I& 1511& 21 :ZS 

J-3 ao b-2013-30 I 
0 1 ... I& 1G 

Figure 4. Rogers' Scenario-I - An Optimal Solution. Job Gantt Chart. 

Scenario-2: Just prior to the schedule's execution on the factory floor. a request is received to expedite job-I. The 
customer for job-1 requests an earlier delivery date than the time 27 date shown in Figures 3 and 4 . This situation 
adds a priority objective to the JSS problem. and rescheduling of the current production schedule is required. A 
priority indicator value of 1 is inserted in Table 2 for job-L The results of the re-optimization process are shown in 
Figures 5 and 6. 

I 
3 - 10 

12-30 ..... ., ... I 
11- 20 I I 

◄ .... ]12 = 2& 

-""ch Z 11.-J.o lz-10 13-ZO I 
0 .... 13 '15 

-.«eh 3 I 1.-30 12-20 '3-30 
1ll 117 22 32 

Figure 5. Rogers' Scenario-2 - An Optimal Solution. Machine Gantt Chart. 
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0 ... 11.-20 11.-30 I ... 17 

.JI .... z I lz-20 lz-30 I 
1.3 I.Y zz ZG 

LJ0

13-Z8 I ~ 13-30 
111.Zl.3 1 5 zz 32 

Figure 6. Rogers' Scenario-2 - An Optimal Solution. Job Gantt Chart. 

It is immediately obvious that although job-1 now has priority and completes at time 17 versus the previous time of 
27 in Scenario-I , Cma"X has increased from 27 to 32. This is certainly a justifiable situation in a real-world 
environment. Customer needs drive the schedules, and the best that can be expected is to provide the optimal 
schedule given the real constraints of the situation. 

Scenario-3: The schedule produced in Scenario-2 is being executed on the factory floor, and at time two of the 
schedule a valued customer places an order. That is, a job-4 enters the system. Further, this customer requests ' 
delivery be made by time 21 of the current production schedule. This customer is willing to pay both an e::-q,editing 
fee and a bonus for each time unit earlier than time 21 that the product can be delivered. The JSS problem now 
becomes a 4/3/G/Cmax problem having a combination of ready time, due date, and priorities for both job-I and 
job-4. A 4th job with a ready time of 2, a due date of 21, and a priority of I is added to Table 2 . The results of the 
JD-JSS prototype's re-optimizing process are shown in Figures 7 and 8 . 

Mell I l.a-•o 11-211 
1-ro 

l:MIO I I 
2 l0 l;'ll'l8 38 42 

Net. 2 11-.ul 14-30 13-20 ~ - 10 I 
2 .. 14 1-, Zl 30 

Wd,,3 '4-zo I 11- 30 l:w-- ~zo I 
10 14 17 za 33 3S 

Figure 7. Rogers' Scenario-3 - An Optimal Solution. Machine Gantt Chart. 

.J'-J. 1,-u,I 11-20 11-30 I 
2 .. lO "7 22 

.J'- .2 ~-10 I Ii-- lz-30 I 
21 30 :J:J =- 42 

.J'wlt, 'S tf"~ 13-30 I 
■7 ·- ·~ 

.21 :u 3 3 

.:1'•"11, ◄ 1 ...... , ... 20 14-31D I 
2 10 .... .., 

Figure 8. Rogers' Scenario-3 -- An Optimal Solution. Job Gantt Chart. 

As a result of re-optimizing the schedule, the new entry. job-4. is scheduled to start immediately at time= 2 and is 
given a high priority so it completes at time= 19. This is 2 time units prior to the due date of 21, and thereby, this 
job qualifies for the bonus offered by the customer for a delivery date prior to date 21 . Job-I still maintains its 
priority treatment, and now will complete at time = 23. This is still better than the Scenario-I projected due date 
of time 2 7 for job-I. 

We now address some e:\"tensions to the Rogers scenarios. Scenario-4 has tv,,o parts. The first part starts from 
Scenario-3's schedule and increases the lot size from l to 10 for each of the 4 jobs. The schedule is regenerated 
and the results are shown in Figure 9. The second part of Scenario-4 places sequence-dependent setup times into 
the scheduling problem. Table 4 shows the time required to perform setup tasks as a machine goes from a non-use 
state to a specific part setup. or as a machine changes state from one part setup to another part setup. One table is 
used to represent all three machines in this example. however. the JD-JSS prototype maintains a table for each 
individual machine. Figure IO shows the machine Gantt diagram with sequence-dependent setup times included. 
The schedule has been re-optimized. 
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Jl>«ch ll !-4-llO 1l·l:,S.-20 12-30 I 
10 ,0 100 170 110 220 

11..:cb 2 11-s.o 12-s.o 14-30 13-Z~ 
0 <110 11.310 ll80 200 

:a.llclh, 3 !<11- 20 12-20 b. - 30 13-30 
'90 130 180 240 ---:,-!::,o===------=~==~-------=-11 . 340 

Figure 9. Scenario-4, Part-I - Increase Lot Size to 10 and Regenerate Schedule 

Table 4. Sequence-Dependent Setup Times For Scenario-4 

MACHINE-1 TO TO TO TO 
SETUP TIMES Part No. 1 Part No. 2 Part No. 3 Part No. 4 

FROM Idle State 0 11 22 33 44 

FROM Part No. 1 0 30 40 15 

FROM Part No. 2 10 0 50 25 

FROM Part No. 3 20 60 0 35 

FROM Part No. 4 45 55 65 0 

3-10 

Mch l ~4- 10 ~1-ZO ~ ™2-30 1 
23'9 279 289 3"''J 38'9 0 ,44 124 1&'9 

0 11 
~ 4-30 

17'1 19& 246 311331 

Mcb 3 ~3-30 
80 124 

™ -20 t;l1-30 
154 21'9 269 279 33'9 37"9 

Figure 10. Scenario-4, Part-2 - Include Sequence-Dependent Setup Times 

◄T'9 

Scenario-5 builds on Scenario-4 by adding machine downtime constraints to the scheduling process. Scenario-5 
includes a combination of the following scheduling considerations: Minimizing Makespan (Cma-x); Selected Job 
Priorities; Ready Times on Selected Jobs; Due Dates on Selected Jobs; Scheduled Machine Downtime; and 
Sequence-Dependent Setup Time. Table 5 shows the downtime schedule for each machine in order to perform 
Preventive Maintenance (PM). Figure 11 shows the results of the machine downtime being added to the 
scheduling requirements and after rescheduling. 

TABLE 5. Scenario-5 Machine Downtime Schedule for PM 

Mehl Mch 1 Mch2 Mch2 Mch3 Mch3 
Start End Start End Start End 

150 170 80 120 165 185 

Mehl ~ 4_10 
0 44 

lr:w: ~1-20 
124 154 1,, 

~m-30 
2&'l 309 319 31'3 41'3 

3-10 

W:c'h2 ~2-10 
0 11 51 'JI 121 

™4-30 
211 236 286 351371 

Mehl 
80 12.C 164 184 23'J 28S 29S 35'3 3'9'9 -4'J'J 

Figure 11. Scenario-5 - Machine Downtime (PM) Added to Scenario-4 
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A number of other problems with complexities including no-wait time conditions, lot splitting, and concurrent use 
or non-bottleneck machines have been successfully tested along with the preceding. Any combinations of 
conditions can be used, and the prototype appears to perform well~ However. test data reflective of problems with 
real-world characteristics are not readily available. Therefore, testing and comparisons are difficult to construct 
and validate. This seems to be a consistent handicap in practice-oriented research efforts. 

SUMMARY 

The work presented in this paper represents the beginnings of a low-cost method for providing optimal or near
optimal solutions for job shop scheduling and rescheduling problems. An architecture-based proof-of-concept 
prototype was constructed and exercised on problem scenarios reflecting the dynamics of the JSS environment. 
The scenarios include ready times. due dates, job priorities, sequence-dependent setup times, and other scheduling 
requirements. Further. the prototype was validated successfully against numerous problems found in well-known' 
sequencing and scheduling texts and published papers and generally demonstrated solutions equal-to or better-than 
those published. However. although the prototype performs well and appears to reflect the architecture accurately. 
significant effort remains to ensure the approach is scaleable to much larger industrial grade problem situatiof!S. 

Perhaps the best thing that can be said for the approach at this point is that at least some reasonable solution can be 
made available rather quickly. Continued effort in this area of practice-oriented research can help to improve the 
usefulness of scheduling-theoretical approaches to industrial scheduling issues. We believe the needs of industry 
and the associated profit motive can champion a healthy interaction between theory and practice. 
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ABSTRACT 

This paper presents an approach to operation sequencing which takes into 
consideration many of the constraints and criteria commonly accepted in planning 
prior to the consideration and selection of resources. A multistep approach is 
implemented that involves the generation of potential sequences through the 
analysis of feasibility constraints, and the evaluation of the resulting sequences 
based on a set of optimality criteria. A prototype system for rotational parts was 
developed which uses an object-oriented paradigm. This system is demonstrated 
for an example part to show the utility of the approach. 

INTRODUCTION 

A major function within manufacturing engineering is the task of process planning. Process planning forms the link 
between design and manufacturing, providing a means for the translation of design requirements and specifications 
into a set of instructions describing how to manufacture a piece part or assembly. This planning function includes 
the determination of the routing for a part, the processes involved in its production, process parameters, machines, 
and tooling. 

Of the tasks involved in planning, sequencing is the most complex due to the large number of constraints 
that one should consider [l]. Past attempts at automating the sequencing task, as reported in the literature, have only 
touched lightly on this problem with most systems talcing into account only a few applicable constraints. Therefore, 
this paper focuses on the discussion of the constraints involved in sequencing and the development of an approach 
to sequencing which takes into account many of the constraints and criteria commonly accepted in process planning. 

SEQUENCING 

The essence of operation sequencing involves determining 
in what order to perform a set of selected operations such 
that the resulting order satisfies the precedence constraints 
established by both the part and operations. Reported 
methods for implementing operation sequencing include the 
use of production rules [2,3,4], precedence graphs with 
procedural algorithms for evaluation and pruning [5], and 
predefined sequences which are refined using production 
rules [6,7,8]. The approach reported in this study combines 
a part of each of these methods in its logic and relies on the 
object-oriented paradigm to provide a mechanism to support 
the implementation. 

Table 1: Factors which affect sequencing. 

Feasibility 
Constraints 

Optimality 
Criteria 

Location Reference 
Accessibility 
Non-destruction 
Geometric Tolerance 
Strict Precedence 

Number of Setups 
Continuity of Motion 
Good Manufacturing Practice 

The task of sequencing is complicated by the large number of interactions that exist between the various 
factors which affect decision-making. An investigation of those factors which are resource independent results in the 
classifications shown in Table 1. The purpose of focusing on resource independent constraints results from a desire 
to put off as long as possible the need to consider and select specific resources, thereby increasing the potential for 
archiving intermediate results which can then be retrieved and used further to support dynamic planning. 

As Table 1 reveals, it is possible to further divide the factors into those which address the feasibility or 
optimality of a sequence. This division permits the construction of a system which applies the feasibility constraints 
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to the task of generating alternative sequences, and the optimality criteria to the task of judging the quality of the 
resulting alternatives. This methodology simplifies the automation of the task and pennits a structured approach to 
solving the problem. 

PREREQUISTIES 

A prerequisite to sequencing is the availability of a description of the part in the fonn of a computer
interpretable product model. 1be product model used in this study defines a part in terms of its features utilizing 
object classes for representing the geometrical and technological attributes of each feature (9, 10]. Such a model 
provides the system with the capability to reason about the part in terms of its features. 

The object class hierarchy for describing form features classifies the fearures of a part as either primary or 
secondary features. The overall shape of the part is formed from a combination of the primary features: cylinder, 
taper. and face for rotational parts (or.block. wedge. cylinder. etc .• for prismatic parts). The secondary features of 
the rart add the detail (i.e .• threads, grooves, etc.). Each of these features reside on, and are defined relative to, a 
primary feature. For example, the basic shape of the sample part shown in Figure 1 is composed of two external 
cylinders (features f3, and fJ, one internal cylinder (feature fJ, and the three faces (f,, f5, and f1J. The remaining, 
features (grooves. chamfers. etc.) are represented as secondary features. Both the primary and secondary feature 
classes model the features of a part parametrically. . 

In addition to having access to a product model, the planning system must already have completed the 
selection of the operations required to produce each feature, and determined what operations will be performed in 
each setup. Details of these steps can be found in (10, 11]. Given these prerequisites a system can begin to focus 
on that task of sequencing. 

~ 

-----------140-----------

Figure 1: Sample part. 

APPROACH 
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The task of operations sequencing is complicated by two factors. The first pertains to the need to take into 
account the constraints imposed by the part on the applied operations and their possible interaction. Consideration 
of these constraints provides a means for establishing precedence and relaiion statements. These statements then form 
the basis for the generation and evaluation of a feature precedence graph (FPG) which is used to identify all feasible 
alternative sequences. 
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The second factor, deals with the fact tltat since more 
than one feasible sequence exists, a method is needed for 
evaluating and ranking the alternatives. This involves the 
application of optimality criteria to judge the value of each 
alternative sequence. 

~ The sequencing process is outlined in the sections 
below. To better understand the process, examples are presented 
with reference to the part shown in Figure 1. 

ACCESSING FEASIBILITY 

A feasible sequence is deemed to be one which does not violate 
any of the feasibility constraints listed in Table · I. These 
constraints are processed sequentially by the system with the f 4 
results of each application being the generation of either 
precedence or relation statements. A precedence statement takes 
the form, faCfb), meaning that feature, f", can't be machined until 
feature, fb, has been cuL A relation statement of the form, (f., fb, 
... ), pertains to multiple features indicating that these features 
must be machined in the same setup. Since the FPG is not 
constructed until after all constraints have been considered and Figure 2: FPG for sample part. 
the resulting precedence statements generated, the order in which 
these constraints are applied does not affect the resulting 
structure of the FPG. 

Location constrajnt. The f"irst constraint is concerned with an examination of the defined part features to determine 
what reference face is used to locate each feature. This reference identifies the necessity that the locating surface be 
machined prior to the associated feature. The reference face is indicated in the part definition by a pointer to another 
feature surface. Based on each relationship, a dependency statement. f.(fJ, between the feature, f., and its locating 
feature, fb, is generated. Example precedence statements for the sample part include: f.(f

1
) and f

9
(f

12
) . The two end 

faces of a rotational part are assumed to have null dependency indicating they can be machined at any time. 

Accessibility constraint. In order to machine a feature it must be accessible. The accessibility constraint evaluates 
each feature's accessibility based on two factors. The f"irst makes use of the fact that since a secondary feature is 
defined as residing on a primary feature, it makes sense not to machine the secondary feature until the primary 
feature has been formed. This relationship is inherently defined within the part definition where each primary feature 
contains pointers to its secondary features, and each secondary feature a pointer to the primary feature on which it 
resides. Based on an examination of these relations the dependency statements are written. Therefore, before a 
secondary feature, such as a thread, is cut on the diameter of the part, the diameter (a primary feature) must be 
machined to specifications. This precedence relationship for the sample part would be stated as, f

9
(f

8
) . Others include: 

f/f6), fif3), and f 11(f8). 

The second factor considers whether a feature is hidden by the clamping device or is not accessible due to 
possible interference between the clamp and tooling. At this time, the only consideration given to this factor is that 
all features within the same setup group (as defined previously) are considered accessible at the same time. 

Non-destruction constraint. This constraint is concerned with ensuring that a subsequent operation does not destroy 
the properties of features machined in prior operations. As a result of the method used by the system to model a part, 
this type of problem is limited to the interactions that occur between the secondary features which reside on the same 
primary feature. A destructive interaction between two features is determined using knowledge about such interactions 
encapsulated within each secondary feature. Each primary feature instantiated in the product model knows what 
secondary features it contains. It then queries each secondary feature for knowledge about what other secondary 
features (if present) must be machined prior to its production. This knowledge is used by the primary feature to 
define any required precedence. One example would be the need to machine a chamfer on a cylinder prior to cutting 
the threads (e.g., f9(f11 ) and f 10(f13)) . 
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Strict precedence constraint. The fourth step considers strict precedence whereby order is determined based on 
feature type and properties. One example would be an internal cylinder whose properties require the use of a reaming 
operation. However, before reaming can be performed, there is a need to first drill, and possibly bore, the cylinder. 
The need for these preparatory operations is actually determined during operation selection. Therefore, the results 
of this constraint will not actually influence the plan until the operations are considered when writing out the 
sequence. 

Geometric tolerance constraint. Next the system considers the geometric tolerances defined for the part. The types 
of tolerances that affect sequencing include: profile of a line and surface, perpendicularity, angularity, parallelism, 
total and circular runout, position, symmetry, and concentricity (12). The result of this analysis is the identification 
of those features which must be cut in the same setup. These relationships are indicated using the relation statement, 
(fa, fb, ... ). For the sample part the need to maintain concentricity between the bore and cylinder results in the relation 
statement, (f6.f8) . 

The determination of such geometric dependencies is based on an examination of the geometric tolerances 
defined for each feature object. This definition specifies the tolerance type, as well as, the datum features referenced. 
Since the application of this constraint does not prescribe a precedence condition, there is no way to reflect the resul~ 
in the FPG. 

GENERATING FEASIBLE SEQUENCES 

Following the application of the feasibility constraints, the resulting precedence statements are used to construct the· 
FPG (see Figure 2). Once built, the system consults the FPG and generates all the valid alternative sequences in the 
form of feature lists. At that point, the relation statements (from the geometric tolerance constraint) are applied to 
eliminate sequences which violate any of the stated conditions. 

EVALUATING OPTIMALITY 

At this point in the sequencing process, the system is left with an abundance of feasible alternatives. 
Therefore, this phase of the process is concerned with evaluating the alternatives to provide a measure for ranking 
them. 

The optimality criteria from Table 1 can be used to evaluate alternative sequences. Although processing cost 
and time are favored measures for judging alternatives, they can not be used at this point in the planning process 
since no resources have been selected. Therefore, this research investigated applying the optimality criteria which 
are resource independent. This application provides a useful means for ranking alternatives and then eliminating some 
early in the planning cycle. Cost and time calculations will be considered in the last phase of planning where there 
is a need to select an operation sequence for production. 

Therefore, at this phase in the development, the system considers the criteria relating to the number of 
setups, continuity of motion, and "good" manufacturing practices. For each criterion, a scoring method was devised 
to rate the alternatives on a scale from O (representing the best case) to 1 (the worst) . A weighted sum of these scores 
is used to rank the alternatives. 

Setups. This criteria scores each alternative based on the number of setups required to process the features as 
sequenced. During the setup determination step, performed prior to sequencing, the system recorded which features 
are processed together in the same setup. Therefore as the system examines the order of the features in a sequence, 
if the next feature in the list is not a member of the same setup group as the prior feature, then a setup change must 
take place between the processing of those two features. While determining the number of setups required for each 
alternative, the system records values for the max.imum and minimum number of setups found in a single sequence. 
Using these values and the number of setups for each individual sequence, the system calculates and records a score 
for each alternative based on the equation: 

Score ~ (# of setups - Min # found)/(Max # setups found - Min # setups found) (1) 

Continuity. One way to save time in processing is to minimize the motion of the tools and reduce the number of 
tool changes (indirectly). Therefore, the system scores each alternative by looking for groupings of operations of like 
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type within each setup. This process is supported through the construction of continuity templates. Each template 
is a list of features grouped by commonality of setup, operation type, and location. Using these templates the system 
searches for the prescribed patterns within the alternative sequences. For the sample part, the two continuity templates 
realized from a grouping of the facing and turning operations are CN(f1, f3, f5) and CN(fR, f 1:J. 

Scoring of each alternative is based on the degree with which a feature pattern in the sequence matches that 
of a template. The system is looking for the number of features in the sequence which match those in each template. 
These values are then used to calculate a score for each alternative using the equation: 

}:[# features in template(i) - # features from template found in sequence] Score= __ i _____________________________ _ 

4[# features in template(i) - l] 
1 

(2) 

Manufacturing practices. Over time a shop will begin to adopt a simple pattern of operation order that is preferred. 
This order represents good manufacturing practice in terms of processing, but is not an essential requirement. For 
example, removing material associated with interior features early in the process reduces the rotating mass stabilizing 
the part for further processing. To represent such practices, the system contains a predefined list of operations 
representing a generally acceptable order for processing. Using this list the system will create processing templates 
for use in evaluating the alternatives. 

Beginning with the first operation on the list. the system examines the features within a single setup group 
looking for a match between the operation listed and the operation selected for the features. If a match is found then· 
the feature is placed in a processing template for that setup. If not, the system moves on to the next operation. This 
process continues until all attempts have been made to match all the operations in the list. 

Using these templates the system will evaluate each alternative to determine the number of operations out 
of order while keeping track of the maximum value of all the alternatives. Then each alternative is scored based on 
how well it matches the template using the equation: 

Score=(# of features out of sequence) /(Max# of features out of sequence) (3) 

After considering each criteria. there will be three scores associated with each alternative representing the 
results of the evaluation for each of the three criteria. The weighted sum of the scores for each alternative is 
calculated and used to rank the alternatives, with a low score representing the best. The equation takes the form: 

Total Score= A *(Setup score) + B *(Continuity Score) + C *(Practices Score) (4) 

The use of weights ( coefficients A, B, and C) permits the user to assign preference to each of the optimality factors 
considered. Table 2 demonstrates this method of scoring for several alternative sequences generated from the FPO 
shown in Figure 2. 

Table 2: Examples of scoring alternative sequences. 

Feasible Alternatives from FPG 
Setup 
Score 

Continuity 
Score 

Good 
Practice 

Score 

Overall 
Score 

(fl,f3,f4,f5,f6,f2,f7,fl2,fl3,f10,f8,fl 1,f9) Not feasible alternatives since they violate the relations 
---(-fl-,f-6-,f2-,-f7-,-fl-2_,f_l _3,-fl-O-,f8-,f-11-,f9-,f3-,f-4,-f5-)----1 statement (f6,f8) 

(f12,f6,f8,f13,fl I ,fl0,f9,fl ,f5,f2,f7,f3,f4) 0/3 3/3 4/6 2.67 

(f12,f8,f6,fl 1,fl3,fl 0,f9,fl ,f3,f5,f4,f7,f2) 0/3 0/3 1/6 0.17 
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CONCLUSIONS 

The approach used for operation sequencing provides the capability for the system to consider realistic 
constraints in determining feasible operation sequences and then to rank these alternatives based on a set of 
optimality criteria which can be tuned to suit a user's preference. The constraints and criteria considered represent 
those most important to sequencing and provide a basis for demonstrating the validity of the implementation. 
However, as this research progresses consideration will be given to other constraints and criteria, as well as, to the 
effects resources will have on the approach and its resulting sequences. 
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ABSTRACT 
A new approximation method to find the performance measures of multistation 
production systems is developed. Production systems with heterogeneous 
subsystems can be analyzed by this approximation technique. The method 
decomposes the system into one station-one buffer subsystems. The output of 
each subsystem is fed into the next one according to some control algorithms. 
First, a decomposition method for multistation production lines is presented. 
The results obtained for the serial arrangement of workstations may be extended 
to more general arrangements. Numerical results for different cases are 
discussed. The value of the methodology is not in solving a single class of 
problems but in its flexibility and applicability to a wide range of models. The 
flexibility of the solution procedure allows various system assumptions to be 
implemented. For example, server variability, station breakdown, and 
inspection with possible scrapping may all be implemented. 

1. INTRODUCTION 

Production lines have been the subject of numerous studies in industrial engineering. A production line is a serial 
arrangement of workstations. Items receive an operation at each successive station. Although topologies of 
workstations more general than series arrangements are increasingly being used, the understanding of production 
line behavior is fundamental to the design and operation of such complex arrangements. Moreover, complex 
arrangements of workstations may be decomposed into simple subsystems of production lines with one or two 
workstations. These kind of decomposition approaches seem to yield good approximations [2], [3], [4], [6] ,[8]. 

The two most important performance measures of a production system are the production rate and the amount of 
work-in-process inventory. The production rate is defined as the average number of items produced per unit time in 
the long run. The common measure used to describe work-in-process is the expected number of items in each of the 
buffers. For operating and design purposes, it is important to have mathematical models to express the relationship 
between the system parameters and the performance measures. Analytical models prove to be rather complicated 
due to station interference among workstations, namely the phenomena of starvation and blocking [ l ], [ 5]. A 
nonoperating station with operational neighbors reduces the level of the downstream buffer and increases the level 
of the upstream buffer. For example, a failed station drives the downstream buffer empty, while driving the 
upstream buffer full. If no other breakdowns or repairs take place, a failed station will either block the upstream 
station or starve the downstream station. That is, it forces one or more of its neighbors to become idle. The adverse 
effects of blocking and starving are more pronounced when the buffers have lower capacities. Blocking and 
starving are the primary mechanisms responsible for the reduction of a production line's efficiency or the production 
rate (7], [9], [10], [13]. 

In general, production lines can be viewed as a series of queueing systems with finite or infinite waiting rooms 
between successive servers [ 11]. The production rate is a function of the number of stations, the capacities of 
interstation buffers, the distribution of service times, times to breakdown, and times to repair. A general production 
system is viewed as a network of workstations and buffers. 
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For thorough review of the production line models and the decomposition methods, the reader is referred to [5]. 

2. THE DECOMPOSITION APPROACH 

Consider a production line consisted of unreliable workstations and buffers in between the workstations. Let the 
time to service a part, time to breakdown, and time to repair be exponentially distributed random variables with 
ratesµ, <p, and rJ respectively. The production is partitioned into segments containing a single buffer followed by a 
single workstation as shown in Figure 1. Extensions to general networks of workstations are also possible. 

- - - - - - - - - - - - - - - - -- - - - -
I --- ------ --- -- - -- ----

' 

The blocking of the downstream is approximated by two parameters: the blocking probability b, and the blocking 
removal rate 13, i.e., the blocking time of the station is approximated by an exponential random variable. For the 
complete solution of the subsystem by the matrix polynomial solution procedure and the discussion of the related 
models, the reader is referred to [12] and [14]. Each segment is evaluated by solving a subproblem. Strictly 
speaking, the one buffer-one station-inspection station segments are not evaluated independently of the system. The 
input process from the upstream station, and the blocking process of the downstream station need to be specified in 
the subproblem. These processes are unknown at the beginning of the solution procedure. 

The solution to the each subproblem gives the output rate 'Yi, the probability that it blocks the upstream subsystem 
bi, and the rate at which its blocking effect is removed Pi· The solution of one subsystem is used in the calculation 
of the other subsystems, i.e., the blocking probability and the blocking removal rate of a station are used in the 
calculation of the upstream station. The process of successive approximations is repeated until the solutions 
converge. In this study, it is attempted to capture only the first-order effects of each subsystem. These effects are 
then related to the upstream and downstream subsystems. A wealth of extensions are possible but are not given in 
this study. 

Although the underlying ideas in this approximation technique are simple, numerical experience proves it to be very 
powerful. Furthermore, there are many conventions to select the unknown parameters and use the result of one 
subproblem to solve the next, which makes the approach a general flexible framework rather than a rigid recipe. 

3. FEEDBACK CONTROL REVISITED 

The underlying mechanism used in the decomposition approximation technique is feedback control. In general 
terms, the deviation of the system from its desired performance is used as a restoring force to guide the system back 
to its desired performance. 

In our case, the desired performance corresponds to satisfying the conservation of materials throughout the 
production system. Again extensions are possible. When scrapping is allowed, the output of a station plus the items 
scrapped must be equal to the number of items the station receives. That is the materials are not conserved within 
the production system but are conserved in the larger system consisting of the subsystem and the scrapping . 
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From an algorithmic model point of view, each subsystem is conceptualized as a "black box" with multiple-inputs 
and multiple-outputs. Given the inputs, the outputs are computed by the matrix polynomial solution procedure [14]. 
The inputs to this system are the rate at which parts are brought into the buffer, the probability that the output of 
subsystem is blocked, and the rate at which blocking of the output of the subsystem is removed. The outputs are the 
rate at which parts passing inspection are shipped out from the subsystem, the rate at which parts failing inspection 
are routed to the rework station, the probability that the subsystem blocks the input stream, ·and the rate at which 
blocking of the subsystem is removed. 

Two mechanisms are used to interlink the subsystems. One of them is to feedback some of the output variables of 
the subsystem i to the subsystem i-1. This ensures the global infonnation exchange between the subsystems. For 
this purpose, the probability that output of the subsystem i blocks the input stream bi, and the rate at which blocking 
is removed l3i are used in the calculation of the subsystem i-1. This mechanism is analogous to state-feedback 
mechanism in control-systems theory. The second mechanism is implemented by changing the input parameter 
according to the deviation between the production rate of the station and a reference. The only input variable that 
can be controlled for this purpose is the rate at which the parts are brought to the subsystem, <Xi- Note that the other , 
inputs of the subsystem, bi+ l and Pi+ 1, are the outputs of the downstream subsystem. · 

ex.. e. 1 
l 

Subsystem 'Y -
bi+l 

1 

b-
13·+ 

1 

Pi 

Figure 2. "Black box" representation of each subsystem 

If items are conserved, the output of each subsystem must be the same, i.e., 

y = Yi i = 1,2, ... ,N 

where N is the number of subsystems in the system. 

(1) 

An algorithmic solution procedure is employed to adjust the input parameters of each subsystem based on the output 
parameters of the previous iteration. More specifically, the input rate to the subsystem i ai is adjusted such that the 
conservation of flow equation (1) is satisfied when the system converges. When the production rate of the 
subsystem i is less than the production rate of the subsystem i-1, the input rate to the subsystem i is increased to 
reduce the deviation between the production rates. Similarly, when production rate of the subsystem i is greater 
than the production rate of the subsystem i-1, ai is decreased. This constitutes the search procedure of the 
algorithm. That is a successive approximation method in the form 

a .t+ I =,,,.t _ K(y·t - .,,. 1t) 1· = 2 3 N I '""I I • I- ' , .•• , (2) 

is used to calculate the input rates to the subsystems that give the same production rate which is the production rate 
of the system. In equation (2), superscript tis the discrete iteration count, K is the proportionality constant, and N is 
the number of stations. Note that as 

Y. ➔ .,,. I o:-t+I ➔ cx·t I I I- , I I . 

It is empirically observed that such procedures converge to the approximate solution. 
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4. NUMERICAL WORK AND OBSERVATIONS 

The procedure is implemented and its solutions are compared to simulation runs. We ran many experiments to inspect 
the behavior of the solution procedure. In all the cases, the procedtire gives exceptionally good approximations. The 
CPU time for a subsystem production rate calculation on an IBM PS/2 model 70 is about 0.5 seconds independent of the 
buffer size. The production rates for production lines with up to I 00 different subsystems. The decomposition method 
is compared to the published results [3], (4], and (6). These results are summarized in [12]. For all the cases the 
difference between the obtained results and the simulations or the published results is less than five percent. The main 
reason for this deviation is due to the approximation of the blocking mechanism by only two parameters and the input 
process by one parameter. Throughout the derivation, the time at which the station is blocked and the interarrival time 
of the parts arriving to a station are assumed to be exponentially distributed. Approximating the blocking period and the 
input process with a phase-type distribution may increase the accuracy of the decomposition method. This is left for 
future research. 

figure 3 shows the convergence of the production rates for the five-station production line. After 16 iterations, the 
differences between the production rates reduce to less than I o-5. For this case, one iteration is equal to five one 
buffer-one station system evaluations. The convergence times for all the cases seem to be insensitive to the buffer 
sizes. Figure 4 shows the effect of the proportionality constant K given in (2) for a seven-station production line. 
Note that for larger K, the algorithm becomes unstable, and for smaller K, the algorithm is stable but slow. The 
algorithm converged in reasonable time with K=I for all the cases. 

5. CONCLUSION 

A new approximation method to find the performance measures of multistation production systems is developed. 
Production systems with heterogeneous subsystems can be analyzed by this approximation technique. The results 
developed for multistation production lines can easily be extended to more general production systems. 

The value of the methodology is not in solving a·single class of problems but in its flexibility and applicability to a 
wide range of models. The flexibility of the solution procedure allows various system assumptions to be 
implemented. For example, server variability, station breakdown, and inspection with possible scrapping may all be 
implemented. The most important contribution of this new method is that it introduces a very simple, efficient, and 
flexible method with known convergence properties to analyze a wide range of production systems. 
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Figure 3. Convergence of the solution procedure for the 5-station production line. 
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ABSTRACT 

Increased modularity of a product gives positive effects in the total flow of information and 
materials, from development and purchasing to storage and delivery. "Products in the product" 
and "factories in the factory" has proved to be a valid form for creating effective manufacturing 
and development planning. Case studies have shown that modular design is an excellent base for 
continuous product renewal and concurrent development of the manufacturing system.
Combining a modular design with product planning will simplify the product development 
process and planning of corresponding manufacturing system changes. Instead of making big 
investments in new systems when changing the product, the manufacturing system can be 
developed in small steps. This paper presents the result of a three year research project on 
modular design. The paper begins with a summary of a case study showing the advantages with 
modular design and ends with a concept for product planning enabling concurrent developm_ent of 
products and processes. A methodology, for creating modular built products is also presented. 

1. INTRODUCTION 

A high degree of market driven production has in many cases meant a growth of product variation. The 
result has been that the production has become difficult to overlook and plan. It has seldom been time 
enough to take general measures in order to rationalize the entire range of products. Instead customer 
needs have been met with "ad hoc" solutions and in many cases specially built products. 

The awareness of the necessity to reduce product development time is also high. In spite of this, product 
development projects are still being delayed, exceed the budget and do not reach the intended specification. 
What are the causes? 

Of course there is no simple answer to the question. One reason may be that many development projects 
are extremely difficult to plan because of uncertainty. This uncertainty emanates from the desire to create 
products containing a high degree of new technologies, often unknown. Product development is often not 
a continuous, planned activity but rather a step by stepf'ad hoc" like process where old products are kept 
alive as long as possible until the product is suddenly not competitive any more and a brand new range of 
products has to be developed. 

2. ADV ANT AGES WITII MODULES 

Our basic assumption is that the division of the product into sub-products (modules) is a way to handle 
the problems mentioned. This is supported by many. i.e. Pahl & Beitz [l] and Stoll [2]. 

Figure 1 describes a principle in which the traditional final assembly line, where all parts are assembled 
along the line, doesn ' t exist any more. With simple interfaces between the modules the assembly work is 
moved to the module assembly areas respectively. Modules are assembled separately and supplied to the 
main flow. where they are attached to one another. 
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Figure 1. Manufacturing of a modular built prodllct,principle. 

What advantages may this principle give? 

Eight different companies were studied. The selecting criteria was that the companies had changed the 
product structure from a part by part built product to a product divided into modules. The effects given by 
the applied change were analyzed in tenns of the areas mentioned below. 

The overall results from this study are presented in figure 2 below: 
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From the company study it was found that there were basically six different reasons for modularization: 

Developmem • Parallel design of modules, reduction of development time 
• Selecting part of a product as a module due to future foreseen 

tedlnology development 
• Simplified produa planning 
• Possibility to use and create "earry-overs" · 

Manufacturing • Common modules giving high volume and thus scale of economy 
advanl.ages 

• Rational materials handling. Handling modules instead of 
products 

• Utilization of investments in special maoofaaming processes 
• Decreased rework by testing modules 
• Possibility for good work organization 

Product variants • Possibility to adapt ~cts for different man:ets by having some 
modules as "variant modules 

Purchasing • Supplier offe:IS a ~stem (module), which is cheaper than making 
it in-house. 

• Logistic oosts 

Exchangability • Possibilities for apgrading 
• Simplified mainlenanoelseivice 
• Possil>ili.ty to rebuild a product 

Miscellaneous • Recycling. Modules consist of only ooe kind of material 
• Shorter lead time in manufacturing. Modules are manufacrured in 

parallel 

Figure 3. Reasons found for dividing products into modules. 

These are what we call "module drivers" and form the basis in a method for the development of modular 
built products. The method is described in the following section. 

4. TO DEVELOP A MODULAR DESIGN 

The method summarized in figure 4 consists of: 

QFD analysis, making sure that the right product specification is derived. 

Analysis of technical solutions, considering the manufacturing goals. 

Identification of possible modules with the MIM (Module Indication Matrix). 

Evaluation of the proposed concepts. 

Traditional DFA analysis of each module. 

The first step in a proper method for product design is to make sure that the right design requirements are 
derived from the customer/market needs. QFD [3) applied in a multidisciplinary team has turned out to be 
well adapted for doing this. Our contribution to the usual QFD matrix: is to directly put "modular 
concept" in as the first "how" (design requirement). This is preferable in order to get the right "mind set" 
of the participants in the team already from the start. One can criticize this way of acting at an early stage 
where creativity and free minds should prosper, but case experiences have shown that it actually 
encourages creativity and gives new dimensions. 

After adopting the design requirements and subsequently applying the design specifications, possible 
technical solutions have to be selected. The selection of technical solutions is in the method carried out 
only by comparing satisfaction of the manufacturing goals in a Pugh selection matrix [4]. This can be 
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done because all suggested solutions that have survived this far in the process. meet the design 
specifications. 

After choosing the most suitable functional solutions they are grouped into sub-functional groups and 
looked upon as such in order to get away from the existing fomt of the product and to encourage creative 
and free thinking [5]. 
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Figure 4 . Method for developing modular designs. 

The next step is to fonn the MIM-matrix (Modular Indication Matrix) which is a QFD like way to give 
an indication of which sub-functional group(s) that can form a module. In this matrix every sub
functional group is evaluated against the "module drivers" (criteria). To make this relevant every sub
functional group has to be expressed in a technical solution. We also make the simplification that each 
sub-functional group is isolated to a separate assembly as a module. See figure 5. 
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Figure 5. MIM-matrixfor winch assortment. 
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The MIM-matrix will work as a base for the creative phase where a number of different concepts are 
sketched. It gives a good picture of which sub-functional groups have one or more reasons to fonn 
modules. The MIM also indicates which of the sub-functional groups have the strongest motives of 
becoming modules (the vertical sum). To integrate two or more sub-functional groups into each module 
can be possible when the "module drivers" are the same. 

To go through sub-functional groups, checking the relation to all the reasons for modularization, has in 
several cases proved to be a well determined tool in the development process. 

After having created new modular concepts the arising questions are: Which one of the new concepts 
should we choose? Which effects do we obtain in terms of manufacturing or in terms of development? Is 
the new modular concept better than our old design? etc. 

Our research has so far made it possible to derive some ideal values and/or rules which can be used in an 
evaluation process (6). This part of our research is not described in this paper. 

4. PRODUCT PLANNING 

Almost all product development projects result in changes of the manufacturing system. The launching of 
new products depends on available time slots for manufacturing system changes. Consequently, if the 
changes of the manufacturing system were better planned and carried out incrementally, the product 
development lead time could be reduced even more. 

Here we discuss the results and ideas from our project. such as how a product plan can be established, 
what kind of information it should provide and -what kind of infonnation is needed to establish the plan. 

To combine a modular product design with product plans offers many advantages: 

# Makes small step development possible by focusing on one module at a time. 
# Manufacturing changes occur only in the corresponding team work area. 

The ultimate goal is to achieve total flexibility in the product development process. However. even 
though this is impossible to attain, good preparations (planning) will make it easier to parry. 

HOW IS A PRODUCT PLAN CREATED? 

It all starts with a future oriented QFD-analysis performed by a multiskilled team. Typical input to the 
QFD-analysis is market forecasts, trend forecasts, regulation changes, tax law changes, analyses of 
competitors. As a complement to the QFD phase new ideas derived inside the company and R&D projects 
are also analyzed. A future assortment, which fits in to the company's long term strategy, is derived. The 
future assortment is then modularized, as above, regarding future variants and features . New product 
platfonns are born. A product platform [7) means; A specific set of modules for creating the required 
product variants. If this set of modules is changed, a new platform is borne. 

Next step is to create a plan for the development of each of the product platforms. This planning activity 
should be regularly performed in order to have the plans updated and to reduce the risk for unforeseen 
competitive product launches. 

Coming features and variants are planned in new generations according to specifications. Launching dates, 
cost and quality demands are set. Markets and market shares are estimated. Each module change, dependent 
on new features or variants, is analyzed regarding design and manufacturing difficulty and the effect on its 
team work area. 

An overall product plan for one of the pilot cases is shown in figure 6. 

293 



/EMS '94 Procuding:s: Annual International 
Conference on lndustty, Engineering, and Management Systems 

After this activity a detailed plan for each team work area can be made. This should be done by the team 
itself, in order to get commitment for the changes. The team also integrates the manufacturing 
development plans and as a result development plans which incorporate both module and manufacturing 
changes are formed. This plan can then be translated into ordinary project plans, and thus every team work 
area will have its project portfolio. 

Generation 1 Generation 2 Generation 3 Generation 4 

Specifications 

Annual numbers 200.CXX 550.00: 900.00: 1200.00C 

Variants 

Nozzle 0 

Housing 
Knobs o :o :o a: o ■:o :o c:o a: ---------:-------~-----+--c'---i,--------.~.--·--Connections :o : :o ' :o ' :o ■ ----------~-----------------------------1 
Pressure gauge 

!Launching date 
generation 1 !Launching date !Launching date 

I generation 2 generation 3 !Launching date 
!!eneration 4 

0 =Small module changes 

(;) =Medium module changes 

• =Large module changes 

C =Small changes in team work area 

D =Medium changes in team work area 

■ =large changes in team work area 

Figure 6. Product plan for a modular product. 

With modular products the manufacturing system can be gradually developed. Instead of making large 
investments in totally new systems when changing the product structure, the manufacturing system can 
be designed with regards to the future changes specified in the product plan, for each module area 
separately. This means that each team area can be designed and gradually developed regarding variant 
flexibility, capacity flexibility and degree of automation without disturbing the entire system. 
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Each team area creates: 

- Goals and strategies for continuous improvement projects 
- Resource allocation for manufacturing development projects 
- Invesbnent plan 
- Personal development and edu<a:ation plan 
- Plan for gradual automation 

Each product module is valued considering future needs for flexibility, capacity and suitability for 
automation. While making this plan it must be considered that a combination of manual and automatic 
stations creates special demands. Controlled workpace and workplan, monotonous work and bad 
environment must be avoided. Alternatively there is a risk for unmotivated workers, which gives a 
number of negative effects. such as low overall availability of the system [8]. 

- Plan for reusing flexible equipment 

This will give a unique opportunity to develop the manufacturing system in each team work area 
gradually. It gives advantages as: 

# Minimized economical risk by making well considered part investments (investment plan). 
# Minimized technical risk by getting smaller subsystems to work smoothly step by step. 
# A well working "learning organization". The employees in the system can gradually increase their 
knowledge about new technologies (education plan). 
# Large projects can be broken down to smaller manageable projects (resource allocation). Small projects 
stand a better chance to be finished in time, hold budget and reach intended specifications. 

5. CONCLUSION 

Our research has shown that mcxiular products enables real simultaneous development of products and 
manufacturing systems. 

We also conclude that modular design combined with product planning will simplify the prcxiuct 
development process and the planning of corresponding manufacturing system changes. Instead of making 
big investments in new systems when changing the product, the manufacturing system can be developed 
in small steps following a plan. 
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ABSTRACT 

A study of the steps taken by companies to implement concurrent engineering 
has revealed a wide variety of approaches. However, investigation of these varied 
approaches and the basis of each step reveals a common thread. This thread is 
presented in this paper as a general twelve-step recommended sttategy for the 
implementation of concurrent engineering. The recommendations outlined in each 
step of the proposed strategy are presented and discussed. Each step of the 
strategy is required in any implementation, however the specific tools and 
techniques presented are meant as guidelines for consideration and evaluation as 
to their applicability within a company's particular setting. 

INTRODUCTION 

Over the past few years there have been several books and many articles published on the subject of 
concurrent engineering (CE) (1,2,3]. An examination of these sources reveals that there is indeed more than one 
view on how to implement CE. It seems that no two sttategies are alike and some even seem to conflict in their 
approach. I liken this to the fact that every grandmother seems to have her own recipe for chocolate chip cookies. 
However, if one was to investigate all these recipes, they would find that essentially each specific recipe can be 
derived from the same general approach to making chocolate chip cookies. Some will use different ingredients 
(representing CE tools and techniques), some may change the order of the steps for preparing the dough and its 
ingredients (implementation approach), but in the end the outcome is enjoyed by every member of that family 
(company). 

Since no two manufacturers are alike in all aspects, there is no single correct recipe for implementing 
concurrent engineering or specifying the tools and techniques that will be used. However, the authors believe that 
each implementation follows some basic general approach. Therefore, the objective of this study was to investigate 
the myriad of published implementation strategies for concurrent engineering with the idea of developing a single 
general comprehensive plan from which a company could then select what is best for their situation and 
environment. 

CONCURRENT ENGINEERING 

A first step in the consideration of concurrent engineering is the need to understand what it is and what 
benefits it will provide. One popular definition for concurrent engineering given in [4] is: 

"Concurrent Engineering is a systematic approach to the integrated, concurrent design of products and their 
related processes, including manufacture and support. This approach is intended to cause the developers, 
from the outset, to consider all elements of the product life cycle from conception through disposal, 
including quality, cost, schedule, and user requirements." 

Essentially what this means is that when a company designs a part and its processes, it does it right the 
first time by incorporating all the essential knowledge up-front for consideration in, and evaluation of a, design. The 
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idea of concurrent engineering is not new and many companies currently make use of some of the principles of CE, 
but a full-scale implementation should be the goal of every corporation desiring to attain a level of operation attune 
to the customer's needs. 

BENEFITS OF CONCURRENT ENGINEERING 

Reported benefits from concurrent engineering include: shorter time to market, improved product quality, 
enhanced competitiveness, improved profit margins, as well as, reduced costs in product development, 
manufacturing, testing, and service (5). In general, these benefits could be summarized as providing a means for 
bringing higher quality products to market quicker, at lower cost, while meeting customer expectations. 

By reducing the time and effort required in design, a manufacturer is able to support a larger number of 
different products at smaller volumes with shorter lifetimes. This results in a competitive advantages that allows 
for the formulation of a successful sales strategy and therefore larger profits. Reducing the time required to bring 
a product to market means that a company can participate in the larger profits that result in the early part of a 
product's life cycle. This early entry into the market also permits the company "to retire a product close to the point 
of optimum profitability, replacing them with newer products" [3). ' 

IMPLEMENTATION STRATEGY 

The discussion which follows briefly outlines a series of twelve steps that suggests a set of guide-lines for 
the implementation of CE. 

STEP J: Secure management support. In most cases, the implementation of concurrent engineering wiJl require 
cultural, organizational, and technological changes in a corporation [1,6). Therefore, management support is crucial 
to the success of the implementation. It is important that a company ensure that every level of management is both 
committed and involved in the transition to CE. If the employees are to change they must see management change. 
This change can be communicated through a mission statement that outlines the new paradigm. It is important that 
management understand their responsibility for providing the "right resources with the right information at the right 
time, to facilitate optimum team performance" [5]. No program will ever be successful without management support 
and commitment. 

STEP 2: Educate the entire organiza1ion concerning the principles and practices of CE. To encourage personnel 
to become a part of the effort to achieve the change, it is important that all persons involved in the project 
understand the reason for the change and the intended results. Education provides this opportunity through the use 
of outside consultants and specialized training, or in-house personnel who have had previous experience with the 
technology. Unless the workers understand and agree with the CE approach, it will not succeed. 

STEP 3: Assess the company's cu"ent practices. To plan for the transition to a concurrent engineering 
environment, it is important that a company understand their current practices and the state of technology they use 
in product and process development. Various methods of accessing a company's current "readiness for implementing 
concurrent engineering" have been developed [6,7). Application of these methods will result in an assessment of 
the company's current practices relative to process and technological issues critical to concurrent engineering 
success. This assessment will help to identify what areas need improvement. 

As part of the assessment it is worthwhile for the organization to capture and document the current methods 
used by the company to design, produce, and service a product. In modeling the processes it is important that the 
company capture the function (what is done), behavior (when, how, and why it is done), and structure (who and 
where) of a process [8]. This involves the analysis of the processes and information flows that occur within the 
product development process. The purpose of this step is to assess the current practices of the company and gain 
an understanding of what changes (both organizationa1 and technological) the existing system will have to go 
through in order to gain the benefits available from concurrent engineering. Also, the resulting "as-is" model of 
the system will aid in identifying which segments of the product development process involve which team members. 
This information wili aid in determining when and what data must be shared, and who should be involved. 

Methods for describing and documenting the processes and their relationships include the use of techniques 
such as structured analysis [3], or modelling languages such as IDEF or EXPRESS-G (9). These techniques employ 
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graphical representations of the system components 
detailing the information flow within the system. 

The last phase of this step involves 
characterizing the capability and constraints of the 
current processes. This step is the responsibility of 
the manufacturing engineering department. One 
source from which this data can be derived is past 
statistical quality control logs. The resulting data 
will aid in the design of the part, planning of the 
processes, and identification of where improvements 
are needed. 

It is important that the information from 
this step be documented, thereby providing a basis 
for: educating personnel, a common understanding 
from which teams can begin their product and 
process design and evaluation, determining and 
documenting improvements, and establishing a set of 
design guidelines. 

STEP 4: Top management needs to define the "ro
be" identity of the company, and identify whaJ 
aspects of the busiMss to improve in suppon of the 
CE initiative. When discussing the elements of CE, 
one is essentially examining the elements of a 
manufacturing business that contribute to the 
concurrent engineering approach to product 
development. The transition to CE involves both 
adding to, and strengthening, the practices of the 
company in these areas. The elements presented in 
Table 1 are categorized into groups that represent 
the majors areas of the manufacturing enterprise that 
affect product development. These elements are 
based on those used in the assessment method 
presented in [7]. 

Based on the assessment of the current 
practices of the organization performed in Step 3, 
there is a need to identify what additional elements 
of CE, and what further enhancements to existing 
elements, are needed. Identification of these 
elements will provide the foundation for determining 
what tools will be needed to support the new or 
enhanced practices. Determination of the benefits of 
these changes will help justify the expenditures 
required. 

STEP 5: Select a pilot project to provide a means 
for introducing CE and gaining experience with its 

Table 1: Elements of concurrent engineering. 

1. Senior management leadership 
Commitment of support 
Pur;'>uit of improvement 
Financial support 

2. Customer focus 
Requirements definition 
Satisfaction 
Participation in development 

3. Process focus 
Modeling of current processes 
Understanding and docum. of capabilities 
Docum. and control of critical processes 
Focus on quality improvements 
Competitive benchmarking 
Pursuit of continuous improvement 

4. Mechanics of product design 
Use of design standards 
Use of techniques and tools 
Availability and use of quantitative data 

5. Teaming 
Cross-functional representation 
Training and team building 
Organization: physical location, comrn~nication 
modes, management, etc. 

6. Management systems 
Organizational structure 
Performance evaluations 
Project tracking and management 
Employee empowerment 

7. Technology systems 
Enterprise networking 
Computer systems and interfaces 
DBMS with shared access 
Use of data representation & exchange stds 
Integrated tools and databases 

8. Application Tools 
CAD/CAM 
Engineering Analysis 
Design for "-ilities" 
Simulation/animation 
Quality function deployment 
Design of experiments 

associated technologies. The first project needs to be a success. Therefore, it is important that the size of the project 
be large e~ough to make u~e of many of the proposed CE tools, but not so large that its success is jeopardized or 
that ~ere 1s an overextension of resources [10). It is important to recognize that the project will be a learning 
expenence and serve as the foundation for spreading the CE gospel throughout the company. It will also provide 
a chance for management to demonstrate their commitment to the effort. 

STEP 6: Develop a set of goals, strategies and tactics. Management should establish the overall goals of the CE 
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program. plans that will be used to achieve those goal. and targets for the product concerning its quality. reliability. 
maintainability, etc. Development of the company's goals and targets should be a cooperative effort involving the 
departments participating in the project These goals will be used to monitor the progress of the project at various 
milestones in the program. 

To begin this task, management should perform the following activities [I 1 ]: identify the product's use and 
scope, delineate the risks associated with the project, establish a plan for the product life including target values 
for production volumes and product costs. estimate schedules for ramp-up requirements, indicate the desired return 
of investment and decide on a selling price. The planning performed at this stage is abstract in nature, but provides 
a foundation to focus efforts in later steps. Once manageinent has completed this preliminary evaluation of the 
project they will need to grant tentative financial approval and select a project manager. 

STEP 7: Form the product development team. The product development team represents a fundamental element 
of any CE project Each team's members should be a synergistic group of engineers who are committed to working 
together to achieve the stated objectives. The skills that members bring to the team should be divergent, with each 
member being credible in their field and respected by others on the team. The size and composition of the team 
will vary depending on the company and product type. One possible team composition might be: Marketing,' 
Procuren:ient, Design Engineering, Production, Manufacturing Engineering. Quality Assurance. Materials 
Management, and Plant Management [5). Team sizes have been reported ranging from five to 45 members, but 
many believe that a smaller group size composed of five to nine members is best [11,12). The continuity of the 
team membership should be maintained throughout the project to maximize the results and minimize wasted time 
and effort. 

The leader chosen for each team will act as the team's representation to management providing a conduit 
through which the team can request and obtain the resources they need to complete the project. The team leader 
is also responsible for keeping management informed on the project's progress. 

Goals established for the product development teams must be agreed upon by the team members once they 
are formed. In addition, each team member must understand what is expected of them in tenns of the criteria of 
success. Once these goals are established, management must empower the teams to develop their own strategies and 
tactics for accomplishing those goals. Empowering the team members will require that management let the 
employees see the effect of their actions and decisions on the business as a whole. 

STEP 8: Define the project parameters. Given the goals and objectives defined in previous steps, it is necessary 
that definite plans be devised which outline how the project will be run and how the objectives will be achieved. 
The decomposition of tasks and their ma.-iagement is an issue in this step. Through an examination of these plans 
it will be possible to identify milestones that can be used to judge the progress of the project during its execution. 

Establishing a time schedule for the project is complicated by the need to take into account the training 
time and learning curve associated with the use of the new techniques and modes of operation. It is important for 
management to realize that sometimes things take longer when done right the first time. Determining the resource 
requirements is the job of the team members. Once identified these resources need to be allocated by negotiation 
between each team leader, the project leader, and top management. 

STEP 9: Develop a set of metrics for measuring the impact of concurrent engineering. In order to help judge 
progress it is important that a set of metrics be established. These metrics can be designed to measure particular 
aspects of the project relating to such areas as: process efficiency, teaming, information sharing, tool integration, 
etc. [8]. Shina [3) categorizes performance metrics into four groups dealing with the design phase, product phase, 
design process, and people. Metrics from these categories include such measures as return on investment, design 
stability (measured by engineering changes), required design iterations. time to ramp-up production, the cost and 
quality of the product. cycle time. as well as, labor turnover. 

The categorization of metrics is not important, but the need for a company to effectively select and·apply 
these metrics is critical. Desirable characteristics for a set of metrics include: simple to determine, easy to obtain, 
can be precisely defined, robust. a measure of the objectives. and facilitates an understanding and prediction of the 
process [8). The resul~ing set of metrics selected for a project will be used to gauge a company's progress toward 
its goals. 

STEP I 0: M ak.e changes 10 currenr business practices. Changes are needed in order to better align an organization's 
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business practices with those that support concurrent engineering. Based on the assessment performed earlier, these 
changes will have been identified. For example, the traditional functional organization promotes separatism, empire 
building, and barriers to communications [5]. In this environment. interacting on technical matters is difficult since 
information is often filtered through various layers of management To support CE, there is a need to restructure 
the organization around the product development teams. This approach removes the filters and promotes 
communication between team members. This structure also supports the team leader as the liaison to upper 
management giving them the power to manage the team effectively. Other examples of areas which often require 
attention include employee performance appraisals which focus on individual efforts, and outdated accounting 
methods which do not support the information needs of the product teams [13,14). 

STEP 11: Define and assemble the methods, tools, and technologies needed to support CE. The selection of which 
specific methods and tools to implement depends on the "as-is" assessment (defined in Step 3) and the desired "to
be" practices (from Step 4). Depending on what changes to company practices were identified in Step 4, a company 
will select the methods and tools that effect those changes and improvements. A sampling of the methods and tools 
associated with the elements of Table 1 are 
shown in Table 2. 

Not to be ignored is the need for 
training. It is vital that a company take the 
time and money to provide trammg 
opportunities for their employees. The real 
value of these tools comes from a thorough 
understanding of their operation and use. 

STEP 12: Execute the project and perform 
periodic project reviews. While the project is 
in progress it is important to schedule 
top-management reviews every three months. 
Also, sometime after the new product is 
released to manufacturing, and before the 
team is disbanded, the development team 
should perform a retrospective analysis. This 
analysis should include an examination of 
reasons for successes and failures in meeting 
the different "-ilities" (manufacturability, 
assemblability, serviceability, etc.), 
documentation of lessons learned and areas 
that need improvement, as well as, 
documentation of the techniques and 
processes employed in the project (for future 
use as case studies to educate new 
employees, share experiences, improve 
operations and design). 

By examining the metrics defined in 
Step 9, these project reviews will help 
identify the impact concurrent engineering 
practices have had on the company. An 
important aspect of the review process is the 
identification of areas for improvement. 
These should be acted upon through 
immediate feedback of the information to the 
teams within the company for effecting the 
change. Based on the results of the reviews, 
it is important that a company learn from its 
mistakes and herald its successes. The basis 

Table 2: Sample of the tools and techniques which support CE. 

Overall System Development 
- Continuous improvement programs 
- Quality function deployment (QFD) 
- Process modeling methods and tools 
- Cost estimating system 
- Pareto analysis 
- Cause-and-effect diagrams 
- Configuration management system 
- Training 
- Project management systems 
- Standards (PDES/SlEP, IGES, etc.) 
- Integrated database management system 
- Enterprise networking 

Design Development 
- Robust design evaluation 
- Matrix diagram 
- Value analysis engineering 
- Cost sensitivity feature analysis 
- Computer-aided design 
- Computer-aided engineering analysis 
- Tolerance splitting 
- Design for "ilities" (manufacturability, 

assemblability. serviceability, etc.) 
- Rapid prototyping 

Process Development 

CE Element1 

1 
2 
3 
3, 4 
3, 4 
3 , 4 
4 
5 
6 
4, 7 
7 
7 

3,4 
4 
4 
4 
4 
4 
4 

4 
4 

- Process design & simplification analysis 3 
- Design of experiment 3 
- Simulation and animation 3 
- Best practices benchmarking 3 
- Failure mode and effect analysis (FMEA) 3 
- Statistical process control 3 
- Scatter diagrams, histograms, etc. 3 
- Time Series graphs 3 

300 



[£lJS •9, Proceedings: Annual International 
eooference on Industry, Engineering. and Management Systems 

of CE is the idea of continuous improvement where the results of the reviews are used to target areas for 
improvement 

CONCLUSION 

These twelve steps present a general strategy for the implementation of concurrent engineering that is 
applicable to both small and large companies. This strategy represents a basis from which a company will form their 
specific implementation represented by their custom blend of teaming, tools, and techniques. Each of the twelve 
steps is required in order to achieve a successful implementation. However, the tools and techniques applied will 
be dependent on several company specific factors such as: their goals, industry type (manufacturing, service, etc.), 
product type, and available resources (manpower, hardware, equipment). Therefore, when selecting what tools and 
teehnologies wilJ best serve the CE effort. it is important that the implementors understand the purpose and 
applicability of those that are available (see Table 2). 

An important point to remember is that the implementation of concurrent engineering within a company 
is for the most part a human resources effort (11]. Therefore, the success of this effort depends on how well a 
company handles the human resources side of their implementation. In the end, it is necessary that the organization' 
realize that the transition to concurrent engineering practices involves achieving an environment of continuous 
improvement 
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AGILE MANUFACTURING STRATEGIES FOR GLOBAL 
COMPETITIVENESS 

R MEENAKSHI SUNDARAM & ERIC MANNING 
Tennessee Technological UJ1iversity . 

Box 5011, Cookeville, TN 38505 

Agile manufacturing is a new paradigm in manufacturing that is getting the attention of both the 
academicians and the practitioners. To be successful in manufacturing, companies have to be able to 
apply the necessary technologies and techniques to increase agility in manufacturing. Agility in 
manufacturing may be explained as the ability of a manufacturing company to respond quickly to 
changing market conditions in a market that is constantly changing and unpredictable. Processes need to 
be changed as products are changed. One of the prerequisites for agility is lean manufacturing. Lean 
manufacturing is a response to the competitive pressures with limited resources and agile manufacturing 
is a response to complexity triggered by constant change. Therefore, it may be described that lean 
manufacturing is bottom-up driven whereas agile manufacturing is top-driven. 

One of the approaches used in improving agility in manufacturing is through formation of temporary 
partnerships among companies to take advantage of market opportunities or challenges. Resources for the 
virtual corporation are usually drawn from several companies from different locations based on their 
strengths. After the market opportunities have been exploited, the virtual corporation would be dissolved 
and everyone participating would go their separate ways. The idea of fonning a temporary alliance 
among companies is not new. The concept has been practiced very well as companies have found it to be 
cheaper to design and perform engineering analysis in one country, to manufacture in another country and 
to market globally. The term "virtual corporation", however, is new. 

In the proposed paper, the strategies for agility in manufacturing will be discussed. Both proven and 
potential techniques will be discussed. Opportunities for using multiple objectives optimiz.ation 
techniques in agile manufacturing will also be discussed. 
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A COMPUTERIZED CLASSIFICATION AND CODING SYSTEM FOR 
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SRINIVASAM BHUPALAM AND DAVID RESS 
Tennessee Technological University 

ABSTRACT 

A classification and coding system either developed based on design features or processing attributes has 
been found to help productivity increases not only in metal working industries but also in apparel 
manufacturing. Several documented studies on the use of classification and coding system for other 
applications as well can also be found in the literature on production engineering classification and 
coding systems also have been found to aid in reorganizing and streamlining material flows even in low 
volume and high variety job shops. Many companies have used the classification and coding systems 
to full advantage for component variety reduction. This paper outlines such a study conducted by the 
authors for a manufacturing company that makes oil and air filters for heavy trucks. The company makes 
for OEM and after-sale market. · 

The pilot study was performed on just three components. The components are as follows . 

i. Retainer plates 
ii. End plates 
m. Nut plates 

These three components were selected for the pilot study at the request of the company. Eight attributes 
were found among these components for coding. They are: 

Steps on part 
Thread type 
Threads-presence or absence 
Hole in center 
D/L ratio 
Material thickness 
Material type 
Part type 

After these attributes were selected, an alpha numeric coding system was developed for the coding. A 
total of 115 components were coded. A computer program was developed in BASIC for VAXNMS 
computer system to interactively develop the coding for each component. It was found that there were 
8 repetitions among the 25 retainer plates coded resulting in a 32% reduction in parts. Among the 70 
end plates, it was concluded that a 40% reduction in part variety could be accomplished. The nut plates 
resulted in a 5% reduction. Therefore, it was safe to conclude that a substantial reduction in product 
variety can be made for this company ifa full scale implementation ofthe coding system is implemented. 
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MANUFACTURING PLANNING AND CONTROL STRATEGY SELECTION 
FOR AGil.E SYSTEMS 

EMINE PERSENTH.,I 
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SEMA E. ALPTEKIN 
CalPoly, San Luis Obispo 

ABSTRACT 

Agility, as a measure of manufacturing performance, has come into increased prominence due to the need 
for manufacturers to respond more quickly to market changes, the need to produce greater variety with the 
same facilities, and drive to introduce new products to keep opening new market niches. There is an 
increasing recognition in advanced manufacturing systems of the need for more agile manufacturing 
planning and control strategies which are capable to respond to rapid changes in product offerings and 
production technologies. An effective planning and control strategy can provide substantial competitiye 
advantage for a company in its markets. 

This paper, in general ternts, focuses on the selection of a manufacturing planning and control strategy in 
advanced manufacturing enterprises which considers agility as a criterion in evaluating and comparing 
the strategies. It provides a methodology which addresses the following objectives: 

(I) Development of a generic framework in order to build a conceptual model of a 
manufacturing system under different strategies, by utilizing tools provided by 
structured analysis method. This model is used to analyze the information structure of 
the system under different strategies. 

(2) Development of the simulation model of a manufacturing system based on the 
conceptual model of the system. This model is used to analyze the control structure of 
the system under different strategies. The generic simulation constructs, which are 
developed for modeling a manufacturing system under different strategies, are applied to 
a real world manufacturing system in order to build a test bed or the analysis. 
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SERVICE LEVELS AND VARIANCES IN DELIVERY LEAD TIMES 
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College of Business and Management Studies 

University of South Alabama 
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ABSTRACT 

Service levels and stock outage probabilities are typically set in a deterministic operating environment - · 
the stock usage rate and delivery lead times are assumed to be relatively constant. No allowance for variations in 
lead times is considered. This research explores service levels and stock outage probabilities in a variable delivery 
time environment as a function of lead time. As delivery lead time passes, the probability of stock outage increases 
and the service level drops at a non-linear rate. The effects of delivery variations on service levels and stock outage 
probabilities are examined. 

Two important concepts are developed. First, service levels drop drastically in a non-linear manner as the 
assumed delivery lead time is exceeded. Exceeding the expected delivery time by even a short period causes a 
large drop in the service level. Second, the length of the lead time has no effect on the drop in service l.evels. The 
service level drops are similar for models with 5, 10, and 15 day lead times. These facts suggest that purchasing 
managers should focus on managing delivery lead times in order to improve service levels and reduce probabilities 
of stock outages. 
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SCHEDULING PRODUCTION IN A FUZZY ENVIRONMENT 
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Raleigh, NC 27695-7906 

ABSTRACT 

A frequent1y encountered scheduling problem is to determine material and job ready times based on a 
customer-specified due date. Many times the duration of service and due date is vague. This paper 
presents an investigation of scheduling a common ready time for an act of jobs with fuzzy service times 
and due dates. The ready time is constrained in that the possibility that a job is late must not exceed a 
user-defined value. The objective in such an instance is to delay the ready time without violating these 
constraints. 

The steps necessary to determine this optimal ready time and cases in which this effort may be 
significantly reduced are presented for a single machine production system. Several scheduling 
techniques including heuristic pairwise interchange and an efficient branch and bound are analyzed. A 
method is shown to assign individual job ready times. The paper also briefly considers extensions of the 
single machine model to handle multiple machine systems (flow shop and job shop). 

A computer-based scheduling system to solve this problem for a single machine production system is 
described. An object-oriented fuzzy member class is developed based on the concept of the cumulative 
possibility function to facilitate efficient scheduling algorithm development and execution. The 
scheduling system provides a flexible method of possibly modeling service times and due dates. The 
scheduling system then efficiently finds an optimal schedule. The model is motivated by two scheduling 
problems: planning aircraft arrivals to the Naval Aviation Depots (NADEP's) and personal time 
management. 
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ABSTRACT 

There are numerous instances in the design of industrialized housing components where a large number 
of alternative concepts must be considered. The purpose of concept selection in this phase of the design 
process is to identify those designs and features which have the greatest promise for inclusion in the final 
product. Pugh's Concept Selection procedure has been used for this process, but it only results in an 
ordinal ranking of concepts. This paper presents a methodology for using the Analytic Hierarchy Process 
to provide a ranking with meaningful scale measures to reflect the relative importance/preference of the 
concepts. The methodology is illustrated with an industrialized housing application. 
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ABSTRACT 

Several effort to enhance the usefulness of simulation modeling tools have 
incorporated techniques from domains such as artificial inteliigence (Al), databases, 
and computer graphics. Major emphasis has been on l) facilitating usage by end 
users, 2) increasing modeling productivity, 3) ascertaining the validity and 
applicability of simulation models, and 4) supporting the modeling process as a 
single cohesive process. 

This paper describes a general framework for the use of database technology in 
the design and development of Simulation Modeling and Environments (SME). 
The framework enables vertical integration of needed modeling tools, and 
horizontal integration of the tasks in the simulation modeling process (SMP). For a 
variety of reasons, these tools are heterogeneous in nature, yet by using databases it 
is possible to integrate them vertically and/or horizontally as the need may be. 

INTRODUCTION 

Simulation modeling refers to the imitation, using a computer, of the behavior of a "real" world system, with 

the intent of observing the system under various experimental conditions. An effective way to analyze complex 

systems is to devise an abstract model of it, simplify it in such a way that superfluous details are removed without 

loosing validity, and observe a simulation of the simplified model under the desired sets of experimental 

conditions. 

From the prior discussion, it easy to see that simulation modeling requires large amounts of information (about 

the system being modeled) and broad technical knowledge to transform it into meaningful parameters of the 

system. It also generates large amounts of information (about the performance of the system under study) once the 

outputs have been analyzed and interpreted. Consequently, it has always been desirable to provide adequate data 

and knowledge management support in a SME. A database management system (DBMS) provides for the storage 

and retrieval of information in an orderly and coherent fashion, regardless of volume and kind of data, with user 

instructions expressed in a query language such as SQL (Structured Query Language). Thus, a DBMS embodies 

concepts and capabilities which enable SME designers to design flexible and cohesive components including the 

following: 
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a) A user-sensitive interface which facilitates the interaction between users an the component of the SME. 

b) An information processing component that converts information previously stored in the database into 

appropriate inputs for models, stores simulation results for future processing, and converts simulation results 

into meaningful information. 

c) A model extraction component which enables the retrieval of systems descriptions and converts it into specific 

models using the format needed by the simulation engine. 

d) A language independent simulation engine which executes the simulation model. 

This paper discusses the ways in which database technology has aided in designing and implementing 

commercial and research prototype SME. 

INTEGRATED SIMULATION MODELING ENVIRONMENT 

An integrated .S.imulation Modeling _Environment (SME) is a software tool that provides computer support for 

the various activities in the simulation modeling process (SMP) which includes problem formulation, model . 

abstraction, data collection, model building, model verification and validation, analysis of outputs, documentation, 

and implementation [2]. Thus, SME needs to integrate a set of tools designed to support a specific activity in the 

SMP. Among these tools are statistical tools, model building tools (expert systems and simulation languages), 

documentation and report writing tools (word processors), and knowledge based systems. Integration of these tools 

must be both vertical as well as horizontal. Vertical integration makes these tools accessible to the user through a 

common interface while horizontal integration enables communication between the tools, so as to be consistent 

with the iterative nature of the SMP. 

Real world simulation projects involve two or more persons working as a team. Therefore, a SME must kn.ow 

each member's technical needs as well as his/her tool interaction needs. The technical needs are supported by the 

various tools integrated in the SME, whereas the tool interaction needs are supported by effective user interfaces 

that shelter team members from detailed operational characteristics of the tools. 

A SME must detach the simulation modeling activity from the actual simulation language. Language 

independence or language neutrality requires that the simulation language utilized in the SME be just one of many 

components needed to conduct sound and valid simulation projects. However, as pointed out by Balci [1], it was 

not until very recently that simulation tool developers were forced to build them around a specific simulation 

language. 

A system, for the purposes of designing a SME, should therefore be viewed as a group of objects that are 

linked together by a set of relationships, i.e. a system must be treated as an object composed of other "smaller" 

objects. This view of systems minimizes data entry redundancy by allowing reusability of previously described 
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system components, and it enables consistent classification and labeling of each node in the hierarchy representing 

the attributes of the system. Consequently, an integrated SME would enable reusability of components, language 

independence, simulation of a system at various levels of aggregation, support for various types of users as it is 

needed in simulation studies, support for the various phases .in the,SMP, and focus on the modeling aspects of the 

sMP as the model builder and model user are relieved from having to know low level details about the simulation 

language and other tools in the SME [5]. 

THE ROLE OF DATABASES IN A SME 

Over the years, database technology has evolved to a point in which commercial DBMS (relational models in 

particular) can be either the master (active) component of a software environment, or a subordinate (passive) 

component of it. For a SME, a DBMS must be mostly passive, i.e. it should submit itself to the control of othe~ 

software tools (such as high level programming languages), so as to allow simulation specific packages to retrieve 

and store data from/into databases. However, the DBMS may be active for typical data management activities, so 

as to exploit all of its potential. 

During the early 1980's, researchers were forced to treat the DBMS as the master because these DBMS were 

closed, isolated packages that allowed no foreign tools to penetrate their databases. These packages often came 

equipped with a limited programming language that could do some number crunching on user inputs or on the 

database contents; however, these languages were in general interpreted languages which made them very slow to 

process the massive quantities of data in a simulation run. Enhancements to DBMS and to operating systems made 

communication among heterogeneous tools, via text files, a common activity; in this way, the DBMS became a 

panner working independently, yet informing (and receiving information from) the simulation tool. Although 

simulation related performance was not being impacted by the performance of the DBMS, the overall simulation 

project was still being penalized with the overhead of data import and export activities. Attempts to overcome this 

hurdle lead many researchers to develop their own DBMS for their SME. Ketcham [7], for instance, developed a 

hierarchical DBMS that enables IBIS to store model components as well as simulation functions. He configured 

the simulation engine to look into a procedure field, retrieve the name of the simulation procedure to execute, and 

then match it against IBIS executable library. 

TESS [15] is another example of a customized database. 'IESS was one of the first commercial simulation 

environments. It integrates simulation, data management, and graphics capabilities, providing a common interface 

for SLAM II [9], SDL [14], MAP/I [8], and GPSS/H [10]. TESS organizes simulation outputs in a customized 

relational database similar to that used in SIMDABS [13]. Some of the schemes in the database are pre-defined, 

whereas others are defined within the experimental control information. Balci [I] and Centeno [3] proposed SMEs 

based on commercial ·relational DBMS. SMDE [l) utilizes INGRES as the relational DBMS, whereas ISME [3] 

uses ORACLE as its RDBMS. Both INGRES and ORACLE offer full implementation of the relational data model, 
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portability across multiple platforms, and SQL as the query language. SQL became the industry standard during 

the 1980's. It attained a level of maturity in which semantic information may be included through special 

constructs such as associations. propenies, elltities [6, 17], classes and hierarchies [ 12]. 

The potential of the relational data model for the SME underlying database stems from the work done by 

Smith and Smith [12] which clearly depicts a relational model that can be enhanced to hold various types of 

entities, including hierarchy-like entities. Through the concept of aggregation (a concept in which a relationship 

between objects is in itself another object at a higher level in the taxonomy) and of generalization (a concept in 

which a set of similar objects are regarded as belonging to the same generic object class), it is possible to represent 

the kind of hierarchical systems that are found in simulation studies. 

Databases for Interfaces in a SME 

A database may be used to store the characteristics of the interface, as they relate to the end user; thus, 

supporting the SME designer to tailor the SME to a particular application. Relational DBMS, such as ORACLE or 

INGRES. offer the capability of embedding SQL statements in a high level programming language such as C or 

FOR1RAN. This programmatic capability has enabled SME designers to design and implement user-sensitive and 

extensible interfaces for simulation modeling. Icon-based environments can also benefit of using databases 

although they would not necessarily use a commercial DBMS. 

Databases for Information Processing in a SME 

Databases can be used to collect and store simulation results, including traces, time series of values and 

summary statistics, for future analysis and presentation. To support the storage of the results of a simulation run, 

the SME database must accept information into many distinct tables at one time. This is done using a standard 

database storage function (e.g. INSERT INTO). The results, therefore, can be place on secondary storage as 

necessary. The organization of results on secondary storage, however, is important due to volume being a major 

issue. One ad hoc method for doing this has been reported by Norman [8]. Within an SME, minimizing 

secondary storage requirements and using organizations that provide for fast retrieval of information processing 

operations are necessary. Experience has shown that a good organization for results each table occupies its own set 

of physical records; thus, the number of records retrieved during information processing per table is minimized. 

Each record also has three pieces of overhead: the ID of the previous physical record, the ID of the subsequent 

physical record, and the offset from the beginning of the record where the next row can be placed. 

Statistical analysis is typically performed on one table of time series values, or a selected subset of its rows and 

variables. The computed statistical quantities are either displayed immediately or stored for later presentation or 

use within a model. Thus, statistical analyses of results need not be specified or performed within simulations but 

can be defined and computed on a post-simulation basis. Rows of data values are retrieved, one at a time, using 
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database sequential retrieval functions (e.g. SELECT - FROM). The necessary statistical computations are made, 

and rows of statistical summaries are rewritten to the SME database. 

Database for Model Extraction 

Models can be defined about systems previously described and stored in the database. This component has two 

major functions in a SME: 1) converts, with the help of the end user, information about a system into a model of it, 

and 2) converts the model into a specific format to meet the requirements of the simulation engine. Through the 

SELECT operation of the DBMS {executing JOINs and/or UNIONs on tables), components of a system can be 

presented to the modeler for his/her modeling decision. Once models have been fully defined, they need to be 

"translated" into the format of the simulation engine. This translation can be made in several ways using database 

capabilities. The database can be used to "merely" store the final product of the translation process, or it can be 
used to dynamically define the classes of systems that can be modeled, and the simulation engine to utilize. The 

latter approach may, in the near future, enable language independence in a SME. 

In ISME [3, 4], a builder editor is used to define the classes of systems that can be simulated and models of 

systems in this class. Once a system class and models have been defined, ISMEs model synthesizer produces an 

equivalent SIMAN model and experiment source file. During the synthesis, the engine makes an extensive use of 

SQL statements to ensure that the integrity of object relationships is preserved. For instance, since ISME captures 

the definition of a system independently of the models about it, it may be possible that there are no models defined 

for a requested system at the moment the simulation engine is triggered. Thus, before attempting the synthesis of 

"nothing", the engine checks that there is at least one model for the given system, using the following SQL 

statement from within a C program: 

SELECT 
INTO 
FROM 
WHERE 

MODLCODE,MODLNAME 
:mod.codes, :modnames 
MODELS 

PROJCODE = :projcod; 

SQL statements can be conditioned to retrieve information in certain order, or they can be multi-conditioned 

(or nested) to execute a join operation across several tables in the database. Consequently, a system may be 

modeled at various levels of aggregation. 

Databases for Simulation Engine Neutrality 

Neutrality is easily realized and further enhanced by database technology through generic structures. For 

instance, structures for input/output data objects have been found not to depend on the simulation language that 

needs them or outputs them. The neutrality of simulation results is a direct result of the philosophical approach 

used by many simulation languages: the next event approach, which yields results in the form of traces, time 
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series, sets of tallied values as they occur, and summary statistics. Neutrality using descriptive modeling has been 

proven feasible in (3). In her approach, Centeno stores the function names that a given simulation tool uses to 

carry out a SMP function. Later, a simulation code generator written in C reads this information and synthesizes 

the actual code. This approach detaches the SME from a specific sjmulation tool. 

SUMMARY 

Database management concepts and capabilities are an important enabling technology for the design and 

implementation of simulation environments. This has been demonstrated by the use of these concepts and 

capabilities in previously developed commercial and prototype SMEs. Database concepts contribute to the 

development of effective, user-based interfaces that help unite the various components of a SME. Further studies 

are being conducted to assess the impact of icon-based technology as they enable the access to databases residing in 

remote servers. 
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ABSTRACT 

The University of Pittsburgh offers a series of freshman 
courses designed to develop a foundation of general 
engineering knowledge. To improve the academic quality 
of this program, real engineering applications are used 
as vehicles to provide basic instruction in several 
areas of engineering, including strength of materials 
and data analysis. In situations where purchase, 
operation, and maintenance costs and logistics preclude 
the use of actual equipment, the Department of Industri
al Engineering is experimenting with the use of computer 
based simulators. The initial application consists of 
the development of a tensile test simulator. 

The Tensile Test Simulator was developed in Microsoft 
Visual Basic. It provides students with a graphical 
representation of an actual tensile tester. Students 
can select among various materials to test, observe the 
test in progress, and receive feedback in the form of 
stress-strain curve data. Access is improved as the 
simulator may be operated on any IBM compatible PC with 
Microsoft Windows 3.1. Operating costs are eliminated 
s ince a variety of materials may be tested without 
acquisition and inventory considerations. Furthermore, 
instruction is received without risk to safety. These 
benefits allow the Tensile Test Simulator to provide im
proved engineering education at reduced cost. 

INTRODUCTION 

The University of Pittsburgh offers a series of freshman courses designed to 
develop a foundation of general engineering knowledge. The first course in this 
sequence is Introduction to Engineering Analysis, ENGR 11. Previously, students 
received instruction on spreadsheets, accuracy, precision, units, conversion, and 
descriptive statistics prior to an introduction to the engineering sciences. 
This approach presented impressionable freshmen with a somewhat distorted view 
of engineering . To increase engineering relevance and motivate a need for under
standing data analysis, the Freshman Engineering Program staff is restructuring 
the ENGR 11 curriculum. 

Part of this improvement process involves the use of real applications in areas 
such as, materials science to motivate students and help them understand the need 
for data analysis and other basic engineering subjects. In situations where it 
is not practical to support these efforts with actual equipment, the Department 
of Industrial Engineering is experimenting with the use of computer based simula
tors_ The initial application consists of the development of a tensile test 
simulator. 

A brief review of t he current simulator and simulation activity in the area of 
materials science and engineering indicates that the majority of effort is being 
directed towards the modeling of materials properties. Simulation applications 
currently exist at the atomistic level [1,2]. Activity is a ~so present on the 
simulation analysis of polymers (3,4,5,6 ] . Lastly, finite element simulation is 
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also being examined [7, 8). Although some simulation activity does exists in this 
area, the literature search could not identify any currently available materials 
science and engineering equipment s i mulators . 

GENERAL INFORMATION 

Tensile testing machines are utilized to meqsure the tensile strength, yield 
strength, and elongation of metals, polymers, and other materials (9,10]. A 
typical tensile test consists of pulling opposite ends of the sample material 
until failure occurs. This information is critical - for engineering design and 
manufacturing quality operations. Costs and logistics associated with the pur
chase, operation, and maintenance of tensile testers limit the number of avail
able units in a university environment. 

The Tensile Test Simulator operates on IBM personal computers in the Microsoft 
Windows 3 .1 environment. It provides students with a graphical and interactive 
model of an actual tensile tester . As with an actual tensile tester, the simula
tor allows students to select samples, observe the test in progress, and receive 
feedback in the form of both graphical and numeric stress-strain curve data , 
With three different sample materials, the simulator can display elastic, 
plastic, strain hardening, lateral contraction, and fracture behavior . 

MAJOR COMPONENTS 

The major components of the Tensile Test Simulator are visible from the main · 
program window, as illustrated in figure 1. The control panel features graphical 
and numeric stress-strain displays, operating mode selectors, and sample 
specification . The tester features the sample clamping system; and t he force and 
elongation gauges. 
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The control panel graphical and numeric displays provide feedback for sample 
tests . The graphical display can show any section of t he sample"s stress-strain 
curve . This data is simultaneously visible on the scrollable numeric display. 
At t he completion of the test, the students may save the data to a file or print 
out hard copies . 

Operational flexibility is provided · by automatic and manual modes . In the 
automatic mode, the simulator presents a large scale view and enlongates the 
sample until failure '. This mode offers st"udents basic information on the 
physical properties of the material . In the manual mode, the user may set both 
the operating force and the display range strain limits. This enables students 
to investigate the stress-strain curve at a more detailed level. 

samples are specified by selecting the material, length, and diameter. Current
ly, the three types of materials which are available include structural steel, 
aluminum, and cast iron. These materials were chosen for their diverse me
chanical properties. During tests, the differences in these mechanical proper
ties are visible in not only the graphical data display, but also in the samples. 
As the stress-strain curve progresses, the bitmap of the sample indicates evi
dence of strain hardening, necking, and fracture . The data for these materials 

. is calculated from polynomial equations based on the actual stress-strain curves.' 

SPECIAL FEATURES 

The simulator possess two special features to enhance its utility. The first 
feature enables the simulator to be operated in either an accurate or an 
inaccurate mode. For general materials instruction, the accurate mode is 
normally utilized . For data analysis instruction, the inaccurate mode returns 
stress values with a normally distributed random error . Instructors may specify 
the degree of inaccuracy by varying the standard error . This mode allows the 
simulator to easily create real life data collection problems . 

The second special feature of the simulator is the ability to vary the number of 
points being sampled for the stress-strain curve. In the event that the 
simulator is being ut i lized on a lower level computer, this feature allows the 
simulator to be run at an acceptable level of performance. 

PROGRAMMING DETAILS 

The Tensile Test Simulator was developed in Microsoft Visual Basic 3 . 0, 
Professional Edition. The event driven programming style utilized by Visual 
Basic facilitated development of the simulator. The program itself utilizes a 
total of seven forms, two basic code modules, twenty one bitmaps, and four custom 
controls. 

USER RESPONSES 

The Tensile Test Simulator was demonstrated to 51 undergraduate mechanical engi
neering students in February of 1994. These students had recently used an actual 
tensi l e tester in a material structure and properties lab course. Though the 
opportunity did not exist for the statistical evaluation of the simulator, some 
student feedback was obtained through the distribution of a survey. Th e follow
ing graphs provide an indicati on to the potential value of the Tensile Test 
Simulator for engineering education. 

These responses represent only a small sample of the potential Tensile Test Simu
l ator user population. Current plans call for statistical compari sons bet ween 
control and simulator educated groups during the Fall of 1994. The results of 
these t ests will be presented in a future publication. 
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SUMMARY 

The Tensile Test Simulator is designed to be both easy to use and interesti ng t o 
first year students, thus stimulating their interest in engineering. Access is 
improved as the simulator may be operated on any IBM compatible PC with Microsoft 
windows 3 . 1 . Operating costs are eliminated since a variety of materials may be 
tested without acquisition and inventory considerations . Furthermore , ins t ruc
tion is received without risk to safety . These benefits allow the Tensile Test 
simulator to provide improved engineering education at reduced cost . Ruri time 
copies of the Tensile Test Simulator are availabl e from the authors . 
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CHANGES AND TRENDS IN INDUSTRIAL ENGINEERING TOOLS AND 
TECHNIQUES DURING THE LAST 40 YEARS 

SUSAN L. MURRAY AND AMANDA M. MITSKEVICH 
University of Central Florida and NA$A, Kennedy Space Center 

ROBERT R. SAFFORD 
University of Central Florida 

This paper reviews 40 years of Industrial Engineering handbooks in order 
to provide I.E. educators with insight into the expansion and adaptation 

of traditional techniques into new frontiers. It describes I.E. 
techniques that have disappeared, those that have been adopted by other 

specialties, those that have remained timeless, and several that are 
required by law. It also provides a view on the overall scope of I.E. 
Conclusions are made which will help the I.E. educator to continuously 

reevaluate the skills that I.E.'s of the future will require. 

WHAT IS INDUSTRIAL ENGINEERING, ANYWAY ... 
Industrial engineering is such a diverse and dynamic profession tha,t 
some people have difficulties defining what it is. In Maynard's 
Industrial Engineering Handbook Michael Ferrell stated, "The range of 
industrial engineering activities is so broad that one prominent 
industrialist said that 'industrial engineering consists of all of the 
engineering and management control activities that cannot be clearly 
designated as a part of other engineering or accounting functions.'" [1] 
Part of the difficulty is that I.E~ is a field that is always expanding 
and incorporating new technologies and entering new areas. The 
Institute of Industrial Engineers (IIE) defined it as follows: 

Industrial engineering is concerned with the design, 
improvement, and installation of integrated systems of men, 
materials and equipment. It draws upon specialized 
knowledge and skill in mathematical, physical, and social 
sciences, together with the principles and methods of 
engineering analysis and design, to specify, predict, and 
evaluate the results to be obtained from such systems. [1] 

As educators, it is beneficial to reflect on the changes that the 
profession has undergone to determine the timeless fundamentals, the 
current trends, and the future potential of industrial engineering. 
With this insight, we can better provide future I.E.'s with a well 
rounded "toolbox" of techniques to see them into the 21st century. 

To determine changes over the last several decades, various editions of 
three I.E. handbooks were reviewed. The handbooks were Handbook of 
Industrial Engineering and Management edited by Ireson and Grant, 
Industrial Engineering Handbook edited by Maynard, and Handbook of 
Industrial Engineering edited by Salvendy. The copyright dates ranged 
from 1955 to 1992. 

In 1943 Industrial Engineering was summarized in the chart in Figure 1. 
[l] When this definition is compared with percentages in the areas 
I.E. 's practice, which were generated some 45 years later as shown in 
Figure 2, [1] there is significant overlap. Some of the terms haven't 
changed; Work Measurement, for example, appears in both figures. Other 
areas seemed to have only changed in terminology, such as Plant Layout 
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becoming Facilities. And final l y, some areas have been added since the 
1940 1 s, such as Computer and Informat i on Systems and Human Factors. 

GONE AND FORGOTTEN .. . 
A more in-depth analysis of the older handbooks revealed some Industrial 
Engineering techniques that have fallen by the wayside. Perhaps the 
most striking example of this would be the section on Industrial 
Climatology in the 1955 and 1971 editions of Handbook of Industrial 
Engineering and Management. (2,3] The handbook provides detailed 
definitions of climatology and weather forecasts. In light of this 
country's recent weather related disasters, the following quote from 
Ireson and Grant's first edition seems to possess an almost comical 
tone: "Contrary to an oft-repeated saying, man has done a great deal 
about the weather. He has probably devoted more effort to combating 
weather than he has to any other purpose, with the possible exception of 
waging war. Perhaps man will eventually learn how to actually control 
the weather." [2] The authors then discuss . industrial climatology 
problems including: site selection, site layout, scheduling, equipment 
operation, precipitation, air pollution, and human comfort. While many 
human factors textbooks still contain sections on the effects of air 
quality and environmental conditions on humans, the other factors 
currently do not warrant significant consideration. Facility location 
tends to emphasize economic, legal , and logistical issues more than 
climate . Today scheduling textbooks emphasize rates, probability 
distributions, and algorithms rather than climatic trends . 

GOING, GOING, GONE ... 
Over time some areas of Industrial Engineering have tended to be 
incorporated by other areas of engineering or engineering technology . 
For example, Tool Engineering was covered in great detail in the earlier 
handbooks and has been excluded from the more recent editions . In a 
time when Industrial Engineering was primarily applied to manufacturing 
industries, Machining Process and Tool Design were staples of many 
Industrial Engineers' body of knowledge . The ability to calculate 
machine speeds and feeds or cutting depths was considered a necessary 
skill along with the design of jigs, fixtures, or dies . But due to the 
many changes in the makeup of our economy, many Industrial Engineers, if 
not the majority, have successful careers without ever coming into 
contact with traditional fabrication processes. 

OLD FAITHFUL . . . 
Some areas of Industrial Engineering seem to have seen little in the way 
of changes . These classical specialties remain the foundation of the 
I.E. education today. Motion and Time Study, dating from the work of 
Frederick Taylor in the 1880"s, is just one example of this . The 
pioneering Motion Study work of Frank and Lillian Gilbreth is still 
included in the I.E. handbooks today. (1,6] Improvements in technology 
have been incorporated into this field, but the fundamentals have 
remained relatively unaffected . Chronocyclegraphics has been replaced 
by the uses of video, but the analys i s of the motion elements is still 
the same. Other traditional areas o f Industrial Engineering that have 
withstood the test of time include Engineering Economics, Facilities 
Layout, Material Handling, as well as numerous others . 

THE MORE THINGS CHANGE, THE MORE THEY STAY THE SAME . .. 
Industrial Engineering is by no means stagnate. New ideas, 
philosophies., and buzzwords seem to appear with each new volume of the 
I . E . journals and magazines published today. Some of these "new 
fangled" ideas may not be as new as some would lead us to believe . The 
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first edition of the Handbook of Industrial Engineering and Management 
contains a section on "harmonious overlap ." "Harmonious overlap" is by 
no means a trendy I.E. buzzword. The example Dale [2) used in defining 
it in 1955 was the work of Dr. Sachs on the atomic bomb construction 
during the late 1930 • s under Franklin D. Roosevelt's administration. 
Dale defines it as "another method of ~work division (that) may be 
useful, particularly in research work that must be speedily completed to 
meet competition or fulfill an urgent customer requirement ." Dr. Sachs 
explained how "harmonious overlap" could be used for developing an 
atomic weapon in time to decide the outcome of the war. He estimated 
that it would ordinarily take 25 years to complete the task. Sachs 
suggested, "When you start one part of the project, assume you have 
finished it successfully, and start the next as if you had." Dale 
reports, "That is exactly what was done, probably for the first time 
with such a huge undertaking. It worked." And the rest is history. 
Many Industrial Engineers would notice a definite similarity between 
"harmonious overlap" and the technique of Concurrent Engineering which 
in recent years has been heralded as a new tool for corporations 
battling to remain competitive in rapidly changing industries. 

Another "trendy" area of Industrial Engineering that has been gaining 
attention across numerous industries is Quality. "' Quality is 
Everybody's Job' is a quality campaign slogan with important meaning. 
Although the quality function is a staff or advisory function, it must 
extend into every line of the organization . .. Committees make the 'in
line• parts of the organization part of the quality team. They provide 
a common ground on which various parts of the organization can cooperate 
on quality matters." [2] These quotes could come from the president of 
a car company during a 60 second TV commercial or the mission statement 
of a TQM team rather than a 40 year old I.E. handbook. 

IT'S NOT JUST A GOOD IDEA, IT'S THE LAW ... 
Several of the older Industrial Engineering 
philosophies that were considered good practices, 
be done. The following is from Ireson and Grant's 

handbooks projected 
the way things should 
first edition. 

What about those aspects of labor policy that are regarded 
as confidential or secret? What about policies that propose 
to limit employees to members of a single race or to avoid 
employment of older persons or members of certain 
nationalities? In general, current practice seeks to avoid 
policies that cannot be disclosed and openly supported and 
justified. So-called 'unwritten policies' regarded as 
traditional and binding although they have not been put into 
spoken or written words - are generally avoided. [2] 

The U.S . government has taken steps to insure that such practices are 
not just generally avoided but illegal, a recent example being the 
Americans with Disabilities Act (A.D.A . ). Today's I.E. must design for 
diversity among the workforce and customers. 

AN ENGINEER FOR ALL SEASONS ... 
While looking for trends over the last four decades in Industrial 
Engineering, one point seems clear. I.E. continues to expand into new 
areas. It responds to changes in the makeup of our national and world 
economy. This idea was summed up 30 years ago in the following quote. 

The industrial engineer is beginning to see opportunities t o 
work on integrated systems in areas other than manufacturing 

324 



\IS ,9, Procudings: Annual International 
e,ence on Industry, Engineering, and Management Systems 

in management, distribution, or service systems in 
industry; in institutional activities in hospitals or 
education; and in governmental or military logistical, 
service, or operational systems . Modern systems are complex 
and varied. Physical, economic, and business systems have 
technical and human aspects. Industrial engineering has a 
key role in systems design for all levels of management. [4] 

Another trend that becomes apparent is the speed in which new 
technologies are embraced and incorporated into the Industrial 
Engineering "toolbox." I.E. 's were quick to realize the usefulness of 
tools such as computers . 

With automatic computers, industrial engineering can deal 
effectively, economically, and dynamically with complex, 
multivariate, and interacting systems. It is possible to 
conceive of simulating certain of the characteristics of 
business enterprises on large - scale high-speed computers 
which can report on two hundred years of simulated operating 
experience in an hour. This can be used for studying the 
outcomes of management decisions and to develop more 
effective procedures, operating rules, tactics, and 
strategies. [4] 

This 30 year old quote shows the foresight of industrial engineers to 
use new technologies as an analysis tool. This same type of foresight 
is being used today as modern I.E.' s continue to search for useful 
applications of ongoing technical developments such as virtual reality. 

The final trend is not really a new trend but dates from the turn of the 
century when Taylor and others attempted to bring science into 
manufacturing management. Mathewson stated, decades ago, nthe trend 
lies in the increasing development of factual and unbiased solutions 
based on an increased ability to measure, understand, and manipulate 
whole systems . " (4 ) The current developments in the area of 
benchmarking are clear examples of today's I.E. •s continuing this trend 
of quantifying and improving processes. 

Some Industrial Engineers would be quick to point out that I.E. is not 
an exact science and some element of art will always remain as a part of 
the successful I.E . 's skills. Finding this balance between art and 
science will continue to be an ongoing struggle for Industrial 
Engineers. 40 years ago, Ireson and Grant commented on the debate of 
their time, defining the new field of Operations Research . 

There seemed to us to be a tendency on the part of some 
military operations r esearchers to insist that the 
mathematical model was the essentia l element in operations 
research. We believe this viewpoint i s unduly narrow, when 
considered in relation to the possible contributions of 
operations research techniques to industry . (2] 
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AND IN CONCLUSION .. . 
As engineering educators we must continuously reevaluate the skills the 
Industrial Engineers of the future are being taught. We must let go of 
the antiquated techniques that have served their purpose. The remaining 
I.E. fundamentals should be updated with the ongoing advances in 
technology. We should encourage our students to continue the expansion 
of the frontiers of our field and adapt traditional Industrial 
Engineering tools and techniques for use in new areas. 
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Four Parametric Case Studies 
for Teaching Engineering Design 

Or. Wade C. Driscoll 
Youngstown State University, Youngstown, OH 44512 

ABSTRACT 

Two factors - increased ABET emphasis on engineering design, and 
the role that engineering design plays in pursuing our national goals -
mandate increased emphasis on effective methods for teaching design. Case 
studies assigned to classes comprise one approach to teaching engineering 
design. In a traditional approach, all students work simultaneously on the 
same case study. This may result in serious complications regarding the 
appropriateness of the individuality of the design work which the students 
report. This paper defines and advances the use of 'parametric case studies' 
for teaching engineering design. A parametric case study has all students 
simultaneously working on an engineering design problem having the same 
structure but with different parameters. It is essentially a traditional case 
study with different data for each student. The parametric case study 
relieves the difficulty of evaluating the individuality of students' design 
activities, since different designs should result from different students. 

This paper provides an overview of four parametric case studies which 
have proved to be useful in teaching industrial engineering design. Disk 
copy of the case studies may be obtained from the author free of charge. 

1. INTRODUCTION 

The United Engineering Center [7] Engineering defined engineering design as "the creative process which 
follows the identification of a need for a device or system that satisfies individual, organizational and/or social 
requirements. . .. It leads ... from the identification of the need to a device or system that satisfies that 
need." The practice of engineering design often involves the steps (a) alternative approaches to satisfying a 
need; (b) multiple and often conflicting requirements and constraints; and ( c) the use of various methods of 
evaluating and optimizing the alternative concepts to arrive at a final configuration. These steps comprise an 
iterative process cycled through repeatedly in engineering design. The Accreditation Board of Engineering 
and Technology (ABET) definition [l] of design content includes the key issues of open-endedness of assigned 
work, multiple solutions or multiple paths leading to a solution, integration of basic material taught in other 
courses, tradeoffs between considerations other than engineering (e.g., cost, aesthetics, social impact), and 
requirements for team efforts by students. 

Engineering design continues to evolve in importance as a component oflndustrial and Systems Engineer
ing education. The United Engineering Center [7] presented compelling reasons to believe that competitive 
leadership in the international marketplace, superiority in national defense, and excellence in productivity 
and safety of both private and public systems depend to no small extent upon national excellence in engi
neering design. In short, successful industries produce marketable goods and services at competitive prices. 
Design, in a broad sense, enables this to be achieved, and therefore is one of the primary vehicles for insuring 
industrial productivity and competitiveness. 

Readers who were in engineering education in the last two decades may have anecdotal evidence that 
graduating engineers could have benefited from more emphasis on communications skills, project manage
ment skills, and contributing to group engineering efforts. The anecdotal evidence is supported by the results 
of a recent survey of Fortune 500 companies, whose management cited the following top five characteristics 
that companies want their recruits to have: 

(i) critical thinking; (ii) computer skills; (iii) communications skills; 
(iv) multicultural outlook; (v) ability to contribute to project work in a group. 
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ABET has responded to its recognition of the importance of these qualities. It has become increasingly 
forceful in encouraging engineering programs to integrate design into their curricula. Similarly, ABET has 
been encouraging engineering programs to include communications skills, computer skills, and engineering 
ethics and professionalism in their curricula. Engineering programs have sought to satisfy these additional 
requirements and the engineering design requirements by a variety of approaches. Many of these approaches 
involve projects in engineering design which, in addition to their technical content, also may advance the 
development of communications skills, computer skills, professionalism, and ethics. 

· In summary, the increased ABET emphasis on engineering design, coupled with the role that engineering 
design plays in pursuing the national goal of producing goods and services at competitive prices in the world 
market, mandates increased emphasis on effective methods for teaching design at the nation's engineering 
colleges. The rest of this paper presents an effective vehicle for enhancing education in engineering design. 
The following section defines parametric case studies and contrasts them to traditional case studies. That is 
followed by four sections, each of which describes a parametric case study which the reader may find useful 
in teaching engineering design. The final section of this paper summarizes the author's experiences with the 
use of these case studies, and presents areas for possible extensions of work. 

2. TRADITIONAL ANO PARAMETRIC CASE STUDIES 

As described in [2], a 'parametric case study' has all students simultaneously work on an engineering 
design problem having the same structure but with different parameters. A parametric case study is essen
tially a traditional case study with different data for different students. The instructor assigns each student a 
unique ID number. The student initiates the case study by entering the keyword at a microcomputer which 
invokes software for the case study. A random number generator which is initialized by the ID number 
determines a unique set of problem parameters for the student. Text and numerical values describing the 
case study appear on the computer monitor. Options include printing the case study and/or storing it on 
floppy disk. Thus the student need not reenter the bulk of the data describing the case study, since that 
data is available on disk for editing into the appropriate form. 

Both the traditional and the parametric case study provide a framework within which the instructor 
can emphasize the fact that many meaningful design experiences reinforce the notion that engineers do not 
work in isolation. The exchange of ideas with others concerned with the same design environment not only 
contributes to the requisite variety of problem formulations and design methodologies; the exchange of ideas 
also may ultimately influence the acceptance of a design by the end user. Both the traditional and the 
parametric case study approaches to engineering design have the advantage of using projects proven in the 
past to be amenable to solution within the engineering design context. The usefulness can be surmised 
beforehand of a particular case study for meeting ABET's requirements not only for design but also for 
developing the student's sensitivities and skills in the areas of communications, ethics, and the societal 
context within which the profession is practiced. 

Unfortunately, traditional case studies often entail difficulties in controlling and evaluating student com
munication and interaction that are not prevalent in their parametric counterparts. Serious complications 
result when all students in a design class simultaneously study and then submit reports on the same en
gineering case. The instructor must implicitly or explicitly make judgments regarding the appropriateness 
of the individuality of the work. The professional exchange of information, which is vital to the effective 
practice of engineering, bounds the spectrum of appropriateness of individuality on one extreme. Unbridled 
copying - of problem formulations, of design methodologies and even of final designs - constitutes the 
other extreme. The difficulty of making judgments regarding a work's individuality renders it likely that 
even the most competent instructors may on occasion be inconsistent with one another; they also may be 
inconsistent with themselves from time to time. 

Parametric case studies alleviate some of these difficulties attending traditional case studies. With 
traditional case studies, some students may be reluctant to interact with others for fear of appearing to copy, 
and others may interact to such a great extent that it becomes impossible to distinguish one student's work 
from another. However, students working on a parametric case study can discuss design methodologies freely 
with one another without concern for the uniqueness of his/ her report . Differences in data from one student 
to another assure that different designs will result for each student. 
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The following four sections describe the salient features of four parametric case studies written by the 
author which have proved useful in teaching engineering design. 

3. RELIABLE ELECTRIC COMPANY 
The narrative text for the Reliable Electric Company Parametric Case Study is: 

The Reliable Electric Company produces electrical wires and connectors for sale to major car 
manufacturers. A pa.rt of their production process involves stamping .electrical connectors from 
strips of conductor. Reliable is currently planning to move its punch presses which do the stamping 
into a. new plant. As a. pa.rt of the evaluation of their overall stamping operation Reliable is 
considering the number of ma.chines to assign to ea.ch opera.tor. 

Each machine requires occasional opera.tor attention for setup, maintenance, clearing jams, 
and minor repairs. Management estimates that the total cost per hour Cw of having a. machine 
idle is $12. 00 for ea.ch hour that the ma.chine is out of operation. 

The current labor agreement dictates that each opera.tor work only on the machines which are 
assigned to him. For example, if operator A has two of his ma.chines down while Operator B has all 
of his ma.chines running, then B does not help A. However, management is interested in determining 
how much they can offer to labor to have this practice relaxed so that there is one common pool of 
machines and one common pool of opera.tors. Then there should never be a machine which is both 
idle and unattended when there is an idle person in the pool of operators. Management wants to be 
able to offer the union the option to have pay raises by an amount commensurate with the savings 
that would result from this pooling of machines ud opera.tors. Although the pooling may result 
in having too many operators initially, management may rely on attrition to eventually reduce this 
number and thereby save money in the long run. 

As a. part of the review of the assignment of machine operators to machines, data on the 
processes have been collected. Table 1 gives lengths of times the machines typically run without 
requiring operator intervention. Table 2 gives the lengths of times typically required to restore 
a ma.chine to service after beginning work on it. (Table 2 does not include the length of time a 
machine stands idle and unattended because the operator is busy elsewhere.) 

The cost of a.n operator is Cs=S25. 00/hr. This includes both base pay and fringes. The plant 
currently has 100 machines. The demand for their product appears to be stable a.nd is expected to 
continue to approach the ca.pa.city of the stamping operation. 

Tables I and II, not shown here for economy of presentation, present data on interarrival and service 
times. All two hundred values in those two tables, and both values in the above narrative description in 
this type, will be different for each student. 

A methodology appropriate to the design problem may include 
• queuing theory. • simulation. 
• data analysis. • sensitivity. analysis. 
• determination of probability models and testing models for goodness of fit. 

The successful student may be surprised to find that they can find a design alternative that both brings 
in more net profit to the company and uses more, not less, workers. 

The burden of evaluating the distinct reports that result from the unique realizations of the case study 
is not as severe as might first appear. While each realization of the case study has different interarrival 
(service) times, all are generated by the same an exponential process having parameterµ(,\) . Furthermore, 
the different cost structures for each student taken collectively provide the basis for a sensitivity analysis 
for the problem. Parameters on a single spreadsheet can be specialized in a few minutes to generate a. 'base 
line' design methodology against which one can compare the students' results. 

4. INTERPIECE COMPANY 
Four pages of text result from running the software that generates the Interpiece Company Parametric 

Case Study. For economy of presentation, this section presents an overview of the case study, rather than a 
verbatim listing of one of its realizations. 

Interpiece's Solon plant manufactures bells and spigots for the construction industry. The bells and 
spigots join sections of pipe or conduit which are used for waterwater conveyance. The Solon plant's only 
manufacturing line for bells and spigots requires different setups for different products, and nothing can be 
produced while a changeover is in progress. 

The software generating the case study provides the student with changeover times for the manufacturing 
line. The production classes are numbered in consideration of the nature of the changeovers required. 
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Changeover penalties tend to be minimized by sequencing through the setup classes in order of increasing 
number, because the penalty C;; is always smaller than the penalty Ci1: for j < k. This leads to a natural 
cycle involving a series of smaller changeovers from Class 1 in numerical order to Class 10 followed by a 
relatively large end-of-cycle changeover to get set up for the start of the next cycle. 

Exhibits in the case study also provide historical data on the annual demand, the reorder point Si, the 
reorder level Si, time and cost standards and inventory pen~lty costs for each product. In planning next 
week's production cycle, the inventory level of each production class is used with its reorder point level and 
reorder level to determine its production quantity for the cycle. Additional exhibits give data on several 
representative production cycles, a summary of the last year of operation of the Solon plant, and estimates 
of inventory penalty costs. As in all of the other parametric case studies, data in the tables and the narrative 
text is different for each student. 

The design problem involves reconciliation of the inevitable tradeoff between changeovers costs and 
inventory holding and shortage penalty costs. A methodology appropriate to the design problem may 
include · 

• simulation. • sensitivity analysis. • common sense. 
• inventory theory • production planning and control 

5. UNIVERSAL DEVICES COMPANY A AND B 
The narrative text for the Universal Devices Company (A) Parametric Case Study follows: 

The Universal Devices Company is expanding its plant area to include the capacity to produce 
four new products - torque arm, star clasp, frame mount, and universal adaptor. Each product is 
to be manufactured by assembling components having part numbers 101, 102, ... , 110, which are 
to be made in the new plant area. 

Table 1 gives the number of each component required for the various products. For example, 
Table 1 shows that a torque arm consists ·of 3 components of part 101, 2 of part 103, S of part 106, 
and 4 of 108. Table l also shows the material cost and fabrication time for each component. For 
example, the material cost for part 101 is $2. 20 per unit; its fabrication time is 3. 6 minutes per 
unit. 

Table 2 displays assembly times, demands and labor costs relevant to the problem. For exam
ple, Table 2 indicates that the time required to assemble a. torque arm is 6. 4 minutes per torque 
arm. Universal Devices is committed to produce at least 2000 torque arms per month, but the 
company could sell as many as 4500 per month. The income from the sale of one torque arm is 
$78 .40. Labor costs including fringe benefits a.verage $9 .00 per hour for assemblers and $11. 60 
per hour for machine operators. 

Machines of type A, B, ... , F may be used in the new plant area. The ma.chines capable of 
producing part numbers 101, ... , 110 are given in Table 3. For example, the table indicates that part 
101 can be produced only on type A machines. By contrast, Table 3 indicates that part number 
103 can be produced on either type A or type B machines. However, a single component of part 
103 does not require processing on both types of machines, although it is possible to produce some 
part 103s on type A machines and other pa.rt 103s on type B machines. 

Table 4 gives the machine costs, scrap rates and downtimes. For example, the cost of ownership, 
operation and maintenance for one type A machine is estimated to be $2460 per month; for two 
of machine A, the cost would be $4920 per month, etc. The scrap rate for type A machines 
averages to 1. 5%. Type A machines average 4. 3% down time; i.e., a type A machine will average 
(0.01)(4.3)(60) = 2.58 minutes out of production for each hour. 

Universal Devices is making decisions regarding the number of each type of machine to buy 
for the new plant area, the number of components per month to produce on ea.ch machine, and 
the number of people to employ for operating the machines and assembling the products. These 
decisions are to be made assuming that each machine and each person works only 40 hours per 
week with no overtime. The other resources tha.t go into the manufacture of the components and 
the products are available in abundance and may be assumed to have no effect on the decisions to 
be made. 

As before, the data change from student to student, and the listing of the tables has been suppressed. 
A methodology appropriate to the design problem may include 

• spreadsheet use; • production planning and control 
• simulation; • mixed linear/integer program 
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Universal Devices (B) is closer to the actual problem size encountered in industry; version (A) is about 
one-third size. In solving first version (A) and then (B), the student may develop an enhanced understanding 
of the advantages of solving a scaled-down version of a large problem first. In working the smaller problem, 
they develop a: design methodology for the larger one. The impact of false starts in their development of a 
design methodology is limited to the smaller_ problem. 

6. B. J. COREVET CORPORATION 

The results from running the software that generates the B. J. Corevet Corporation Parametric Case 
Study includes narrative text, tables of data, and menus from which students may select data collection 
alternatives. For economy of presentation, this section presents an overview of the case study, rather than a 
verbatim listing of one of its realizations. 

The narrative text of the case study describes current dock loading/unloading practices and dock worker 
scheduling practices at an E. J. Corevet warehouse that may be improved. As in the three parametric studies 
described earlier, data varies from student to student. However, the B. J. Corevet case study provides another 
factor for students to consider. The student is provided with a tree of seven menus from which data collection 
alternatives may be selected. The student is assessed data acquisition charges in consideration of the decisions 
made. Thus the case study incorporates another dimension of design that is often suppressed because of its 
difficulty of representation - the tradeoff between the costs of data acquisition and the costs of the resulting 
decisions based on the use of that data. 

This case study provides menus from which the students can make selections. The case study reinforces 
the concept that data acquisition entails costs. In the Corevet Parametric Case Study, the student purchases 
data using limited resources. The student is forced to assess the potential utility of the information he or 
she contemplates acquiring against the cost of data acquisition. 

A methodology appropriate to the design problem may include 
• work methods. • scheduling 
• simulation • production planning and control 

7. RESULTS FROM USING PARAMETRIC CASE STUDIES 

The author has used the above four parametric case studies and three others ([4], [5], and [6]) in senior 
level industrial engineering classes. The format proved to be a useful vehicle for teaching engineering design. 
Experience indicates that the approach has benefits beyond relieving the difficulties regarding communication 
between students. 

The following observations pertain to the use of the parametric case studies in general. 

(1) The parametric cases raised the student's level of abstraction in viewing the problem. The 
format influenced some students towards viewing their design methodology as having general 
application to a range of engineering problems rather than being a solution to a specific 
narrow problem. 

(2) Class discussions about alternative problem descriptions and design methodologies were less 
inhibited with parametric case studies than those when the same case a.nd data are used for 
ea.ch student. 

(3) Students took advantage of having the problem description and tables of data on floppy disk. 
They concentrated more on design methodology and exposition and less on keyboarding 
skills. 

(4) Compared to traditional case studies, a greater variety of design methodologies and final 
designs resulted from the use of the parametric case studies. 

(5) Compared to projects involving students working on a 'live' problem from industry, the 
parametric case study provides the instructor with greater control over the suitability of the 
work for engineering design. 
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The following observations pertain to the B. J. Corevet case study with its interactive data acquisition 
features: 

(1) 

(2) 

Students initially disliked the uncertainty that attended having to make decisions about data. 
acquisition. They expressed concern that their initial allotment to their data acquisition 
account was inadequate, and that the prices of t~e data acquisition were inappropriate. 

Nearly all students eventually expressed relief when their initial fears in (1) above were 
not realized. The few students who requested data irrelevant to the problem accepted the 
responsibility for their decisions rather than blaming their difficulties on the medium of 
presentation used for the case study. 

(3) The interactive data acquisition feature forced the students to address considerations related 
to design of experiments in ways that they had not encountered before. 

The parametric case study with interactive data acquisition required extensive development time. How-
ever, its use caused students to extend their thinking about their design project to include factors often not 
considered when another medium is used to present the case study. 

8. SUMMARY ANO CONCLUSIONS 
The case study approach to engineering design has the advantage of using projects proven to be amenable 

to solution within the engineering design context. The usefulness can be surmised beforehand of a particular 
case study for meeting ABET's requirements not only for design but also for developing the student's 
sensitivities and skills in the areas of communications, ethics, and the societal context within which the 
profession is practiced. Traditional case studies remain effective vehicles for teaching engineering design. 
Parametric case studies retain many of the merits of the traditional case study approach while ameliorating 
some of its attendant difficulties in communication and interaction among students. A parametric case 
with interactive data acquisition extends the case study approach to include a representation of the costs of 
acquiring data. 

The area abounds with opportunities for extensions of the work described herein. The author continues 
to document projects that have proven useful in teaching industrial engineering design as formal case studies , 
to adapt the cases to the parametric case study format, and to extend them to include interactive data 
acquisition. Also, one could adapt other case studies from the literature to the parametric case study 
with interactive data acquisition format after overcoming any copyright problems. Of course, extending the 
approach to other disciplines of engineering (e.g., civil, electrical, mechanical) comprises another fruitful area 
for further work. 

REFERENCES 
[1] Accreditation Bureau for Engineering and Technology "Criteria for Accrediting Programs in Engineering 

in the United States," 345 E. 47th Street, New York City, NY, 1993. 
[2] Driscoll, Wade C., "Parametric Case Studies for Teaching Engineering Design," American Society for 

Engineering Education, 1992 Annual Conference Proceedings, Vol. 2, pp. 1576-1580, June 1992. 
[3) Driscoll, Wade C., "Parametric Case Studies with Interactive Data Acquisition," American Society for 

Engineering Education, 1993 Annual Conference Proceedings, Vol. 2, pp. 1209-1214, Instrument Society 
of America Press, 1993. 

[4] Driscoll, Wade C., "Centerburg School System," case study available on disk for use by Industrial 
Engineering design instructors, 1993. 

[5] Driscoll, Wade C., "Innovative Products LTD," case study available on disk for use by Industrial Engi
neering design instructors, 1991. 

[6] Driscoll, Wade C. , "Warren State University," case study available on disk for use by Industrial Engi
neering design instructors, 1991. 

[7] The American Society of Mechanical Engineers, "Goals and Priorities for Research in Engineering De
sign," United Engineering Center, New York, New York, 1986. 

332 



/EMS •9,1 Proceedings: .Annual International 
~ on Industry, Engineering, and Management Systems 

Network Modeling: 
Discrete Event vs Object Oriented Simulation 

Matt Archer and Dr. Jose Sepulveda 
University of Central F!orida 

Department of Industrial Engineering 
Orlando, FL 32816 

ABSTRACT 

This paper compares two different approaches to modeling and 
simulating a network representation of a project or task. The comparison is 
between a discrete event simulation approach and an object oriented approach 
to analyzing a PERT type network. SIMAN was used to develop a flexible 
simulation model that could be re-applied through changes in various 
parameters to simulate many different user defined networks. However, there 
are sacrifices in the flexibility and the adaptability of the individual nodes in 
the network as well as memory constraints. By employing the object oriented 
paradigm, many of these difficulties can be eliminated, resulting in a more 
compact, more adaptable structure. This theory is tested with the MODSIM II 
programming language. 

INTRODUCTION 

Project managers have long known the benefits of using PERT or other network techniques to represent 
and analyze projects [10]. A process or project can typically be represented in a network form, where there are two 
primary components: precedence relationships and activities. Precedence relationships determine the order in 
which activities can take place, and activities are those processes that take place over time and consume resources. 
This modeling methodology is employed, and in this particular case, arrows represent the precedence constraints 
and activities take place on the nodes in the network. 

Networks provide a good fonnat for simulation, and other simulations have taken a similar approach, 
usually as petri nets [2}, [7], (9], [14]. The benefits of using computer simulation in this problem area include: 

• Allocation of resources for each activity [ 5} 
• Stochastic activity durations permitted 
• Forward and a backward pass used to perform the activities of simulation and planning, respectively 

[12] 
This backward pass is typically associated with determining the critical path of the network. By using simulation, 
this can be done without limiting the user to deterministic estimates of the activity durations (an assumption 
common in PERT networks). This allows the user to consider multiple critical paths, and, by performing multiple 
simulation replications, to estimate the number of times each path (and each node) is critical. 

PROBLEM STATEMENT 

The problem examined is a large PERT type network. Important attributes of the network that should be 
considered when developing a computer simulation include: 

• Activity duration (represented as a probabilistic distribution) 
• Resources required for each activity 
• Resources available 
• Activity predecessors 
• Activity successors 

For output analysis purposes, statistics are required on variables such as reasons for activity delays, average float 
time, and the percentage of times an activity lies on the critical path. 
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DISCRETE EVENT APPROACH 

One way to simulate such a network is by using a discrete event simulation package. In this particular 
case, SIMAN IV software was used to construct a generic simulation model file, a flowchart of which is shown in 
Figure 1. This generic model file traverses the network by reading parameters from a corresponding experimental 
file. The e,qx:rini.ental file is a separate file that encapsulates a number of user defined parameters which 
characterize the network. This is done by storing these characteristics in arrays which have entries for each node 
in the network. Depending on which node in the network is currently being processed, a different value of the 
appropriate array is accessed. These arrays define: 

• The number of activities preceding that node 
• The number of activities following that node 
• The stochastic distribution defining that nodes duration 
• The number of each resource type required by that node (i.e., if there are four different types of 

resources. there are four distinct arrays) 
In addition to these arrays, there is another array that defines the ne>..1 node(s) which can begin processing once th~ 
current node has completed processing. 

So if there are 100 nodes or activities in the system, each of the above arrays contains 100 sequential 
elements. When different nodes are being processed in the simulation, a different value of each array is accessed. 
For example node 23 accesses the 23rd value of each array to determine the number of precedent activities which 
must be completed before it can begin, the number of successor activities, its' processing time, the number of each 
resource it requires to process, and which activities can begin once it has completed (refer to Figure 1). 

DIFFICULTIES 

One difficulty encountered deals with the arrays described above. As the size of the network grows, the 
arrays become longer (equal in length to the number of nodes in the network) and more difficult to read, interpret, 
and maintain. In addition to these difficulties, all of these arrays are static and require memory to be allocated 
when the simulation program is initiated. As the number of nodes in the network grows, so do the lengths of these 
arrays, and the memory of the system can soon be overwhelmed. 

There is also difficulty in representing a network in the manner described. The model was constructed 
with efficiency and code re-usability in mind using the concept of the generic station submode} [ 11]. This feature 
is common in discrete event simulation packages such as SIMAN, SLAM II, or GPSS, and it means that each node 
in the network is represented by the same piece of code [15]. Because this method employs the concept of a 
generic station submode!, it implies that each node in the network is the same and can be represented by the same 
piece of code. This is not a problem for simple networks, but if any nodes or activities have any unique features, a 
different piece of code must be added for each one. 

OBJECT ORIENTED MODELING 

A different approach to this problem can be taken by examining some of the benefits object oriented 
modeling can provide. Object oriented modeling provides a methodology to identify and classify similarities and 
differences in software constructs known as objects. These objects represent real world counterparts, so each object 
could correspond to an activity/node or an arrow (indicating precedence) in a network diagram. This allows the 
programmer to think in terms of actual "things," making the objects and the attributes of these objects more 
intuitive [13]. This would allow the relevant attributes to be defined for each node (some may have more, others 
may have less) and would allow the construction of the same type of generic code as developed in the SIMAN 
model. Specifically, MODSIM II will be used to discuss the capabilities of object oriented simulation. 

BENEFITS 

The same type of setup present in SIMAN could also be implemented in an object oriented language such 
as MODSIM in that there could be a model file, which contains the simulation code, and an experimental file 
containing the relevant information about the network. This would allow the simulation of many different types of 
networks and would allow the user lo specify different parameters to perform "what-if' type of analysis. Like the 
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discrete event counterpart, the object oriented model would have a generic approach as to how the network is 
simulated, similar to the flowchart shown in Figure I. If an object oriented approach is to be implemented, the 
advantages should be examined to determine if it is worth the investment. 

The objects defined in MODSIM include activities and precedence relationships. Each activity contains a 
number of fields that are characteristics of the activity, such as duration and resource requirements. The 
precedence objects (arrows or links) include fields for successor and predecessor activities. The actual fields and 
methods for these objects are illustrated in Figure 2 using the methodology outlined by Rumbaugh [13]. Since 
these objects correspond to real world entities, it is easier to think in terms of these interactions rather than trying 
to force the user to think in terms of the language, as in SIMAN. 

Due to the dynamic nature of the establishment and implementation of these objects, attributes can be 
automatically assigned (through inheritance), and irrelevant attributes can be ignored. This way, space in memory 
is not allocated for these attributes. One of the biggest advantages of an object oriented approach is memory 
management. A discrete event programming language initializes all of the system variables as static and all of 
them are stored in memory. If the sizes of certain arrays are too large and/or too numerous, too much memory will 
be required. This is a constraint on a machine with limited memory such as a standard PC. Object oriented 
modeling can eliminate some of this through the use of dynamic modeling, where an activity only need be 
instantiated when it is required for processing. Once it is completed processing (and the relevant statistics 
collected on utilization, duration, and criticality) it can be removed from system memory. With the automatic 
garbage collection features of object oriented languages, memory is freed to process other concurrent network 
activities and model size restrictions can be ex-panded. 

Another advantage is in terms of ex'tendibility. Additions and/or changes are easier to make in an object 
oriented versus a discrete event setting, providing for increased flexibility. This allows capabilities to be reserved 
for the addition of objects that can monitor the project., such as a "manager" object. This "manager" could employ 
AI techniques or heuristics to determine when certain activities can proceed and where certain resources should be 
allocated during the project flow. This could also include "look-ahead" capability to see when certain activities are 
scheduled to finish processing to assist in resource management, a concept which would be difficult in a discrete 
event simulation language. · 

Another benefit is the reusability of code in the future. Code re-usability is a key tenet to the object 
oriented approach, where each module can be represented by an object and called whenever required. Other 
activities with similar properties can be defined using inheritance. The way the code is structured can be modified 
to incorporate a hierarchical structure that is not possible in most discrete event languages. The object oriented 
approach, with the concept of aggregation, would allow objects to be represented as compositions of other objects 
(a form of association) in a part-whole type of relationship (13). This would allow managers to make decisions at 
any level of a hierarchy and observe the changes at any other level in a "bottom up" fashion. 

Also, graphical capability exists in both approaches, but can be defined more generically in an object 
oriented approach. Using discrete event languages, each layout must be drawn separately and remains static, even 
if the number of nodes or the precedence relationships change. Therefore there would need to be a layout file for 
each network being simulated. Objects, through the use of inheritance, allow for the dynamic creation of graphical 
images during real time simulation execution. This results in a ·way to generically define the icons for animation 
purposes. 

POTENfIAL DRAWBACKS 

The biggest drawback to the object oriented approach is that the user must learn MODSIM or some 
similar object oriented language. This may be difficult because it is different from traditional procedural languages 
and a different paradigm, which may require a new way of thinking. 

SUMMARY AND CONCLUSIONS 

Object oriented modeling is a popular paradigm, and with good reason. Although the level of 
programming required is somewhat detailed, it is necessary to achieve the required level of detail in many projects. 
Modeling network activities as objects, results in savings in memory and provides increased expandability for 
future enhancements. The associations bel\veen the activities are dynamically created at run time and are not static 
as in the discrete event modeling case. Once a simulation model is completed, the code can be reapplied by simply 
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reorganizing the structure and fields of the objects (which represent tasks) to simulate any number of network 
representations. Table 1 summarizes the results presented here. If a simulation model of a network is to be 
constructed, the best approach to choose depends on the characteristics of the network. If there are a significant 
number of nodes in the project, the memory management capabilities of object oriented programming may be 
required. However, for smaller networks with identical processes being carried out at each node, the discrete event 
approach provides the greatest utility. ' 

Factor 
Memory Management 

Object Oriented Approach 
Dynamic run time binding 

Discrete Event Approach 
Initialized at beginning of 
simulation 

Extendibility 

Graphical Animation 

Ease of use 

Can add objects without changing existing 
code 
Dynamic run time creation 

Shift in paradigm may require lengthy 
adjustment period 

May require changes in existing 
code 
Static animation files created off 
line 
Designed with ease of use in mind_ 

Hierarchical Capability Built in with concept of aggregation None 

Table 1: Summary of Results 
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A REVERSE SIMULATION ENVIRONMENT UNDER MS WINDOWS 
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ABSTRACT 

Knowledge-based simulation environments promise to integrate some 
of the activities in a simulation life cycle and transfer some of the work 
involved in modeling, designing e>..-periments and analyzing output 
from the user to the system. Reverse simulation incorporates an expert 
system with conventional simulation package to eliminate the need for 
the tedious and time consuming iterative process of typical simulation 
e>..-perimentation. 

Tiris paper presents an architecture that supports the reverse 
simulation concept under MS Windows. It integrates an interactive 
user interface, a simulation package, and an e>..l)ert system through 
dynamic data exchange (DOE). The integration fulfills the 
requirements for reverse simulation and maintains the flexibility and 
reusability of the subsystems. 

1. IN1RODUCTION 

Discrete event simulation is frequently used for system designs and evaluations. Once a simulation model 
is developed and validated, a series of simulation experimentations are needed to find a set of input 
variables {both decision variables and stochastic variables) for which the system response is optimal. 
Traditionally, e>..-periment design starts with a set of initial system design variables (decision variables), 
simulates their performance, and iteratively adjusts the system design until an acceptable or a desirable 
performance is achieved. Reverse simulation takes a different perspective. A reverse simulation system 
takes over the burden of finding a feasible simulation design from the user. It starts with desired 
performance goals and dynamically adjusts the system design variables until various measurements of the 
system are within user-defined acceptable range. 

Reverse simulation is a new concept of conducting simulation experimentation. Wild and Pignatiello [5, 
6] have proved that with the help of a rule-based expert system, the reverse simulation concept can be 
used to find feastl>le and stable system designs in discrete event simulation. This paper presents an 
environment that takes advantages of the multi-tasking features and Dynamics Data Exchange (DOE) 
links of Windows operating system to support the reverse simulation concept. 

Within this environment the user interface, the simulation package, and the ex-pert system are separate 
subsystems. Each subsystem is an independent application that connects with other subsystems through 
DOE dynamic data links. Based on the "divide and conquer" concepts, each subsystem has limited scope 
and complexity and can choose its own implementation and testing methods. The ODE data links connect 
the subsystems and construct a coherent system. 

2. THE ESSENCE OF REVERSE SIMULATION 

Knowledge-based simulation environments promise to integrate some of the activities in a simulation life 
cycle and transfer some of the work involved in modeling. designing experiments and analyzing output 
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from the user to the system. The concept of reverse simulation is to assist in identifying stable system 
designs through simulation experimentation. Reverse simulation eliminates the need for the tedious and 
time consuming iterative process of typical simulation experimentation, i.e., stating a system design (the 
input to the simulation), simulating the specified system design, observing performance (the output 
measures), changing the system design specification (the input), simulating the new system, etc. [5, 6] 
Reverse simulation adapts system model configurations ro user defined performance requirements 
dynamically during reverse simulation execution. The output of reverse simulation is stable system 
designs that satisfy user-defined system requirements. These stable system designs can be e:\.l)lored further 
to fine-tune the system to identify "optimal" or "best" system designs. 

Reverse simulation is accomplished by augmenting a simulation program with a knowledge-based system 
[3]. Information regarding the system state is monitored dynamically by the knowledge-base and state 
changes are made through a "consultation" between the knowledge-base and the simulation program. The 
knowledge-base maps desired system behavior requirements to actual system performance by adjusting the 
system configuration to satisfy performance requirements. 

In a reverse simulation process, the simulation analyst does not know in advance what the output data will 
look like. However, the analyst does know in advance what is to be judged as a good system performance. 
Thus, the analyst can convert the system objective into system constraints that represent a desirable system 
performance. These constraints will then be input into the simulation program. The e>..-pert system 
monitors the execution of the simulation program and dynamically manipulates the system design during 
the execution until the output variables satisfy the desired operation constraints. 

The steps in a reverse simulation are: 
( 1) Input system objectives and system constraints. 

(2) Run the simulation allO\ving system design variable settings to be manipulated dynamically to satisfy 
system constraints or performance criteria. 

(3) Obtain output data as a range of values for the system design variables and a discrete distribution for 
each system design variable that reflect the settings of these variables that satisfy system constraints; 

( 4) Select the settings of the system design and use these settings in subsequent simulation e:\.-periments to 
find an "optimal" or "best" system design. 

To realize the full benefits of reverse simulation an environment that supports the integration and 
dynamic communication among reverse simulation subsystems is required. 

3. A MS WINDOWS-BASED ENVIRONMENT TO SUPPORT REVERSE SIMULATION 

MS Windows is a multi-tasking operating system that supports simultaneous execution of different 
applications. The dynamic data exchange (DOE) and object linking and embedding (OLE) features 
supported by MS Windows provide foundations for the integration of different Windows applications. 
With DDE and OLE, data and objects in one application can be transferred to and embedded in another 
application at execution time. Thus, each software package can be designed for specialized functions and 
integrated to an organic whole at execution time. As a result, DDE and OLE reduce the redundancy of 
software components, improve software quality, and increase software reusability. 

There have been many commercial software products based on the DOE - OLE framework for office 
applications, such as Microsoft Office, Borland Office and Lotus SmartSuite. The concept of integrating 
Windows applications can be e:\."tended to the implementation of a reverse simulation system. 

The key to reverse simulation is dynamic data link at execution time that can transfer data between the 
simulation program and the expert system. DOE and OLE are ideal vehicles to support such a system. 

Before DDE and OLE were available, a typical approach to reverse simulation would be to create a system 
that contains both a simulation package and an expert system. However, simulation and expert system are 
complicated applications. Embedding either of them into the other would be very difficult and error-prone. 

340 



rEMS '94 Proceedings: Annual International 
cJerence on Industry, Engineering, and Management Systems 

In addition, it would be very hard lo reuse existing simulation and e>..i,ert packages and might end up 
being "reinventing the wheels". 

interactive 
User Interface 

ODE 

/ ~ 
Simulation D D Expert 

Package D ... .. D System 
E E 

Figure 1. The system architecture 

Among the four basic simulation - expert system integration models proposed by O'Keefe [4], a loosely 
coupled "cooperative structure" is chosen for this Windows-based reverse simulation environment As 
indicated in Figure 1, there are three subsystems in this architecture: the user interface, the simulation 
package, and the e>..-pert system, are designed as separate Windows applications. The subsystems are 
connected through DDE data links. Each subsystem has the liberty to choose its own implementation 
focus and environment. 

The user interface stresses visuality and interactivity. Graphical user interface design techniques should be 
used to focus on an easy-to-use and user friendly interface design. 

The simulation subsystem requires high calculation efficiency and accuracy. More efficient programming 
language and fully tested simulation algorithms are required. This architecture also allows the simulation 
subsystem to inherit and reuse existing simulation packages with few constraints from the design of either 
the user interface or the ex-pert system. 

The major concern of the e:'>..-pert system is the efficiency of the inference engine and knowledge-base 
management system. A general purpose rule-based expert system is sufficient for the needs of reverse 
simulation. Like the case of the simulation subsystem, this architecture can take full advantages of current 
achievements of e:'>..-pert system research. 

As a superset of DDE, OLE can perform every function that DDE can. In addition, OLE supports more 
sophisticated data format and automates object linking and embedding. It is possible to integrate the 
subsystems with OLE instead ofDDE. However, DDE is more efficient and can be tailored for more user
dependent communication among applications. DDE also has its advantage of managing multiple items 
over a single conversion, which often requires multiple conversations in OLE. DDE has been chosen over 
OLE as the linkage of the reverse simulation subsystems because multiple data items may be exchanged, 
that are determined at run time. 

4 . THE DYNAMIC DATA LINK 

The key to holding three subsystems together is the DDE data link. DDE is different from clipboard, 
which is often used for one-time data transfer such as the "cut and paste" operations. DDE creates client -
server (destination - source) relations during the execution of application. An application can be both a 
server, that serves for data request from other applications, and a client, that requests data from others. A 
DDE data link is constructed through a "hand shaking" protocol between two Windows applications. The 
link will remain connected until one of the application requests for disconnection. Each data link has its 
own service and topic to identify itself. A DDE server can serve multiple items on the same data link. An 
application may have multiple server and client relations at the same time. There are three basic modes 
for DDE data transfer: 
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Request: A client sends a data request to its server and the server replies with the requested data. 
Automatic: A server monitors the data buffer and automatically updates changes to its clients. 
Poke: A client sends a short message to its server to relay a special notice. 

Other 
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Figure 2. The structure for DDE data interface 
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Figure 2 shows the structure of the DDE data interface used in the reverse simulation architecture 
described in Figure 1. Each DDE data interface contains a client agent and a server agent. An internal 
data channel is created for data transfer between the DDE data interface and its application. The client 
agent manages all the client sessions created during the execution. When the application has a data 
request, it sends a request to its DDE client agent. The ODE client agent creates a client session, 
constructs a ODE data link and requests for data from its DDE server. If the application request to setup 
an automatic data link with a server, the client agent will forward new data to the application whenever 
there is a change from the server. Client session can also poke short messages to its server for when its 
application requests to do so. 

The serve agent handles data requests from other applications. For each new request, it constructs a server 
session. The server session then forwards the request to the application connected with the DDE data 
interface. The application prepares the data according to the request from the server session. The sever 
session returns the data to the client that requests for the data. In automatic mode, the server session 
monitors the changes in application through the internal data channels and starts automatic data transfer 
whenever a change occurs. 

In a reverse simulation system, different subsystems use different modes of ODE operations depend on the 
nature of data transfer. Each subsystem must serve as both ODE client and server because of the bi
directional data transfer at execution time. 

1. The user interface¢!:> the simulation package: After a simulation model and ex-perimentation goals 
are created, the user interface forwards the model to the simulation subsystem and start the 
simulation. The procedure is the following: (1) the user interface pokes a message "Simulation model 
ready."; (2) upon receiving this message, the simulation subsystem requests for the simulation model; 
(3) the simulation subsystem runs the simulation; (4) after the simulation is done, the simulation 
subsystem pokes a message to the user interface "Simulation has been finished"; (5) in response to 
this message, the user interface sends a request for the output. 

2. The expert system ¢!:> the simulation subsystem: This is the most important link for reverse 
simulation. Once the simulation subsystem gets a simulation model, it will analyze the model and 
generate an executable simulation program based on this model. It also sends the goals and 
alternative strategies embedded in the simulation model to the expert system. The expert system will 
then monitor the simulation execution based on these criteria. The data transfer procedures are: (1) 
the simulation subsystem pokes a message "/ have my goals ready."; (2) the expert system responds to 
this message by requesting for the goal and alternative strategies; (3) the expert fStem loads a 
knowledge base that handle the specific goals and constrains; (4) the expert sets up an automatic link 
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to the simulation subsystem and pokes a message to the simulation subsystem: "'Start simulation."; (5) 
the simulation subsystem sets its key statistics to the DDE data buffer and starts the simulation~ (6) 
every time new statistics are generated in simulation, the automatic DOE link forwards the data to the 
expert system where the statistics are checked with its goals; (7) if the expert system finds that the 
statistics is out of range, it will generate a set of new parameters and poke a message: "Stop! Try new 
parameters."; (8) the simulation subsystem responses to 'this message by terminating the simulation, 
requesting for new parameter and re-running the simulation. The steps (6) - (8) will be repeated until 
the goal is reached or failed. 

3. The user interface ~ the expert system: This is the least used data link in reverse simulation system 
because the knowledge base in the e>..--pert system should be well defined to handle most of the 
problems occurred during simulation. There is little need for user intervention once a simulation 
model is sent for execution. Nevertheless, there are some special situations that the expert system 
cannot handle. User intervention is still necessary. It has the following procedure: (1) the e."\.l)ert 
system presents a question in data buffer and pokes a message: "'I have a question."; (2) the user 
interface picks up this message, requests for the question from the e:1..--pert system and presents the 
question to the user; (3) after the user answers the question,. the user interface pokes a message to the 
expert system: "Answer is ready."'; (4) the expert system is alerted by this message and sends out a 
request for the answer, (5) The expert system may generate further questions that can be answered by 
a user through step (1) to (4). 

5. IMPLEMENTATION ISSUES 

In the proposed architecture, each subsystem has the freedom to decide what design method and language 
to use for its implementation as long as they observe the basic Windows application conventions. 

Object-oriented technique is used to integrate the subsystems. Each subsystem is an autonomous object 
that has full responsibility on its own data and methods. All data related with a subsystem is encapsulated 
within the subsystem. A subsystem have its own internal structure and inheritance tree that are 
transparent to other subsystems. 

The user interface is the place where users define simulation models, simulation goals and alternative 
strategies. It should have graphical input and output abilities that can be used for visual interactive 
simulation. All the basic Windows features, such as moveable and resizeable windows, buttons, tool 
pallets and drawing toolkit, are necessary. In addition, the user inteiface also serves as a coordinator 
among all the subsystems. It starts other subsystems and initiates ODE links at the beginning of the 
system execution. An event-driven Windows programming environment is preferable for the 
implementation of the user interface. MS Visual Basic, Borland C++ and MS Visual C++ are among the 
possible choices. 

The simulation subsystem should be able to adapt to existing simulation packages. There have been many 
simulation packages that are fully tested and proven effective and efficient for discrete event simulation. 
The proposed Windows-based architecture can take advantages of these achievements. However, there is 
still a lot work that needs to be done. Not many simulation packages have moved to Windows 
environment. The simulation subsystem has to create a Windows application shell that handles the 
transition from DOS to Windows and manages the DOE data links. In addition to the Windows-based 
features, reverse simulation requires a simulation package to interactively exchange information with an 
expert system and re-run simulation. Because most existing simulation package do not support such 
features, modifications have to be made to make the existing simulation packages fit for reverse 
simulation. AC or C++ environment that supports Windows programming (e.g. MS C, Borland C++, 
MS Visual C++ etc.) is preferable for this subsystem. 

Similarly, the expert system should be able to take advantage of existing general rule-based systems. 
These systems are often based on Lisp. PROLOG, C or FORTRAN. To fit the requirement for Window-
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based application and DOE communication, a C language expert system is desired to fit with Windows 
programming environment. 

6. CONCLUSIONS 

A prototype of the three subsystems has been constructed [l, 2]. Borland C++ 3.1 is used for the user 
interface and the simulation subsystem; MS Visual Basic is used for th_e e"'-pert system subsystem. A C++ 
simulation package and a C language rule-based e:\.-pert system from third parties are embedded in the 
simulation subsystem and the reverse simulation e"'-pert system. The basic simulation and rule-based 
inference functions from the original packages are preserved and Windows-based features as well as DDE 
communication capabilities are added to the subsystems. 

Initial testing has shown that the DDE data links are sufficient to coordinate different subsystems. This 
structure allows each subsystem to concentrate on its own special functions while working as an organic 
whole. This loosely coupled environment supports high level functional and data abstraction that make 
implementation and testing easier. 
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ABSTRACT 
The article begins by providing the statistical foundations for generating locally 
linear time series with a standard deviation that is proportional to a power of 
the process level. Next, a forecasting method explicitly designed for this noise 
structure is presented, and then a simulation experiment is designed to contrast 
the performance of Holt's method against the proposed procedure. These 
results are extended to other methods, and then conclusions are provided. 

INfRODUCTION 

Demand forecasting is an integral component of production planning and scheduling, but a problem 
potentially exists in forecasting trends due to the assumption of constant variance commonly made by forecasting 
methods. In practice, noise levels can vary as the process level changes {5, p. 298]. This paper uses a simulation 
experiment to contrast the performance of Holt's method for locally linear time series with that of methods 
explicitly designed for responsive variances. It first defines the locally linear processes studied in this paper and 
then presents a forecasting method designed for such time series. Next, it describes the simulation experiment, 
discusses and extends its results, and then provides conclusions. 

LOCALLY LINEAR TJlv1E SERIES 

Let xt be a time series with observations 

xt = A+ Br ' (I) 
where the process level µ 1 is the expected value of Xz and Ez is the process noise. The noise is normally 

distributed with expected value O and standard deviation k µf , so it is proportional to a power p of the process 

level. The process is locally linear with slope s
1 

, so 

µt = µt-l + St (2) 
if there is no shift D.µ1 in the process level. If there is a shift in the process level, then 

µ, = A-1 +st+ D.µt. (3) 
There is a constant probability Cµ of a shift in the process level prior to each realization. Similarly, shifts As1 in 

the slope can occur so that the slope s1 for time t is 

st = s1-1 + l:is1, (4) 
where Ast is non-zero with constant probability cs. This shift occurs before the transition from µt-l to µ 1 . 

Shifts in the process level and slope occur independently, and times between events are geometrically 
distributed due to the constant probabilities of change. The expected time between shifts is 1 / c µ for the process 

level and 1 / cs for the slope. If a process level shift occurs, then /!:;.µt is normally distributed with expected value 

0 and constant standard deviation a~µ. Similarly, if a slope shift occurs, then As1 has a normal distribution with 

expected value O and constant standard deviation a 6.s . If shifts do not occur, then ~µ
1 

and 11s
1 

equal 0. 
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The differencing procedures of ARIMA will not induce a stationarity variance for the type of noise 
structure studied in this paper. Stabilizing the variance requires transforming the data by raising x, to the power 
1-p if p does not equal 1 or by talcing logs if p equals 1. However, the transformed data is no longer a linear or 
polynomial function of time, so the expected values of a time series consisting of the differenced observations can 
be only approximately stationary. It is quite possible that this approximate stationarity is completely adequate for 
use of the standard ARIMA identification, fitting, and diagnostic procedures, but that is not the topic of this paper_ 
The process is known to be locally linear, so the specific ARIMA model also known as Holt's method (1) is used, 
and its performance is contrasted with variants designed for responsive noise structures. 

l'v!ETIIOD 

Holt's updating equations for the estimates of the process level and local slope at time t, a1 and b1 • 

respectively, use fractions a and P that must be determined by direct search procedures: 

a1 = a1_ 1 +b,_1 + ae1 (5) 

and 
(6) 

where 
e1=X1-(a,_1+b1-1) - (7) 

The smoothed estimate of the process level at time t made at time t-1 equals at-I +b,_1 _ The revised estimate of 

the process level at time t is a1 ; it equals a,_ 1 + b1_ 1 plus an adjustment ae1 . The adjustment is a fraction a of 
e1 , the one step ahead error at time t that is used as an estimate of 6 t + 6µ1 + fu1. The updating equation for b1 

can be rewritten [2) as 
bt = bt-1 +Pae,, (8) 

so the adjustment to the estimate of the local slope is a fraction f]a of et . 

The distributions of non-zero perturbations As1 and 6µ 1 remain stationary over time, but changes in the 

process level affect the variance of & 1 , causing changes in the magnitude of e 1 . This forces the adjustments ae I to 

be proportional to the noise level, so the initial value of a might not be appropriate as the process level changes. 

One theoretical way to address this difficulty is to use a time varying smoothing parameter a 1 equal to al ku{ . 

This causes adjustments to the process level of atet, an approximation of a( &1 + 6µ 1 + l:is1 ) / ku{'. The 

adjustment component a&t I kµf is stationary, and the adjustment components involving 6s1 and Aµt vary 

inversely with µf and hence the noise level If the time invariant smoothing factor a is used, as in Holt's method, 

then the adjustments due to noise are proportional to the level of the noise, whereas the adjustments due to shifts 

are stationary. Simulation is required to determine which of these procedures is more effective. 

There are two minor difficulties with the pro])Osed form of a 1 . First, the adjustment component 

a&1 I k µf equals a multiplied by a unit normal, so it is not expressed in terms of the data. Second, the values of 

k, µ, and p are not known. Letting a1 equal aa~ I a; addresses both of these problems, where p is an 

estimate of p . Note that a hypothetical initial adjustment at time O would simply equal a&0 , so there are no 
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scaling problems initially and thereafter the adjustments change as described above. This choice of a, results in 

the following updating equations for the modified method: 
a, = a,_1 +b,_1 + (!-,e, 

and 

where 

INITIALIZATION, OPTIMIZATION, AND RESPONSE MEASURBvlENT 

(9) 

(10) 

(11) 

The first step in contrasting the performance of Holt's method and the modified method is to estimate the 
parameters of each model. Both procedures divide the set of observations into three parts referred to as the 
initialization, optimization, and test regions. The initialization region is from time 1 to time 1j . The data in this 

region is used to estimate a0 and b0 . These initial estimates are then updated by smoothing over the initialization 

region. Toe optimization region is from time 1j + I to T0 . A pattern search procedure [3] is used to determine 

the values of a and P that minimize the sum of squared errors 
To 

SSO = L)x1+r-(a1 +b1 -r)]2 (12) 
1+r= T1 +1 

over this region, where r is the forecast lead time. Starting values of 0.15 are used for both smoothing parameters, 
with probes of initial lengths of 0 .01 that are reduced by a factor of 10 for each of two reductions, for final probe 
lengths of 0.0001. The test region is from To + l to N, where N is the total number of observations. The sum 

of squared errors 
N 

SSO = L[x1+r -(a, +b, -r)J2 (13) 

t+r= T0 +1 

over the test region is used in evaluating the performance of each method. 

Both methods estimate a0 and b0 using data in the initialization region. They split this region into two 

parts, I and II, each consisting of Tr I 2 points. The average of each of these parts is computed, and then the 

initial slope is estimated by 
(13) 

and the initial process level by 
Go =x1 -bo(I; +1)/2. (14) 

If a shift should occur within this region, then some inaccuracies will exist in these initial estimates. Smoothing is 
performed from time 1 to time ~ , so that the estimates of the process level and slope are updated before 

computing the sum of squares in the optimization region. 

The modified method also requires an estimate of p. The first step in this process is to estimate the 

values of £ 1 by using moving averages M 1 of odd length L + I centered on time t 
M 1 =(xr-u2+ ... +x,+ ... +x,+L/2)/(L+l) (15) 

and letting 
(16) 

The standard deviation of £ t and hence its mean absolute deviation are proportional to µf . Thus it follows that 

(17) 
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where d is a constant of proportionality and Mi is an estimate of µf. Talcing natural logs provides the simple 

linear regression equation 
loglr, I~ log(d) + p log M, (18) 

from which p , the estimate of p, can be computed. The parameter p is time invariant; so all of the data points in 

the initialization and optimization regions are used to estimate it. · 

The relative effectiveness R of the two methods for a given time series is 

R= SSTn-SSTM 
SSTn ' 

(19) 

where the subscripts H and M refer to Holt's method and the modified method, respectively. The use of a 
percentage measure provides a single response variable that can be used to contrast the two methods. Its variance 
should be approximately constant over the entire sample space, whereas the SST H and SST M can be expected to 

be heteroscedastic. 

EXPERIMENTAL DESIGN 

All experiments use an initialization region of length 24, an optimization region of length 36, and a test 
region oflength 40, for a total of 100 observations per time series. The initial process level µ 0 is 400, and the 

initial value of slope s0 equals 6. The mean time between changes in the process level 6µ 1 is 30, and it is also 30 

for changes in the slope l:is1 • This implies that the mean time between a change in either the process level or the 

slope is 15.25. Non-zero changes in the process level are normally distributed with mean O and standard deviation 
90, and non-zero changes in the slope are normally distributed with mean O and standard deviation 1. 

The initial noise term .s0 is normally distributed with mean O and standard deviation 45. The values of 

the exponent p and the lead time T are varied using a full factorial design. The levels of p are -1.0, -0.5, 0.0, 

0.5, and 1.0; and the values of , are 1, 6, and 12. Thus there are 15 design points. The values of p, µ 0 , and the 

standard deviation of &0 impute the value of k used to compute the time varying standard deviation of the noise 

term k µf. Note that these standard deviations can increase or decrease relative to the process level, depending 

upon the sign of p. If p equals 0, then the standard deviation of the noise equals the constant 45. 

There are 40 replicates at each of the 15 design points, for a total of 600 different time series. Forecasts 
are made for each of these times series using the original and modified method of Holt, and the performance 
measure R is computed for each of these forecast pairs. 

ANALYSIS OF RESULTS 

The design of the experiment lends itself to a simple analysis procedure. The relative performance of the 
two methods is compared by computing the sample average value of R and its standard deviation, where R is the 
percent difference of the sums of squares in the test region between Holt's method and its modified version when 
applied to the same time series. Then a t test at the 5% level of significance can be used to evaluate null 
hypotheses that R equals O against the alternative that it is not O. Histograms of R are roughly bell shaped curves 
with long tails, longer in the negative region than in the positive region. Under these conditions, a t test should be 
sufficiently robust to yield useful results, provided that the sample size is large enough to cope with the increased 
variance due to the long tails. This experiment used enough replicates so that all average values of R reported 
below are significant at the 5% level. 

Holt's method performs 16.1% better than the modified method for this experimental design. This is 
consistent with the results of a previous study [4] that demonstrated the robustness of Holt's method under more 
limited conditions than the current experiment. Further investigation of the modified method, described below, 
confirms the relative quality of the Holt's method. 
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The dynamic smoothing constant a, uses an estimate of the proportionality exponent p, so the quality of 

that estimate might affect the peiformance of the modified method. The average difference between each true 
exponent and its estimate is 0.0, so the estimation procedure seems to be unbiased. However the average absolute 

difference between the true and estimated exponents is 0.9. The terms kµ{ and kµt 0
:
9 can be quite different, so 

a fundamental problem that faces the modified method is to accurately detennine the structure of the process noise. 
A second experiment demonstrated that this estimation problem persists even for time series having noise precisely 
identical to that of the first experiment but having no process shifts. The average difference between true and 
estimated exponents remained unchanged, as well as the average absolute differences. 

An attempt was made to obtain better estimates of p by eliminating the original estimation procedure and 

letting the pattern search select optimal values of not only a and P, but also p. The starting value of p was 
0.0, with a probe of0.l being reduced twice by a factor of 10 to a final value of 0.001; the search was limited to a 
range of -2.0 to 2.0. This procedure first used the original set of time series with shifts, and it reduced the 
superiority of Holt's method from 16.1% to 13.7%. When the shifts were removed, Holt's method was only 0.7% 
better. The average differences of the true exponents (p) and their corresponding estimates (p) were -0.5 with 

shifts and -1.0 without shifts; the average absolute differences were quite large, l.8 with shifts and 1.9 without 
shifts. 

The next investigation established the superiority of Holt's method to the modified method in the extreme 
case in which the true value of pis known a priori. The experiments with and without shifts were repeated with 

the correct value p input to the procedure so that only a and /3 needed to be determined. The advantage of Holt's 

method was reduced to 0.6% with shifts and 0.9% without shifts. In some regions of the sample space, for large 
values of p and lead time, the modified method performs slightly better than Holt's method. The differences in 
perfonnance across the entire sample space are significant, however, in favor of Holt. 

Another investigation used a time series with shifts that were identical to those of the original experiment 
contrasting Holt's method and the modified method, with one exception. The magnitudes of the shifts were 

changed in proportion to the noise level by multiplying them by µ; I µb. The forecasting method in which the 

values of a, P, and p were optimized using a pattern search was applied to these modified series to see if a 

dynamic value of at would work well with shifts of dynamic magnitudes. Once again, Holt's method 

outperformed this variant by a significant amount, 18.4%. Supplying the true value of p for each times series 
reduced the advantage of Holt's method to 1.6%. 

Holt's method also proved to be superior to a simple variant of the modified algorithm in which at was 

set equal to a( MAD O I MAD t) where MAD O is the mean absolute deviation of observations about the 

centered moving averages over the initialization region and MAD, is the estimate of the mean absolute forecast 

error updated using single exponential smoothing with a smoothing constant of0.2. This procedure causes a
1 

to 

be inversely proportional to the estimated noise level like the modified method, but it avoids having to estimate p. 
Holt's method outperformed this variant by 10.8% and 2.9%, with and without shifts. 

SUMMARY AND CONCLUSIONS 

This paper examines forecasting algorithms designed for locally linear times series having noise levels 

equal to k µ; and contrasts their performance with Holt's method. It begins with a statistical description of the 

lime series, and then it describes a modification of Holt's algorithm designed for such series, the manner in which 
the experiment was conducted, and the results of the experiments. Holt's method was found to be quite robust, 
consistently outperforming the modified model and variants of it across the entire sample space. The lack of 
success of the new models can be attributed in part to their difficulty in estimating p or noise levels; but even 
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when the true value of p is supplied, Holt's method still performs better for the sample space presented in this 
paper. 
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LOBNA A. OKASHAH AND RALPH V. ROGERS 
Department of Industrial Engineering and Management Systems 

University of Central F!orida 
Orlando, FL 32816 

ABSTRACT 

In a production environment, timely delivery of parts from the dock or stockroom to the manufacturing 
floor is crucial for economic succ.ess. In addition to usual considerations in warehouse modeling, 
attention needs to be brought to physical conflicts. A new approach to detecting and avoiding such 
conflicts is presented. This approach considers the autonomous actions of factory workers, AGVs, and 
human operated forklifts. 

Simulation models of material handling systems to date have largely been centrally controlled, and 
implemented in traditional discrete event simulation methodology. While these models have been useful 
for capacity analysis and evaluation of scheduling algorithms, they have not addressed the autonomous 
behavior of elements of material handling systems that can greatly affect system performance. In real 
world systems, autonomous behavior can result in accidents, delays, and deviations from the idealized 
algorithms tested in the simulations. In the past, such phenomena have been treated as inputs to 
simulations, hidden in travel-time distributions based on real-world observations. By using autonomy, 
such phenomena become outputs of - rather than inputs to - simulation. This allows individual incidents 
to be detected and resolved in simulation, and ultimately avoided in the real world. 
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QUALITATIVE S™ULATION OF INDUSTRIAL PROCESSES 
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Orlando, FL 32816 

ABSTRACT 

The most common applications of discrete-event simulation modeling methodologies are found in the 
analysis of industrial processes. Consequently, the vast majority of commercial discrete-event simulation 
software and related products are specifically designed for the industrial market. The most popular of 
these products (e.g. SIMAN, SLAM, GPSS, etc.) typically are based on modeling constructs with which to 
construct the referent industrial process model. While the specific constructs and their software 
implementation may differ and differentiate between products, most products employ a general set of 
constructs (e.g. queues, resources, assign, create, delay, etc.) common to most products and simulation 
methodologies. The complex problems currently challenging industrial analysts, however, include 
phenomena and decision processes which are not easily represented, if at all, with existing constructs and 
modeling perspectives. Problems such as plant layout, facilities planning and analysis, and project 
resource allocations include phenomena which are becoming a larger concern to analysts attempting to 
understand industrial operations and in the postulating of policy. Indeed, many problems of concern are 
looking for qualitative answers and looking for them quickly. 

Qualitative analysis has been used by science since the beginning of experimentation. Industrial analysts, 
however, have found it difficult if not impossible to incorporate qualitative influences within simulation 
modeling methodologies. Progress does not appear possible to correct this situation. Recent advances in 
e:>..-pert systems, common sense reasoning, and intelligent simulation technologies offer the potential to 
simulate the real world domains of a process in both quantitative and qualitative terms. The result is the 
emergence of qualitative simulation as a new branch of simulation modeling and analysis. 

This paper characterizes the current state of simulation with respect to industrial processes and 
representative commercial products such as SLAM and SIMAN. Shortcomings of current discrete-event 
simulation methodologies approaches are identified. Qualitative simulation is defined. Possible 
applications which could benefit from qualitative simulation are introduced. Areas requiring further 
development are discussed and possible solutions suggested. 
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ABSTRACT 

This paper considers the problem of allocating a number of beds to the different medical and surgical 
specialties in a hospital. A time series model using hourly census data is developed to make good 
decisions regarding the size of each unit while minimizing data collection and modeling efforts. Results 
are presented from an application to data collected at Northside Hospital, Atlanta, GA. 
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A KNOWLEDGE BASED SIMULATION GAME FOR TRAINING 
MANUFACTURING WORKERS 
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ABSTRACT 

New technology and international competition has forced manufacturers to see the need to advance in 
technology. This change in the future workplace will need employees with strong skills in 
communications, mathematics, and technical knowledge. A large number of employees lack the 
qualifications needed to participate in this occupational growth. Thus making the transition to new 
technology a difficult task. 

Majority of today's workforce lack proficiency in basic skills. These deficiencies affect the way an 
employee performs his/her task and hamper their ability to advance to new jobs. These deficiencies also 
affect productivity, quality, error rate, and profits. It may also hamper a company's ability to automate 
and compete in this competitive world. 

This paper discusses the benefits of a real-time decision support system to aid management in determining 
the best information configuration required for making decisions affecting employee training. 

The study attempts to develop a prototype manufacturing knowledge-based training system that would 
identify trainability factors for employee selection. It is hoped that this program will provide an efficient 
way of matching employee skill levels with various manufacturing tasks. By doing this, management 
judgment can be quantified thereby eliminating human biases in the selection process for a particular job 
or task and provide management with insight into future educational programs for the work force. With 
quick access to this infonnation, managers will have flexibility when considering the employees for 
training decisions for new skill promotion. 
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THE INDUSTRIALIZED HOUSING INDUSTRY 

R ARMACOST, M. MULLENS AND W. SWART 
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ABSTRACT 

Previous research has suggested that simulation analysts frequently have difficulty conceptualizing the 
production operation in the constructs of the general purpose simulation language. This paper describes 
an approach for integrating domain specific constructs into the user interface of the simulator-based 
decision support tool, thus, enabling the user to conceptualize and model a specific factory using well 
understood, user-friendly manufacturing constructs. Developed for manufacturers of pre-fabricated home 
building components the Generic Industrialized Housing Manufacturing Simulator (GIHMS) serves as an 
e>..-perimental factory capable of simulating factory performance under various product design, factOI)' 
design, and operations management scenarios. This paper described factory conceptualization using 
GIHMS. 
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CLOSE COMBAT TACTICAL TRAINER 

W.JOHNSON 

U.S. Army Simulation, Training, and Instruction Command Orlando, Florida 

ABSTRACT 

The Close Combat Tactical Trainer (CCTT) is a collective training system in which armor and 
mechanized infantry units man full crew simulators of their weapons systems to conduct unit training in a 
combined arms environment. Simulated elements replicate combat vehicles, weapons systems, and 
command and control elements networked using DIS protocols for real-time, fully interactive collective 
task training on computer generated terrain. The CCIT system will initially support maneuver company 
commanders in planning, conducting, and reviewing their unit's training on a free play, computer 
generated, synthetic battlefield. Contractor personnel will provide site support and assist the training unh 
commander. CCTT will not be designed or fielded to completely replace field training, but rather, it will 
augment that training. Some tasks will be better trained in CCTT, others better trained in the field. Part of 
the development effort will focus on supporting the training strategies for the type units that will use 
CCTT. 

Recent performance improvements and cost reductions in the computer image generation systems,· 
networking technology, RISC processor performance, and data storage capability allows the CCTT 
program to be primarily an integration of cost-effective commercial off-the-shelf (COTS) hardware. 
System design and software development are based on an object oriented paradigm to ensure reusability in 
future DIS programs. 

The Close Combat Technical Trainer (CCTT) development is following a concurrent engineering 
approach that organizes all engineering effort into integrated teams assigned by major system components 
or products. These integrated teams include industry representatives from all companies involved, the 
customer's engineering staff, and user representatives. CCTI development has a strong user focus because 
it is a complex training system with a primary product of improving human performance. 
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TEACHING QUANTITATIVE TECHNIQUES FOR BUSINESS: HAS THE HIGH 
GROUND TURNED TO QUICKSAND? 

CRAIG W. WARING PH.D. 
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ABSTRACT 

Falling under various titles, quantitative methods applied to the concerns of business and other 
organizations has long been a staple within colleges of business in the western world. With remarkable 
achievements in computer science and mathematics, modeling systems for the purpose of disproving the 
quality of information upon which decisions are based becomes more and more attractive. 

Unfortunately, the bulk of modeling advantages remains beyond the reach of the rank and file managers of 
our manufacturing and service concerns. Substantial sophistication and insight is held by relatively few 
scholars, many of whom acknowledge frustration with the underutilization of the tools and techniques 
which could be used to potentially great advantage.-- the failure to realize the potential of quantitative 
applications is in large part due to a mismanagement of the technology transfer process. 

At a time when young professional face the most complex challenges in the history of the world, too often 
they are anned with tools which were barely adequate in the bygone era of genteel ignorance. Worse, there 
are forces at work which tend to inhibit real progress in correcting the status quo. While there is gathering 
momentum to address this situation, it remains questionable that the part of our infrastructure to which 
the task of technology transfers falls will adapt to the dynamics of the forthcoming challenge in anything 
approaching a satisfactory way. 

This paper does not seek to solve the problem. It seeks to provide a concise yet comprehensive 
identification of the problem and its various roots. 
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THE REEMERGENCE OF COMPUTER ASSISTED INSTRUCTION: PROMISE 
AND PITFALLS FOR MODERN COLLEGE EDUCATORS 

CRAIG W. WARING~Ph.D 
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Pensacola, FL 32514 

ABSTRACT 

This paper explores the advantages, pitfalls, and appropriate conditions of conducting university courses 
without the use of hardcopy. Early in the evolution of Computer Based Information Systems(CBIS) 
educators were aware that Computer Assisted lnstruction(CAI) may be employed to some advantage. 
Early experience with computer assisted instruction met with mixed results, and many who engaged in the 
practice became disenchanted with the approach for various reasons. 

With the proliferation of computing machinery, and vast improvements in hardware, software and 
software development tools, CAI holds renewed promise for augmenting the process of teaching. This 
promise is especially strong in areas involving technology including mathematically intensive material. 

This writer has been engaged in CAI for a decade. Early activity used existing and self developed 
presentation software, and interactive evaluation reporting mechanisms within the context of introductory 
data processing and management in formation systems. 

Later, computer presented and automatically scored exercises, practice tests and quizzes were provided. 
More recently, the writer has gravitated toward a fully integrated electronic classroom. That movement 
has enhanced the quality of the student experience, and it has taught this writer valuable lessons about the 
effective use of computers as educational tools. 

The following briefly outlines the history of CAI, provides some descriptions of some of the writer's most 
relevant experience in CAI, and offers suggestions for immediate and future application of CAI in 
responding to the unprecedented challenge of preparing leaders and decision makers for the twenty-first 
century. 
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A FRAMEWORK FOR MODELING AND SIMULATION OF NEGOTIATION 
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ABSTRACT 

The negotiation process is often complex and unstructured. An effective approach to negotiation requires 
structure and adequate infonnation. This paper presents a framework for modeling and. simulation of 
conflict resolution through negotiations. The simulation model presented attempts to "mimic" a 
negotiation process, over a nwnber of negotiating sessions between the parties to a conflict. 

A simulation engine accesses a database that consists of scenarios, strategies, issues and criterias. The 
scenarios database consists of specific commands which are arranged and parameterized by the system 
user to form a · simulation scenario. The strategies database provides the user with the various strategies 
widerpinning negotiations. The issues database contains the issues of conflict, method of evaluation, and 
the various positions within each issue. The user specifies which are the initial positions and the desired 
or stable habitual domain positions for each negotiating party. Attached to each issue is 
"Diminishing/Augmenting (DIA)" return function that defines how the value of the issue behaves with 
respect to time. The criteria database contains evaluation criterias for the is.51.les under negotiation. 

"Generators" use input from the databases to provide the necessary information for the simulation engine. 
The utility generator assigns utilities to issues and positions within each issue. The scenario generator 
uses the parameterized commands that are stored in the database to generate a number of simulation 
sessions that form a scenario. The strategy generator alters the strategy used at any point during the 
negotiation process based on specific scenarios. The evaluation generator provides a trace of the 
conflicting parties positions which can help the user in evaluating the negotiation process and may 
provide basis for arbitration. 

The system has two modes of operation, (I) full simulation mode in which two opposing parties are 
simulated and (2) training mode in which the computer simulates one party and the analyst/system user 
assumes the other party's role. 
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ABSTRACT 

Taco Bell has developed a sophisticated labor management capability for use in restaurants where labor 
costs are well into the hundreds of millions of dollars. The system consists of three modules: forecasting, 
scheduling, and allowed hours. This paper discusses the allowed hours module. It is based on work 
measurement techniques for fixed and food preparation and labor, and on a computer simulation model, 
SIMT AC, for customer service activities. The assumptions used in the design of the SIMT AC system are 
enumerated, as well as the features and limitations of the resulting implementation on a UNIX-based 
engineering workstation. The system is being used successfully at thousands of restaurants, achieving the 
labor savings expected at the start of the project, and validating the assumption of the underlying 
computer simulation model. 
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ABSTRACT 

The use of multi-attribute utility theory (MAUT) to select the most 
preferred subset of R&D projects (a "package") has become accepted 
practice in both industry and government [l]. MAUT-based decision 
models produce a total ordering of the alternatives using a simple 
weighted linear combination of scores for each attribute. We describe 
ISMAUT (Imprecisely ~pecified MultiAttribute Utility Theory), a 
behaviorally flexible, normative, and interactive decision support tool for 
alternative evaluation and selection. Traditional MAUT based systems 
require that all assessment data be precisely and completely specified 
before any results can be obtained, while ISMAUT permits lowest level 
utility scores and tradeoff weights to be described by linear equalities. 
As a result, ISMAUT permits easy interpretation of many natural 
language statements of preference, the inclusion of pair-wise comparison 
of alternatives, a progressive procedure for knowledge acquisition, and a 
process for the determination of the most preferred alternative. An 
example is given which demonstrates the use of ISMAUT for the 
packaging problem for R&D project selection. 

INTRODUCTION 

While many quantitative techniques exist for aiding the R&D manager in the project selection process, 
decision models that account for the multi-attribute nature of the project selection process have been 
widely accepted in practice [2]. Liberatore states that multi-attribute models have become widely 
accepted because they involve "both.the consideration of quantitative and qualitative factors" and because 
"methods which provide for the measurement and aggregation of various project selection criteria seem 
most appropriate for prioritizing and ranking projects [3]." Multi-attribute models for R&D project 
selection have been formulated using the goal programming (4], the analytical hierarchy p rocess (AHP) 
[3], and MAUT [1]. 
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In MAUT based decision models, inputs include a list of projects, a list of attributes, a precise evaluation 
of each alternative with respect to each attribute, a set of precise trade-off weights indicating the relative 
contribution of the scores on each attribute. A total ordering of the alternatives may then be derived 
using simple weighted linear combination of scores for each attribute. For a complete discussion of 
MAUT see Keeney and Raiffa [5]. Examples of using MAUT_ in R&D project selection include Bard and 
Feinberg [1] and Golabi [6]. In a large-scale R&D program environment project selection using MAUT is 
complicated by two major factors. First, the decision maker typically has large numbers of candidate 
projects to consider and a large number of attributes associated with these projects. For example, the 
Naval Ocean Systems Center used a MAUT based approach to evaluate 40 R&D programs using over 20 
different program attributes [7]. For traditional MAUT applications, this necessitates that a large number 
of assessments be precisely and completely specified before any results can be obtained. Second, the 
decision maker is often concerned with the interdependence of the R&D projects. When the 
interdependence among projects is considered in a MAUT based decision model, it is necessary for the 
decision maker to evaluate subsets or "packages" of alternatives with respect to the multiple attributes [8]. 

The packaging problem is often driven by a consideration of the interdependence among the R&D 
projects. Project interdependence has received much attention in the R&D project selection literature. 
Much of this work has occurred since Baker and Freeland in 1975 pointed out that the project selection 
models at that time were deficient because of "inadequate treatment of project interrelationships with 
respect to value contribution and resource utilization" [9]. Significantly, Baker and Freeland suggested 
the adoption of "procedures for combining individual proposal benefit estimates to produce benefit 
measures for a program or portfolio, especially when proposals are interrelated and when current and 
proposed alternatives are being evaluated simultaneously." 

Project interdependence has been applied to the R&D project selection problem in the form of 
mathematical programming, decision analysis and economic efficiency models. Math programming 
models formulate the R&D project selection problem as a constrained optimization problem that assumes 
a fixed set of projects, fixed criteria and fixed constraints. Math programming models have been further 
developed to select a portfolio of projects given the combined effects of benefit, outcome and resource 
interactions (10]. Czajowski and Jones employ a math programming model that considers technical and 
benefit interactions within the context of a large-scale R&D program [11]. Economic Efficiency models 
have been employed that assess the present value interactions between projects. See (12] and [13]. The 
survey of R&D model usage conducted by Liberatore and Titus show that economic models have the 
highest degree of usage [2]. However, Srinivasan and Kim suggest that the complexity associated with 
assessing present value interactions stifles the use of economic efficiency models that explicitly consider 
such interactions [13]. They suggest that the problem is not so much one of recognizing the within 
parameter interactions, but more one of assessing .:in possible interactions. MAUT based models have 
also been adopted to consider project interdependence. Typically constraint equations have been used in 
MAUT models to handle problems of project interdependence. Portfolio diversity constraints [6], 
maximum number of projects' constraints (14], resource constraints (15], and time-period constraints [16] 
have all been employed. In addition, non-linear value functions are used to model project interaction. 
Mehrez and Sinuany-Stem (17] describe a MAUT based model with a multiplicative utility function to 
select interrelated risky projects that assumes each project contributes to only one attribute. A more 
complex problem MAUT model is presented by Sinuany-Stem and Mehrez [8] where the projects are 
interrelated and each can contribute to more than one attribute. 

ISMAUT 

A major difficulty in MAUT based systems stems from the fact that a large amount of data must be 
precisely and completely specified before any results can be obtained. This difficulty was the motivation 
behind the development of ISMAUT (Imprecisely ~pecified MultiAttribute Utility .Theory; for an in depth 
description of ISMAUT, see [18, 19, 20, 211). ISMAUT permits lowest level utility scores and trade-off 
weights to be described by linear inequalities. As a result ISMAUT permits easy interpretation of many 
natural language statements of preference, the inclusion of pairwise comparisons of alternatives, a 
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progressive procedure for knowledge acquisition, and a process for the determination of the most 
preferred alternative. 

ISMAUT requires the following inputs: A, a finite set of alternatives; I, a · finite set of additively 
independent attributes; and {uj(ex)}, a set of (possibly imprecise) value scores, giving the value associated 
with attribute i for selecting program a. The following infbrmation may also be entered in cases for 
which it is available: {wi), a set of (possibly imprecise) attribute trade-off weights, for one or more of the 
attributes i.; and { ( ex,ex')}, a set of ordered pairs directly indicating preferences between pairs of 
alternatives a ordered a'. 

Imprecision in the value scores and trade-off weights is described by set inclusion, which has been found 
to be a relatively simple, flexible, and behaviorally acceptable representation of preferential knowledge. 
The behavioral appeal is partly based upon the way in which natural language evaluative statements may 
be translated into specific input information. For instance, people will often be able to make statements 
like, "I don't know which alternative I prefer most, but among those available, I certainly prefer, 
Alternative X to Alternative Y." Standard MAUT techniques would be unable to incorporate this type of 
information in any simple way, but ISMAUT can accept i t directly. As another example of the behavioral 
attractiveness of the linear inequality representation for imprecision, consider the statement, "In the 
context of the available alternatives, Attribute 1 is more important to my decision than Attribute 3." ·This 
statement also has a simple translation to input information in the form of the linear inequality on the 
tradeoff weights of Attributes 1 and 3. 

Let w be a specified row vector of trade-off weights and let u( ex) be a specific# I vector of value scores for 
alternative o: (#X indicates the number of elements in the set X). Then the total weighted value of an 
alternative is defined as wu( a) = I, w .u. (a). Preferences among alternatives may then be defined in 

; l l 

terms of this definition. In particular, an alternative o.' is said to be at least as preferred as alternative ex if 
and only if wu(a') ~ wu(a). As mentioned above, the utilities may be imprecisely specified by a set of 
linear inequalities, as may the attribute trade-off weights. The trade-off weights are also assumed to sum 
to one and be greater than or equal to zero. Directly specified pairwise preference comparisons among 
the alternatives are interpreted to imply inequalities in the space of possible weight vectors according to 
the following relation: alternative a' is as least as preferred as alternative ex if and only if 

I,wi max V;(a' ,a)~ 0, where v;(a' ,a)= [u;(a' )-u;(a)] and where Ui represents the set of all 
i u,.eU; 

possible values of Ui(•). The sets Ui are derived from information provided by a decision maker 
regarding alternative assessments for attribute i. Note that when the Ui are described by finite sets of 
linear inequalities, as is assumed here, the above maximization defines a linear program for each attribute 
i. According to this mathematical interpretation of the implications of a directly specified pairwise 
preference relation, the statement that alternative o.· is preferred to alternative a means that the trade-off 
weights are such that the total weighted value of alternative a' is at least as great as that of alternative ex 
for every value that u(o.') and u(ex) might assume. 

If we let the set of inequalities that were specified as input information on trade-off weights be denoted 
by Sw and let W be the set of trade-off weight vectors that satisfy all inequalities in Sw and the sum- to
one and non-negativity constraints. Similarly, let R denote the set of directly specified pairwise 
preference relations on the alternatives and Sr be the set of inequalities on the weight space implied by 
these preference relations in conjunction with the mathematical interpretation provided above. Finally, 
let S = Sw u Sr be the complete set of linear inequalities on the attribute trade-off weights that can be 
inferred from the input data under the assumptions of the underlying multia:ttribute decision model. A 
set of problem input information is inconsistent, according to the underlying multiattribute decision 
model assumed here,' if all vectors of attribute trade-off weights violate one or more inequalities in S . 
Otherwise, the problem input information is consistent. For the consistent case, we let W' s W be the set 
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of trade-off weights that violate no inequalities of S and define a new set of preference relations, call it R ', 

with (a.',o)e R if and only if: min I,.wk minv"(a' ,cx)~O. 
weW- le u; EU; 

Since we have assumed the input information is consistent, this set R' will necessarily include the set R, 
plus any additional preference relations that can be inferred from the input information and the assumed 
decision model. An alternative ex is said to be dominated if tnere exists an alternative a: such that (o.',ex) e 
R' and ( «,ex') E R. Other wise, alternative ex is said to be nondominated. Note that R defines a transitive, 
reflexive, and antisymmetric relation on A . 

When used in a standard decision aiding context, the outputs of the ISMAUT process are 1) the set of 
dominance relations among alternatives and 2) a description of the allowable weight region, both which 
are inferred from the input information under the assumptions of the model. The most direct and 
simplest solution to the packaging problem occurs when a small number of candidate packages have 
been identified a priori. Such a situation may occur when each of several decision makers brings what he 
or she considers to be the most preferred package to a meeting whose agenda is package selection. Each , 
of these packages can then be thought of as an alternative, and ISMAUT can be directly applied to 
determine the most preferred package. 11tls approach is illustrated in the following example. 

EXAMPLE: R&D FOR COMPUTER INTEGRATED MANUFACTIJRING 

Step 1. Identify packages of R&D programs. Assume that each decision maker proposes an alternative 
package. The facilitator lists each package and queries the decision makers on the rationale for their 
package. This process may suggest other packages for consideration. For the purposes of this example 
suppose 8 total individual projects and 8 packages are generated: 

Project 1: Flexible Manufacturing Controllers (Pl} 
Project 2: Flexible Manuf. Electronic Probing (P2) 
Project 3: CAD/CAM Robotic Interface (P3) 
Project 4: CAD/CAM Software (P4) 
Project 5: Data logging equipment (PS} 
Project 6: Data Reduction Software (P6) 
Project 7: Machine Vision Inspection System (P7) 
Project 8: Parallel Processors (P8) 

Package 1 consists of (Pl, P2, P3, P6 and P7, P8} 
Package 2 consists of {P2, P3, P6 and P7} 
Package 3 consists of (Pl, P3, P6 and P7} 
Package 4 consists of {Pl, P2, P3, PS and P7} 
Package S consists of {Pl, P4, PS, and P7} 
Package 6 consists of {P2, P3, PS, P6 and P7} 
Package 7 consists of {Pl, P2, P3 and P6} 
Package 8 consists of {Pl, P2, P4, PS} 

Step 2. Identify Criteria for Evaluating Packages. Suppose the following 6 bottom-level attributes are 
identified for evaluating the various packages. 

Attribute 1: Improved Processing Speed 
Attribute 3: Improved Data Accuracy 
Attribute 5: Increased Quantity of Data 

Attribute 2: Improved System Reliability 
Attribute 4: Improved Product Design 
Attribute 6: Improved Machine Coordination 

Step 3. Assess the Packages with Respect to the Attributes. Assume that the following raw scores have 
been assessed on a scale of O to 100. 

Al A2 A3 A4 AS A6 
Pl 100 7.1 100 100 100 0 
P2 4.7 7.1 100 100 95 57.1 
P3 76.2 7.1 100 100 45 71.4 
P4 95.2 100 0 100 100 42.8 
PS 71.4 100 0 0 45 57.1 
P6 100 100 0 100 95 100 
P7 52.4 0 100 100 0 100 
PS 47.6 92.8 0 0 0 85.7 
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Step 4. Gather Preferential Information on Packages. Two types of preferential statements are useful. 
firSt, the decision maker(s) can specify information concerning the relative importance of the various 
attributes in the context of the current set of packages. Second, the decision maker(s) can incorporate 
global statements that state the preference of one package over another. Suppose that the following 
weight constraints are specified for the current problem: ' 

0.10 < wl < 0.20 
0.20 < w4 < 0.25 

0.10 < w2 < 0.20 
0.10 < wS < 0.20 

0.10 < w3 < 0.20 
0.20 < w6 < 0.30 

Suppose that the following statement is also assessed: "Package 5 is certainly preferred over Package 8." 

Step 5. Display Package Dominance Relationships. The relationship between packages is represented in 
the form of a directed graph (digraph) and for our example is illustrated below: 

Level1 Package 1 Package 6 Package 4 Package 3 

Level2 Package 2 Package 7 

Level3 Packages 

i 
Level4 Package a 

This digraph can be interpreted as follows: None of the packages is preferred to Packages 1, 3, 4 and 6. 
However, package 6 dominates package 5, for example. 

Step 6. Refine Preference Information/ Make Decision. The information contained in the digraph shown 
may not be considered sufficient to permit alternative selection. Therefore, it will be necessary to 
reconsider the specified preferential information, and see if there are any other statements that can be 
made to provide additional information. This essentially amounts to an iteration of Step 4 directed at 
further information gathering. Step 4 and Step 5 are iterated in this fashion until the digraph becomes 
sufficiently defined for a selection decision to be made. 

CONCLUSIONS 

The use of ISMAUT for package evaluation (and its extensions) for package generation offers substantial 
promise for aiding planning and decision making in situations where available information is limited or 
only imprecisely known. In our experience, the flexibility provided by ISMAUT, in contrast to other 
MAUT based techniques, yields substantial improvements in organizational and behavioral acceptability. 
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Abstract 

Unit commitment is a computationally intensive problem. Traditional dynamic 
programming approach presents difficulties associated with its combinatorial 
nature, which adversely impacts computational time. In this paper, a.n expert 
system-based dynamic programming approach for unit commitment problems 
is presented, which does not exhibits this drawback. The approach starts with 
any available optimal schedule for the sy$tem and modifies it to satisfy the 
current system requirements. The multi-step solution of the problem uses the 
knowledge provided in the available schedule and two dynamic programming 
truncation techniques. One is the variable strategy truncation technique. The 
other is the neighboring unit combination selection technique, which further 
reduces the dynamic programming decision space. 

1 Introduction 

. 
Ill 

l~nit commitment (UC) is required in a power system in order to find the optimum number of committed 
thermal units and the thermal generation so that the total operation cost of the power system is minimized 
over a period of time, subject to all hydraulic and thermal constraints and to meeting the demand for electrical 
energy. The hydraulic and thermal constraints may include operational limits on hydro and thermal generation, 
reservoir storage, water discharge. and spillage. 

The UC problem is a complicated optimization problem because of the following characteristics: ( 1) largeness 
(with respect to time and states) ; (2) mixed (integer and real) variables; (3)nonlinearity; and (4) uncertain 
environments. One of the main issues here is the difficulty of adequately selecting the committed thermal units. 
Currently the two most common solution methods are the priority list and the dynamic programming approach 
[6]. both are bett.er than the enumeration method but st.ill suffer from the "curse of dimensionality''. This 
means the computational t.ime grows drast.ically with t.he size of the system. Thus limits the practical use of 
these methods for large systems. The use of Lagrange relaxation to soh·e the UC problem is still at the research 
stage. One probiem is the convergence issue. 

Motivated by the above reasons. a new approach for unit commitment problems using an expert system 
is presented. This system is rule-based with backward-chaining. The proposed. -approach ~tarts with any 
available optimal schedule for the system. And rules are established to modify the ·available schedule to satisfy 
the current system requirements. The multi-step solution of the problem uses the knowledge provided in the 
a\·ailable schedule and in the solutions obtained at each step , and the inclusion of two dynamic programming 
truncation techniques [4]. One is the variable strategy truncation t.echnique, which is a very efficient strategy 
saving scheme well suited for unit commitment problems. The other is the neighboring unit combination 
selection technique(nonexhaustive search). which further reduces the dynamic programming decision space. 

Once the committed thermal units are determined. calculation of thf' hydro and thermal generation can be 
<lone using existing methods such as network flow methods [3]. and differential dynamic programming [5]. 

,. This work was supported in part by the :'llational Science Foundation under Grant ECS-9308206. 
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2 Problem Formulation and Hydrothermal Decomposition 

A typical short-term UC and ED problem can be formulated as follows (61(1): 
(P): 

T 

.J, with .l =LL il! ;(g;i6it ) , 
1=1 i=l 

subject to 
--the power balance equation 

I J 

L9it + Lh;, = d,, 
i=I j=l 

-bounds on thermal generation 

- the thermal unit minimum up time and minimum down time 

MU;~ MU, and MD; 2: MD; 

- the hydro generation 

-the reservoir dynamics 

Xj(t+ l ) = Xjt + L U/(t-T1; ) - Ujt + L S/( t- -r1;) - Sjt + Wjt 

IEN1 IENi 

with x; 1 and Xj(T+l) given, 
-bounds on reservoir storage, water discharge, and spillage 

where i=l ,2, ... ,I, j=l,2, ... ,J, t=l,2, ... ,T, and 

g;1: thermal generation of unit i at hour t ; 
o; 1 : integer variable; o;1=1 if thermal unit. i is committed at time t ; o;1=0 otherwise; 
W; : operation cost of thermal unit i; 
t,T: time index and scheduling horizon; 
i,I: thermal index and number of thermal units; 
MU; , MD; : up time and down time of thermal unit. i; 
MU; , MD,: minimum up time and down time of thermal unit i; 
j,J: hydro index and number of hydro plants/reservoirs; 
di: load demand at hour t; 
h;,: hydro generation of plant j at. hour t; 
~i : hydro generation function of plant j; 
x11 ,uj 1 ,s11 : water storage, discharge, and spillage of reservoir j at hour t ; 
n;: water delay time between reservoir j and its upstream neighbor I; 
Wjt : natural inflow to reservoir j at hour t.; 

Ni: the set of immediate upstream reservoirs of reservoir j ; 
g., g; : lower and upper bounds of thermal generation of unit i; 
=-< 
~i, x;: lower and upper bounds of storage of reservoir j ; 
Y.; , Uj : lower and upper bounds of water discharge of reservoir j; 
§.j, s;: lower and upper bounds of spillage of reservoir j . 
Using Lagrange multipliers { A1 } to relax (2), one obtains 
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Given Lagrange mult ipliers { >.,} , problem ( P) can now be decomposed into two subproblems. 
Thermal subproblem (PT): 

Hydro subproblem (PH): 

.~.;~; , LH, with LH as t. [- 1, t, ~;( u;,, <;,)] , subject to (6) - (7). 

3 Rule-Based Solution Method for Unit Commitment 

(9) 

To construct. the rule-based expert. system, information on the power system such as load pattern and previous 
status is needed. The facts needed in the knowledge base are the critical demand levels from the available 
schedule, its associated load profile, and the new load profile (4). 

Assume that unit i is turned on at hour b and kept on until hour c, then the facts are: 
P D11_on is the original power demand at hour a= b - l when unit i is off. 
P Do.J>n is the original power demand at hour b when unit i is on. 
P Dc_cn is the original power demand at hour c when unit i is on. 
P Dd_on is the original power demand at hour d = c + 1 when unit i is off again. 
On the other hand, assume that unit i is turned off at hour band kept off unt il hour c, then the facts are: 
P D11_of f is the original power demand at hour a = b - 1 when unit i is on. 
P Db_cf f is the original power demand at. hour b when unit i is off. 
P Dc_of J is the original power demand at. hour c when unit i is off. 
P Dd_of I is the original power demand at. hour d = c + 1 when unit i is on again. 
Also, P Dma.: is t.he ma.ximum original power demand over the entire horizon, P Dm,n is the minimum original 

power demand over the entire horizon, and P Dk..new is the power demand at hour k in the new load profile. 
Before we can consider the production rules that complete the knowledge base, a few definitions need to be 

stated. 
Consider unit i for b ::; k ~ c, during which the unit is either always on or always off in the original schedule. 

In the knowledge-based solution search space, define u;1; E {l, 0, -1}, where the elements of the set denote that 
unit i at hour k should be on-line, off-line. or its status is to be determined, respectively. 

Assume that the power demand in thf: new load profile reaches a local valley at hour k = v and a local peak 
at hour k = p, that is, v ~ b and p ::; c. Then the following terminology is defined. 

1. If v < p and b :S k < v, or p ~ k :SC'. then the power demand at hour k is in decreasing mode. 
2. If v < p and v :S k < p, then the power demand at hour k is in increasing mode. 
3. If p < v and b::; k < p , or ·v ~ k::; c, then the power demand at hour k is in increasing mode. 
4 . If p < v and p :S k < v, then the power demand at hour k is in decreasing mode. 
For ease of presentat ion, the production rules are grouped into rule sets depending on the status of unit i 

at hour k in the original schedule and the mode of the power demand in the new load profile. 

Rule...SeLl: This set is to be used when the nt>w load profile is in increasing mode at hour k and the original 
stat us of unit i is on-line from hour b to c. 

Rule 1. If P Dk..ntw > P Db.on, then Uik = l. 
Rule 2. If P Dk..new < P D11_,,n , then u;i.: = 0. 
Rule 3 . If P D11 _ 0 ,,. :S P Dk..new ::; P Db..,m • then ?li k = - 1. 

Rule...SeL.2: This set is to be used when the n~w load profile is in decreasing mode at hour k and the original 
status of unit i is on-lini? from hour b to c . 

Rule 4. If P Diu ,ew > P D c_on , then U-ik = L. 
Rule 5 . If P D i.: ..new '< P Dd_,,n, then u;1; = 0. 
Rule 6 . If p Dd_o11 :s p Dk...n e w :s p Dr._011. t he 11 U;k = - 1. 

Rule..SeL 3: This sd is t.o be ust>d when th,, new loa.d profile i,- in increasing mode at l 1our k and the original 
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st.atus of unit i is off-line from hour b to c. 
Rule 7. If P D1c...rw.v < P Db.J>Jf , then u;.1: = 0. 
Rule 8. If P D1c .. ,uw > P D,,._of J, then UH:= I. 
Rule 9. If P Db .. of J $ P D1. .. n~w $ P D,._0 J J , then tr.;1.: = -1. 

Rule..SeL4: This set is to be used when the new load profile _is in decreasing mode at hour k and the original 
status of unit i is off-line from hour b to c. ' · 
Rule 10. If P Dk..new < P Dc...Df J , then tr.;J; = 0. 
Rule 11. If PD1:..new > PDd_on, then U;k = l. 
Rule 12. If P Dc..oJ J S P Dk..new ::5 P Dd_off , then Uik = -1. 

These rules together with the variable strategy truncation technique and the neighboring unit combination 
selection technique (2] complete the knowledge base of the expert system. 

4 Calculation of Thermal and Hydro Generation 

4.1 Thermal Generation 

It can be seen from (9) that >.tdt is a constant term and LT is separable: 
(Pn), i=l,2, ... , J : 

T 

min Lr; = L iJ!;(YitOit) - ).t9it0it, subject to (3) 
g i t 

t:l 

where Cit is obtained in Section 3. By taking derivative of (11) with respect to g;i, one obtaines 

Therefore solution to (PT;) is 

where 9it satisfies (12). 

4.2 Hydro Generation 

if 6;1 = 1 

ot.herwise 

(11) 

(12) 

(13) 

Hydro generation can be calculated by further decomposing the hydro problem [5] with reservoir storages being 
the states and water discharges and spillages being the controls Vjt = [uj1 , SjiJT . To facilitate time decomposition 
that patitions problem (PH) into M subproblems each with N hours, time index t is changed to mn where m is 
the subproblem index and n is the time index within the subproblem. Problem (PH) can then be written as 

(PH'): 
M N 

min LH, withLH = I: L [->.~., <l>(vmn,Xmn)], 
Vmn 

rn:l n=l 

(14) 

where hydro index j has been omitted for simplicity, subject to constraints (6)-(7) with t replaced by nm, and 

Xm(N+ll = X(m+l)l, m = 1, 2, ... , M -1. (15) 

Note that X,nn and tlmn are vectors of appropriate dimensions, by imposing constraint (15) , problem (PH') is 
equivalent to (PH) . Using Lagrange multipliers {.Bm} to relax (15), one obtains 
(PH"): 

( 16) 
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with fJM = x(M+l)I = 0, subject to const.raints (6)-(7). Selecting {f:J,,,} and {:r.(m+t)d as high level coordinating 
variables, problem (PH") can be decomposed int.o t.be following M subproblems: 
(PH-m), m=l,2, ... ,M: 

N 

min Lum, with Lum=~ -A?:,11 <I>(vm,..J:m,,)-fJ~>i;m(N+l), 
'Umn ~ (17) 

7l:l 

subject to (6)-(7) . Note that subproblems (PH-m), m=l,2, ... ,M are completely decoupled and can be solved 
in parallel. Let {v;.,,.(/3m, xmi)} denote the optimal controls of (PH-m) for the given coordinating varaibles 
{f3m} and {xmt}, and LHm(f3m, xmi) the corresponding cost, then the high level is to find optimal {.Bm} and 
{x(m+l)d, i.e., 

M 

max min LHH, with LHH = L [ Ljlm + .6{m-1)Xm1] , 
Pm X(m+l)l rn:l 

(18) 

and /Jo= fJM = 0. Problem (PH-m) is then solved by using differential dynamic programming while (PH-H) is 
solved by using modified Newton 's met.hod [5]. 

5 Numerical Results 

In this section, the proposed approach is applied to a three-thermal plant and four-hydro plant system with 
scheduling horizon being 12 hours. For the thermal subsystem, the cost functions of thermal plants are 

The bounds of thermal generation are 

10 ::; 91 ~ 40, 8 ~ 92 ::; 20, 5 ::; 93 ::; 10. 

For the hydro subsystem, the hydro generation function for each plant is 

The values of Ci for ea.ch plant are given in Table l. 

Table 1: Hydro Generation Coefficients 
CJ c2 C3 c~ cs cs 

1 -0.001 -0.l 0.01 0.40 4.0 -30 
2 -0.001 -0.l 0.01 0.38 3.5 -30 
3 -0.001 -0.l 0.01 0.30 3.0 -30 
4 -0.001 -0. l 0.01 0.38 3.8 -30 

The reservoir dynamics arc 

u 
0 0 

n [-! 
0 0 

~] u,+ w, 
1 0 -1 0 

Xt+I = 0 1 Xt + l - 1 
0 0 0 1 - 1 

where the natural inflows are w, = [ 10 8 1 0 f for all t . The initial and terminal reservoir storages, and 
bounds on re'>ervoir st.orages and water discharges are in Table 2. 

The stopping crit.erion is I ik+~-;i• I :S 0.000001. All initial values of Lagrange multipliers and penalty 

parameters are zeros.- The program is written in FORTRAN and tested on a VAX 11/785. The total CPU time 
is 35.4 seconds in 12 iterations. The optima.I unit commitment schedule is shown in Table 3. 
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Table 2: Hydro Plant Dal.a 
X X u u Xo J:13 

1 80 150 5 15 100 120 
2 60 120 6 15 80 70 
3 100 240 10 30 170 170 
4 70 160 13 25 ~ 120 140 
5 20 100 -6 4 60 60 

Table 3· Thermal Unit Commitment Schedule .. 
Hour Unit 1 Unit 2 Unit 3 

1 on on off 
2 on on off 
3 on on on 
4 on on on 
5 on on on 

6 on on on 
i on on off 
8 on on off 

9 on on off 
10 on on off 

11 on on off 

12 on off off 

6 Conclusion 

The application of expert systems in the unit commitment problems in power systems proves to be benificial 
in reducing the amount of computation required to generate a near-optimal schedule. The combination of an 
expert system with two dynamic programming truncation techniques (variable strategy truncation technique 
and the neighboring unit combination selection technique) makes this multi-step solution well suited for unit 
commitment problems. This approach provides a promising alternative to the unit commitment problems which 
are in general very difficult to solve using traditional integer programming or dynamic programming techniques. 
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ABSTRACT 

Computers and other high tech equipment have radically affected the way we manage 
information. Though the adoption of these technologies seems to follow naturally, as they do 
facilitate a more efficient way of controlling the systems being managed, the introduction of 
these technologies to underdeveloped environments has proven to be difficult. This paper 
examines the results and findings of a three quarter Million US Dollar project designed to 
Strengthen the Department of Loans and Technical Assistance, of an underdeveloped 
country. The project was designed to introduce computers and other modem office 
automation equipment to that department in an effort to speed up and smooth its operation. 

INTRODUCTION 

Computers and other high tech equipment have radically impacted the way we manage information 
(Henderson 1993). Though the adoption of these technologies seem to follow naturally, as they do facilitate 
a more efficient way of controlling the systems being managed (Boynton et al, 1993), the introduction of these 
technologies to underdeveloped environments have proven to be rather difficult. This paper examines the 
results and findings of a half a Million US Dollar project designed to Strengthen the Department of Loans 
and Technical Assistance, of an underdeveloped country. The project was designed to introduce computers 
and other modern office automation equipment to that department in an effort to speed up and smooth its 
operation. The main components of the project were training and equipment. To assure proper technology 
transfer, extensive training programs were conducted in-house, in country and abroad. It was anticipated that 
by the end of this training program proper use of office automation equipment will take place. Though true 
to some extent, many factors were found to affect such technology transfer (Borgman 1985). 

Through the findings of this project, this paper examines the advantages, disadvantages and the different 
techniques that could be utilized to assure efficient technology transfer. A brief account of how the findings 
of this project were used to improve the outcome of a similar project is included. 

BACKGROUND AND JUSTIFICATION 

As in most third world environments, the Department of Loans and Technical Assistance targeted by this 
project has been facing difficulties in effectively managing foreign aid resources and negotiating the best 
possible terms and conditions for such aid. It was recognized that these external resources may not always have 
been deployed optimally. 
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This project was therefore designed to provide assistance to the DLTA staff who are responsible for the 
negotiation, approval and monitoring of foreign assistance. DLTA also controls and authorizes the 
disbursement of loan proceeds of foreign loans and deals with more than forty donor agencies. 

A study was commissioned under another funding agency project to assess the needs and to identify priorities 
to strengthen DLTA. The study identified the following three main prob]em areas: 

Information about projects and in particular budgetary data is processed and stored according 
to procedures and system which neither facilitates easy ac.cess and retrieval, nor ac.curate and 
reliable analysis for timely decision making. 

Task performance and adherence to dead]ines of DLTA personnel is generally low due to 
insufficient number of trained and experienced personnel, difficu]t work conditions with 
insignificant support. 

Interaction with donor agencies is usually conducted by Jower level officials who lack 
experience and skills to develop strong negotiation positions. 

OBJECflVES 

- Development Objective 

The development objective of this project is to strengthen the capacity of the Ministry of Finance and 
Economic Planning so that it may effectively program, monitor and manage foreign aid "through the 
institutional strengthening of the Department of Foreign Loans and Technical Assistance, in particular the 
foreign aid administration and the loan accounts section. 

- Immediate Objectives 

The project was designed to assist the Department of Foreign Loans and Technical Assistance (DLTA) of 
the Ministry of Finance and Economic Planning (Planning) to improve their operations through more effective 
data management, use of modern office machines and equipment as well as the development of staff equipped 
with skills, knowledge and tools to perform their tasks effe_ctively. 

To instill and institutionalize the capacity of the DLTA to collect, compile, analyze and 
maintain computerized data basis on information essential for planning and monitoring of 
externally funded projects and programs. 

To enable professional level and support personnel of the foreign aid administration desks 
and loan accounts section to perform economic appraisal of projects and monitoring of 
financial and physical parameters of project and program implementation u~g data 
processing systems. 

To increase the capacity of that department to negotiate aid packages with multilateral and 
bilateral donors effectively. 

PROJECT OPERATIONS 

- Inputs 

In this section the inputs and activities of the project are discussed. Inputs to this project were provided by 
the funding agency and the host country. In summary, the host country inputs were: 
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1. Provision of office space. 
2. Assignment of seven national counterparts. 
3. Assignment of a full time national project coordinator. 
4. Assignment of an assistant national project coordinator. 
5. Assignment of support personnel. 
6. Allowance of training time for the DLTA staff. 
7. Funds for the operation of a Telex facility. 

The funding agency inputs were: 

l. Provision of three international and one national consultants. 
2. The provision of training for the DLTA staff through local subcontracts. 
3. The provision of fellowships for the training of the DLTA staff abroad. 
4. The procurement and installation of equipment. 

Most of these inputs have been realized through the implementation period of the project. Though the funding 
agency inputs to this project are to stop by the end of the project period, some of the host government inputs 
to the project are to be sustained beyond the end of the project. The nature of these inputs will be discussed 
in detail in the recommendation section of this report. 

On the host country side, shortcomings in input provision have been in items 2 and 7 as stated earlier in this 
document. The host government should have provided a full time project coordinator. Although the project 
coordinators assigned by the government were most helpful and did do their best to provide assistance to the 
project, their assignment was never of a full time riature. The project activities for this project was an added 
responsibility to the coordinators normal DLTA work load. Funds for the operation of a telex facility were 
never made available. Although this topic was discussed exhaustively, as documented in the project's files, and 
though in many occasions these funds were promised, they have not been made available. 

On the funding agency side, shortcoming in inputs have been in item 3. Although most of the training program 
has been completed. Parts of this program are yet to be undergone. This will be discussed in detail in the 
recommendation section of this paper. 

- Activities 

Activities of this project were undertaken to fulfill the following objectives: 

1. Development of manpower and skills 
2. Management training 
3. Improvement of management systems 
4. To produce an organizational rationalization 
5. To keep up with changes in project environment and context 
6. To handle problems in implementation of project. 

Activities were undertaken in three categories. These were the procurement and installation of equipment, the 
design of an information management system, and training of the DLTA staff. 

a. With the advent of the newer microelectronic technology, namely the falling cost and 
increasing power of computer equipment, and the high computing power demands of the 
ne:wer software packages the initial equipment list was deemed inappropriate. A new 
equipment list was made and approved by all parties. The equipment was then procured and 
installed. On a closer examination of the needs of DLT A some of the equipment items had 
to be increased, where others were canceled. The equipment procured included eight 
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computers, four printers, two large volume photocopiers, and a personal photocopier. All this 
equipment has been installed and was functional. It was also thoroughly discussed and agreed 
that the computer units were to be connected in a network to assure the centralization of 
data. A NOVELL local area network was procured and installed. 

b. Training of staff was conducted locally an~d abroad in the different office automation 
techniques. 

c. Training was conducted in decision making and office management for the upper level staff. 
Also recommendations were made to design and built a software package that could enhance 
the efficiency of the unit. 

PROJECT OUTPUTS AND THEIR UTILIZATION 

1. Data and Information Management Systems and Office Automation: 

A data base with information about donor assisted programs. 

An automated system of files of all repetitively produced documents, correspondence, project 
evaluation papers, legal documents both in Arabic and in English, installed and tested. 

Complete sets of template files produced by all desks of the DLTA. 

At least one sample of each type of document produced in a and b above prepared for 
computer application and archived for repeated use. 

A simple, updatable and modifiable accounting system compatible to systems already in use 
in other departments for handling all loan related foreign accounts. 

A fully automated accounts reporting procedure for loan accounts. 

Reference Manuals describing design specifications and implementation for all the systems. 

End User Manuals for all systems. 

Short beginner tutorials to learn all the systems. 

2. A detailed training plan regularly reviewed and based on regularly conducted training needs assessments. 

FINDINGS AND RECOMMENDATIONS 

The training component of this project may be looked at as three separate sub-components. Typing training, 
computer operation training, and decision making and office management components. The first two 
components were conducted on the field, where as the third was carried out abroad. Upon completion of the 
project it was found that the most beneficial components of the training program were the typing and the first 
part of the computer operation courses. The typing course coupled with an introductory course on word
processing were immediately put to use, improving the quality of the department output. However, the second 
part of the computer training which included database management and spreadsheet, though successfully 
completed were not put to use. The office management and decision making courses were also successfully 
completed. The impact of such training, however is rather hard to measure (Byles 1984 and Carroll 1988). 

Considering the cost effectiveness of the training programs, it could be argued that local and in-house training 
are by far more beneficial to the users than that carried out abroad. Another training concept, namely "training 
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the trainer" was also experimented with. This too was found to be of little benefit. The primary reason for the 
failure of these type training programs was the economic state of the country rather than the nature of the 
training programs. Due to the very poor economical state of the country in which the project was conducted 
it was found that a well trained person is very hard to keep working for the government. This is because of 
the disproportionate salaries offered by the private sector for well trained individuals. Nevertheless, training 
was one of the most important facets of this project, and it was our recommendation that training should be 
paid the most attention in such projects (Olfman 1988, Paxton 1984). 

A software package was to be developed to manage loan handling. This created a major draw back in the 
completion of the project. The following factors were thought to be the reason for the successful completion 
of this phase of the project. 

1. Lack of a clear vision of what the package should do. 
2. Lack of a local software development unit that could be accessed to upgrade and modify the 

package as deemed necessary. 

Toe computer unit developed by this project is functioning well as a word-processing pool, also, it is being used 
to run software packages (with PCs as stand alone platforms) to perform statistical manipulations on loans and 
other monetary data. 

CONCLUSIONS 

It was found out that the introduction of office automation machinery cannot overnight change the mode of 
operation of the department. Although a lot of training was conducted, the use of classical office management 
techniques could not be abandoned easily. It was, however, observe that the existence of office automation 
machinery gradually created a demand for a higher level of performance which gradually increased the 
utilization of the new office automation machinery. It is hence recommended that office automation machinery 
be provided, yet only when the need arises, or in other words, only when the user requires the introduction 
of more sophisticated software and hardware, and only when that need is well defined, should such facilities 
be made available to the users. 

Expecting the users to abandon a management technique that has been in place for years and years for a new 
system, even when the new system is more efficient, was found to be hard to accomplish. Toe best way to 
handle such projects is to introduce the technology that is in need at the time and wait for the need to outgrow 
that technology before the introduction of more advanced techniques. 
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ABSTRACT 

The pairwise comparison technique is a building-block of the Analytic Hierarchy 
Process (AHP), which has been popularly used for multicriteria decision 

analysis. This paper develops a short-cut technique by which the number of 
paired comparisons can be significantly reduced. This technique also proposes 
· the measurement of (in)consistency, together with the derivation of relative 
weights. Its performance is tested on Saaty's distance between cities example. 

1. INTRODUCTION 

The pairwise comparison technique is a useful tool for evaluating decision elements by quantifying 
subjective judgments. It is used to obtain relative weights of decision elements and measures of 
inconsistency in judgments, where decision-makers focus on a pair of two decision elements at a time. This 
technique is a building-block of the Analytic Hierarchy Process (AHP) (1,2], which has been popularly used 
for multicriteria decision analysis. 

The pairwise comparison technique, however, is a time-consuming process for large numbers of decision 
elements. For example, 45 paired comparisons are required for l O decision elements, 190 for 20 elements, 
and 435 for 30 elements, by the rule of n(n-I )/2 paired comparisons for n elements. The increase in paired 
comparisons is specially significant for large hierarchies. Suppose we deal with a hierarchy consisting of 
five levels, where each level except the top has 10 elements and the top has one element. Then a total of 
1,395 paired comparisons are required to get the final solution. Decision-makers might lose their interest in 
pairwise comparisons because of such a large nwnber of comparisons. 

Harker[3,4] uses the eigenvector approach for estimating the weights and consistency when fewer than n(n-
1 )/2 paired comparisons are made. Although the eigenvector approach has a theoretical basis and bas been 
widely used, Barzilai, Cook, and Golany [5] claims the use of the geometric mean is right. There are two 
strong camps divided in the use of the AHP. Dyer[6,7] comprehensively criticises the AHP using the 
eigenvector, while Saaty(8] and Harker and Vargas[9] advocate using the AHP. 

This paper develops a short-cut technique using the geometric mean approach, by which the number of 
paired comparisons can be significantly reduced. But this new technique maintains the same effects as the 
pairwise comparisons technique: the derivation ofrelative weights and the measurement of consistency. We 
name this technique the chainwise (paired) comparisons. 

Section 2 develops the method for the derivation of the relative weights through only n paired comparisons 
for n decision elements. Section 3 proposes the measure of consistency. Finally, in section 4, the accuracy 
of chainwise paired comparisons will be tested by an example based on judgments elicited from an expert. 

2. DEVELOPMENT OF THE METHOD 

The method of chainwise paired comparisons needs only n paired comparisons forming a closed chain as 
sho'Ml in Figure l. It ~ould be a good idea to arrange decision elements in such a way that judgmental 
difficulties are avoided between two adjacent elements. 
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Figure 1 - Chainwise Paired Comparisons 

Let R1 denote the ratio of the ith element to its successor such as R1 =WfW,.1 for i = 1 to n-1 and R,, =W,lW1 • 

The value of R1 is expressed by a decision-maker. Under perfect consistency the product of R1 for all i 
equals 1.0. 

JI 

IlR1=(~/W2)(W /ff;)(w;/W .J ... (W,,_/W ,.)(W/W1)= 1.0 
(1) 

l•l 

Othetwise, there is an inconsistency. In cases of inconsistency, two different values of R; are obtained in 
two ways: directly and indirectly. The direct value, D

1
, is the value directly expressed by a decision-maker, 

whereas the indirect value, IP is the value computed from the other direct values, that is, the reciprocal of 
the product of other D 1s. For example, the indirect value of 1

1 
is 

11 = 1/(D2 •D3 * ... •D,,) 

= 1/[(W /w;)(W3'W .J ... (w;,_/W ,.)(W,/~)] 

=Wi1W2 

(2) 

Perfect consistency is observed if D
1 

and 1
1 

are the same. Our goal is to estimate the best value of R
1 

denoted by~ from two different values of R1, D1 and I; . We propose the weighted geometric means of 
D

1 
and 1

1
, 

,R....,, = D(n-l)ln 1"" 
I I * I 

(3) 

There are two reasons for employing the weighted geometric means. First, the geometric mean is commonly 
employed for the ratio value. Secondly, since direct values are more important than indirect values, D I is 
weighted n-1 times as much as /

1
• In this way, the product of all ·~sis always 1.0. This is shown on the fifth 

column of Table I. Thus, even in cases of inconsistency, perfect consistency is retained from all estimated 
values, 1(. The followings are the indices for chainwise paired comparisons. . 

i = Index for n decision elements 
R

1 
= Ratio of the ith element to its successor; R I =W/W,. I for i = I to n-1 and R,, =W/WI 

D
1 
= Direct value of R

1 

1
1 

Indirect value of R 1 ; I,= lffiD 1 
,._ w "gh d . l•I f d ..,,,, (•-I)!• / 11" R1 = e1 te geometric means o D; an 11 ; R, = D1 • 1 

M
1 
= Relative weight based on the nth element, M,, = 1.0 

V
1 

= Normalized relative weight 

The relative weights of decision elements are easily derived through the following steps, which are 
summarized on the last two columns of Table l . First, on the sixth column, the weight of the last nth 
element is assigned to be 1.0, M,, = 1.0. Then, the relative weights of other elements to the last nth element 
are computed in a descending order from the n- /th to the first element: 
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Table I - Chainwise Paired Comparisons' Algorithm 

I 1/IIDI D(!"-l)/11 i '" 11-1 

W/W2 D, !' • I IIR1 M/M 
l•I ,., 

2 1/llD1 D (11-l)/11 z1'" 11-l 

W/JJ; D2 ITR1 M/M ,.2 2 • 2 
/•2 

3 l/lID
1 D(11•l)/11 z1'" ,r-1 

W/W4 D3 II R1 M/M 
1•3 3 • 3 

1•3 

0 0 0 0 0 0 0 

n-1 W,,_/W,. D,..1 1/ Il D1 D (n• l)/1t •Jlln R,,_I M._/M ,~--1 11-I n·l 

n W,.f~ D l/lID1 D (a•l)/,r •J1'" l M,lM ,, ,.,. " " 
" " ,. .- ,. ,. 
IlR1=1 IID, 

. 
IlR1=1 M=l)~ :Ev,=1 

t•l l•I 1•1 ,., 1-1 

* Full consistency is observed if IlD1 = 1.0. Inconsistency is observed if IID, f 1.0. 

a e -T bl 2 E fCh. amw1se xamo e o P. dC arre omoansons 

1 R, D, I, 
_,, 
R, M, V . 

I 

1 W/W2 
8 1 1 1 

(8)5/6 * (7)1/6= 7.158 0.189 1/(-•-•3•6•-) = 7 7.823 
6 3 7 

2 W/W3 
1/6 1 1 

= 7/48 { .!_ )S/6 * ( .2_ )!/6 = 0.162 0.915 0.024 1/(8•-•3•6•-) 
3 7 6 48 

3 W/W4 
l/3 1 1 ( .!. )S/6 * ( .2_ )1/6 = 5.612 0 .148 1/(8•-•3•6•-) = 7/24 0.325 

6 7 3 24 

4 WiWs 3 l 1 I 
(3)516

• ( ~)
116= 2.933 17.216 0.455 1/(8•-•-•6•-) = 21/8 

6 3 7 8 

5 W/W6 
6 l 1 1 (6)516*(42)1/6= 5.867 5.868 0.155 1/(8•-•-•3*-) = 42/8 

6 3 7 8 

6 W/W1 
1/7 1 1 

1/8 ( .!.)s/6* ( .!.)116= 0.139 I 0.026 1/(8•-•-•3•6) = 
6 3 7 g 

8 " IlD =- IIR,=l M=37.769 1.0 
/ 7 

f•l 

n-1 

M,=R,•M,_1 = Il "]{ (4) 

' 
Finally, the nonnalized relative weights, V1, are obtained as shown on the last column of Table 1. 

M, v,=-- for i = I ton. 
n 

(5) 

LM, 
i• 1 
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Table 2 shows an example of the chainwise paired comparisons method for evaluating six elements. A 
decision-maker expresses six paired ratio values as shown on the third column under D 

1
• The normalized 

relative weights are computed on the fourth through sixth colwnn and listed on the last column. A certain 
degree of inconsistency exists in this example since ITD, " 1.0. An approach for measuring the degree of 
(in)consistency will be developed in the next section. 

3 . MEASURE OF CONSISTENCY 

Consistency can be measured by utilizing the value of IID, which is the product of ratio values directly 
expressed by decision-makers. A certain degree of inconsistency exists when ITD, .. 1.0. Furthermore, two 
values of IID, and its reciprocal represent the same level of inconsistency. For example, inconsistency exists 
in three ratio values such as El/E2=2, E2/E3=='3, and E3/El =1/4, and then IlD, =1 .5. The same level of 
inconsistency is for the reciprocal values of all comparisons, i.e., El/E2==1/2, E2/E3=I/3, and E3/El =4, and 
then IID, =1/1.5 '. The expression of !log IlDJ is employed for representing the same value for IID, and its 
reciprocal. In the above example, log(I.5)= 0.176 and log(l/1.5) == -0.176 whose absolute values are the 
same. Finally, e -IJoglIDJ is employed for making the range of inconsistency be bounded by O and I: 

Level of consistency (LOC) = e -llogIIDJ, 0 < LOC :s l. (6) 

Perfect consistency is observed at 1.0 where IID
1 

= 1 and loEJ[D
1 
= 0. Inconsistency increases as the value 

ofLOC approaches 0. The following three graphs illustrate how the bound ofLOC is derived. 

logiCDi I log i'CDi I 

0 O 1. 0 

e •I log"Ti:Dil 

l,O ~1(D. 

1 
1.0 

The example of six-element comparisons, in Table 2 , has 94.37% consistency level; LOC = e -11os (Srl)I = 
94.37%. 

4. ACCURACY TEST 

Here, we test the accuracy of chainwise comparisons for Saaty's estimating-distance example [ 1, p4 l) as 
reproduced in Table 3. Six sities were chosen: (1) Cairo (2) Tokyo (3) Chicago (4) San Francisco (5) 
London, and (6) Montreal. The index numbers are assigned to cities as they are arranged in the. matrix. 
Their distances from Philadelphia were compared by an experienced traveler with respect to the airplane 
boredom, not to the actual distance. They are measured on the 1-9 scale as shown in Table 3. 

Table 3 - Pairwise Cornoarisons of Distance o Cities f om Phda e1p 1a fr . d I h. 

Cairo Tokyo Cnicago 5.a.n Francisco London Montr~ Distance: to Philadelphia Nonnallz.cd di.si;,.ncc: 

(!) Cairo I 1/3 8 3 3 7 5,729 0.278 

(2) Tokyo 3 I 9 3 3 9 7,449 0.361 

(3) Chicago 1/8 l/9 I 1/6 1/5 2 660 0.032 

(4) San Fran 1/3 1/3 6 I 1/3 6 2,732 0.132 

(5) London 1/3 1/3 5 3 \ 6 3,658 0.177 

(6) Montreal 1n 1/9 l/2 1/6 1/6 l 400 0.019 
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The estimates of distances were computed by the method of chainwise comparisons and shown in Table 4. 
Only six entries of the matrix in Table 3 were used, one at a time, for all the possible sixty orientations, they 
are, the orders in which the six cities were arranged. The example of Table 2 shows the procedure of 
deriving the estimates for the first orientation of the first row, i.e., 134256 - (1) Cairo (3) Chicago (4) San 
Francisco (2) Tokyo (5) London, and (6) Montreal. The rankings for all orientations are listed on the last 
column of Table 4. The actual ranks are preserved only in sixteen orientations out of sixty. It is seen that 
ratio values are very sensitive to the estimates of actual ranking. This was caused by the loss of infonnation, 
i.e., six paired comparisons instead of fifteen paired comparisons. 

Table 4 - Distance Estimation 

(l) (2) (3) (4) San (5) (6) IlD, 
Orientation Cairo To Chica o Francisco London Montreal LOC Rankin 

134256 0.189 0.455 0.024 0.148 0.155 0.026 1.142 94.37% 215463 
134265 0.319 0.338 0.031 0.145 0.136 0 .029 0.222 5204% 214536 
135246 0 .202 0.44S 0.026 0.156 0.140 0.027 1.371 lrT.111"/4 214563 
135264 0.336 0.325 0.033 0.139 0.135 0.029 0266 56.33% 124536 
136245 o.4n 0.206 0.054 0.063 0.173 0.025 0.592 79.67% 125436 
136254 0.294 0.382 0.048 0.074 0.168 0.032 5.333 48.34% 215436• 
143256 0.305 0246 0.029 0 .133 0.151 0.033 5.142 49.11% 125463 
143265 0.439 0219 0.024 0.146 0.146 0.024 l 100.00% 125436 
14S236 0.181 0.505 0.054 0.059 0.172 0 .026 0.857 93.52'% 215436* 
146235 0.427 0234 0.026 0.147 0.138 0.025 12 92.39"/4 124536 
153246 0.292 0.363 0.031 0.154 0.124 0.032 4.285 53.15% 214563 
154236 0.349 0.323 0.050 0.076 0.163 0.035 7.714 41.111"/4 125436 
124356 0.161 0.487 0.027 0.163 0.137 0.022 1.028 98.78% 241536 
124365 0.191 0.53S 0.026 0.166 0 .068 0.012 0.666 83.85% 214536 
125346 0.166 0.472 0.028 0.159 0 .148 0.025 0.714 86.40% 214536 
125364 0.195 0.530 0.029 0.071 0.160 0.013 0 .555 n.41% 215436• 
12634S 0.260 0.430 0.028 0.095 0 .157 0.026 o.m 21.09% 215436· 
126354 0.168 0.412 0.061 0.068 0.251 0.037 0.3 59.28% 251436 
1423S6 0.283 0.327 0.039 0.101 0210 0.037 1.542 82.83% 251436 
14236S 0352 0.352 0.039 0.117 0.117 0 .019 I 100.00'.fo 215436· 
145326 0.252 0.362 0.042 0.079 0.225 0.038 0 .714 86.40'¼ 215436· 
146325 0352 0.352 0.039 0.117 0.117 0.019 I J-00.00'/o 215436• 
152346 02U 0.311 0.036 0.226 0.099 0.039 1.285 89.661/, 241563 
154326 0.401 0261 0.020 0.088 0. 188 0.040 7.714 41.18% 125463 
123456 0.168 0.36S 0.029 0.127 0276 0 .033 0 .142 42.95% 251463 
123465 0.209 0.466 0.038 0.170 0.094 0.021 0.166 45.93% 214536 
125436 0.129 O.S12 0.021 0.098 0.224 0.014 S.142 49.11% 251436 
125463 0.177 0.542 0.021 0.062 0 .184 0.010 1.125 95.01¾ 251436 
12643S 0.202 0.465 0.023 0.181 0.088 0.039 0.2 49.711/, 214563 
126453 0. 186 0.383 0.033 0.120 0.247 0.029 0.104 37.45% 251436 
132456 0.280 0.2811 0.033 0.091 0.263 0.041 0 .761 88.86¾ 215436 
132465 0.338 0.365 0.041 0.119 0.115 0.019 0.888 95.01% 214536 
135426 0.296 0299 0 .041 0.088 0.235 0.037 2.057 73.111/, 215436° 
136425 0.342 0.356 0.042 0.121 0.116 0 .020 0.888 95.01% 214536 
152436 0.238 0.411 0.039 0.180 0.104 0.02S S.142 49.11% 214536 
153426 0.310 0.390 0.021 0.128 0 .104 0.043 1.071 97.05¾ 214563 
123546 0.132 0.426 0.050 0.098 0 .274 0.017 1.542 8283"/, 251436 
123564 0.209 0 .481 0.040 0.091 0.156 0.019 0.2 49.711/, 215436° 
124536 0.142 0.377 0.052 0.111 0.294 0.022 0.476 72.45% 251436 
124563 0.200 0.425 0.03S 0.100 0.212 0 .025 0.125 40.53¾ 251436 
126534 0.215 0.464 0.023 0.099 0 .160 0.037 0.138 4243'¼ 215463 
126543 0.135 0.41S 0.016 0.097 0.287 0 .047 1.125 95.011/, 251463 
132546 0.206 0.441 0.035 0.093 0202 0.021 6.857 43.34¾ 215436° 
132564 0.338 0.36S 0.041 0.115 0.119 0 .019 0.888 95.01% 215436° 
134S26 0.202 0.453 0.019 0.087 0.199 0.038 0.19 48.67% 215463 
136524 0.342 0.356 0.042 0.116 0.121 0.020 0.888 95.01¾ 215436° 
142536 0.248 0.403 0.043 0.105 0.171 0.027 4.285 53.15% 215436° 
143526 0.331 0.369 0.021 0.118 0.114 0.044 1.542 8283¾ 214563 
123645 0.249 0 .519 0.039 0.0S7 0.119 0.013 0.111 38.51% 215436• 
123654 0. 171 0.514 0.057 0.057 0.171 0.028 I 100.00'/o 215436· 
124635 0.222 0.509 0.025 0.129 0.096 0.016 0.2 49.71% 214536 
124653 0.1n 0.492 0.024 0.151 0.129 0.023 0 .625 81.54% 214536 
125634 0.221 0.506 0.022 0.102 0 .12S 0.015 0.166 45.93¾ 215436· 
125643 0 .170 0.487 0.022 0.140 0.154 0.024 0.7S 88.26% 215463 
132645 0.416 0.247 0.037 0.087 0.190 0.020 0.148 43.64% 125436 
132654 0.267 0 .331 0.035 0.084 0.242 0.038 1.333 88.26% 215463 
134625 0.299 0.311 0.036 0.215 0.101 0.035 0.888 95.01% 214536 
135624 0.314 0.307 0.039 0.103 0.200 0.033 J.066 97.24% 125436 
142635 0.398 0.266 0.039 0.108 0.162 0.024 0 .3 59.28% 125436 
143625 0.406 0.256 0.035 0.170 0107 0.022 4 54.77% 124536 

Normalized actual . 0.278 0.361 0.032 0.132 0.177 0.019 215436' 
distances 

* Actual ranks of cities from the longest distance. 
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In Table 3, judgment elicited from an experienced traveler is not of cardinal consistency as shown, but of 
ordinal consistency. In the first row, in order to be cardinally consistent, the ratios of 1/3, 8, 3, 3, 7 should 
be 1, 9, 2, 2, 14 by the nearest integer values. It is hard to expect actual ranking to be retained when 
cardinally inconsistent ratios are used in the computation of the weights and consistency. In Table 4, 
consistency levels vary from LOC=l00% (or perfect consistency) to LOC = 21.09% at IID1 = 0.027 where 
the most significant inconsistency is observed. However, perfect consistency did not provide the correct 
ranks. This is shown in the orientation of 143265 on the 8th row. In this orientation, the ranks of two cities, 
Cairo and Tokyo, were reversed. This means that internal consistency in judgment itself does not guarantee 
external consistency of judgment with the actual outcome, and vice versa. The latter case can be found on 
many rows including the fourteenth row where the worst consistency is observed. The actual ranks were 
preserved based on inconsistent judgments. Table 5 cl~ifes sixty orientations into the combinations of 
consistency level and actual ranking. 

a e - o an ons1stency T bl 5 Rankin dC 
Actual Ranking Biased Ranking Tola! 

LOC>90% 6 11 17 

LOC<90% IO 33 43 

Total 16 44 60 

In swnmary, we have tested the accuracy of chainwise comparisons based on ordinally consistent and 
cardinally inconsistent judgments. The method preserved the correct ranks only in sixteen orientations out 
of sixty. This does not conclude that the method is inaccurate. The reason is that the results have been 
derived from inconsistent judgments. We instead conclude that the input data Gudgments of the 
comparisons) is more sensitive to the output (the relative weights and the ranks of decision elements) in 
chainwise paired comparisons than those in pairwise comparisons. Thus, it suggests that more prudent 
judgments should be exercised for fewer paired comparisons in chainwise as opposed to more numbers in 
pairwise comparisons. 

5. CONCLUSION 

We conclude this paper by stating that chainwise comparisons can take the place of pairwise comparisons, 
especially for a large nwnber of decision elements. However, decision-makers should consider the 
sensitivity of input data in the selection between two types of comparisons techniques. 
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ABSTRACT 

Safety is considered an important issue in industty since it deals with 
possible losses of equipment, time, and most importantly, human lives. 
Unfortunately, the implementation of a safe working environment can be very 
costly. In order to decide whether to provide funds for safety improvements, 
managers, who are usually revenue oriented. compare the costs of past accidents 
to the future savings that will be achieved by implementing new safety measures. 
Safety proposals tend to be approved when they predict that savings portions will 
exceed expenses. Unfortunately most safety attendants in industry are not aware 
of several hidden costs that eventually make accidents much more costly than they 
appear to be. This paper will address this problem and offer possible solutions. 

INTRODUCTION 

Tnuva Tel-Aviv is one out of seven Tnuva dairies in Israel. The dairy processes over 100,000,000 liters of 
milk a year. The main products of the dairy are as follows: 
1. Cheeses: The majority of the milk being processed in the plant is designated for cheese. The daity manufuctures 
about 70% of the country's cottage and cream cheeses. On average, about 250,000 liters of milk are processed daily. 
2. Delicacy: The Plant manufuctures most of the country's dairy delicacies like yogurt, chocolate, vanilla, and fruits. 
Most recently, the dairy began producing a line of diet delicacies. 
3. Traditional Dairy Products: Yogurt, cream, and skim milk. Presently, the dairy employs 270 workers. Over the past 
few years greater efficiency and modernization of machinery has resulted in a reduction in man power. As recent as 
five years ago, the plant employed 500 workers but manufactured only half the quantity that is manu&.ctured today. In 
essence, the plant is now 400% more efficient than before. 

The plant has a safety committee that includes representatives of the board and the workers. Some members 
of the committee have roles that are critical to safety functions, for example, the assistant manager of the lab is a 
chemical engineer who helps in dealing with dangerous and poisonous materials. 

Standard Procedure for Cost Estimates of Accidents 

The following procedure was developed in order to analyze the cost of accidents in virtually every branch of 
the industry: 

1. Two questions must be answered before attempting to eliminate or decrease the likelihood of safety hazards, i.e. 
What is the number of previous accidents? and what were their causes? After answering these questions the accidents 
are categorized so that a pattern of the risk-factor or the department will be easy to detect [I]. An example of 
histograms that were developed for Tnuva-1990 is included. (See Appendix A). 

2. After isolating the cause of the accident it is necessary to estimate the cost of eliminating, or at the very least, 
reducing it [2]. 

3. The cost of the accident must thereafter be detennined [3]: 
A pilot study must be made to ascertain approximate averages of uninsured costs for each of the following four classes 
of accidents (See Figure I & 2): 
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Class 1- Permanent partial disabilities and temporary total disabilities. 
Class 2- Medical treatment cases requiring the attention of a physician outside the plant. 
Class 3- Medical treatment cases requiring only first aid or local dispensary treatment, property damage oftess than 
$40, or loss ofless than 8 hours of working time. 
Class 4- Accidents which either cause no injury or cause minor injury and do not require the attention of a physician, 
property damage ofS20 or more, or loss of8 or more man-hou~. 

Class of Accident 

Class I 

Class2 

Class3 

Class4 

Class of Accident 

Class 1 

Class 2 

Class 3 

Class 4 

Total Uninsured Cost 

Predetennined Average Costs- Pilot study 

Number of accidents Reported 

20 

30 

50 

20 

Figure 1 

Estimate of Yearly Accident Costs 

Number of Accidents 

34 

148 

4000 

34 

Average Cost Per 
Accident (from pilot 

study) 

$90.00 

$28.95 

$ 5.60 

S 181.75 

Total Insured Cost (insurance premiums) 

Total Accidents Cost For the Period 

Figure 2 

Average Uninsured cost 

$90.00 

$ 28.95 

$5.60 

$ 181.75 

Total Uninsured Cost 

$3,060.00 

$4,284.60 

$22,400.00 

$6,179.50 

$35,924.10 

$19,500.00 

$54,424.10 

As part of a pilot study the two enclosed forms (see Appendix B) must be filled by the department supervisor 
and an investigator (plant's safety representative) in order to determine an average wtinsured cost for each class of 
accidents. 

The foUowing is a clarification of the two standard forms' subtides: 

3. l . Cost of wages paid for time lost by workers who were not iujuttd. These are employees who stopped working 
to watch or assist the victims after the accident, or who lost time because they needed equipment that was damaged in 
the accident or because they needed the output of an injured worker. 
3 .2. Cost of dam.age to material or equipment. The validity of property damage as a cost can hardly be questioned. 
Occasionally there is no property damage, but a substantial cost is incurred in organizing material or equipment which 
has been thrown into a state of disarray. The charge should, however, be confined to the net cost of repairing or 
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0 rganizing material or equipment that has been damaged, or to the CWTerit worth of the equipment (less salvage value) 
if it is damaged beyond repair. 

An estimate of property damage should have the approval of the cost accountant., particularly if the current 
worth of the damaged property used in the cost estimate d iffers from the depreciated value established by the 
ac00unting department 
3.3. Cost of wages paid for time lost by the iajured worker, other than workmen's compensation payments. 
payments made under workmen's compensation laws for time lost after the waiting period are not included in this 
element of cost 
3 .4. Extra cost of ovutime work necessitated by die accident. This is the difference between nonnal wages for the 
time needed to make up lost production. and the cost of extra supervision, heat, light, cleaning, and other services. 
3.5. Cost of wages paid to supen,ison for time required for action necessitated by tbe accident. The most 
satisfactory way of estimating this cost is to charge the wages paid to the foremen for time spent away from normal 
activities as a result of the accident 
3.6. Wages cost caused by decreased output ofinjared worker after return to work. If the injured worker's 
previous wage payments are continued despite a 40 percent reduction in his output, the accident should be charged 
with 40 percent of his wages during the period of such low output 
3. 7. Cost of learning period of new worker. If a replacement worker produces only half as much in his first two 
weeks as the injured worker would have produced for the same pay, then half of the new worker's wages for the two 
week period should be considered part of the cost of the accident 

A wage cost for time spent by supervisors or others in training the new worker also should be attributed to the 
accident. 
3.8. Uninsured medical c:ost carried by the c:ompany. This cost is usually that of medical services provided at the 
plant dispensary. There is not great difficulty in estimating an average cost per visit for the medical attention. 

The question may be raised, however, whether this expense may properly be considered a variable cost. That is, 
would a reduction in accidents result in lower expenses for operating the dispensary?. 
3. 9. Cost of time spent by higher 5ttpCl'risioo and derical workers on investigations or in processing of 
compensation application forms. Time spent by supervision ( other than the foreman or supervisor covered in I item 5) 
and by clerical employees. 
3.10. MiscelJaneous usual cos15. This categoty includes the less typical costs, the validity of which must be clearly 
shown by the investigator on individual accident reports. Among such costs are public liability claims, cost of renting 
equipment, loss of bonuses, etc. 

It is recommended not to include the costs of deaths and permanent disabilities, in that such accidents occur 
so seldom that the costs should be calculated individually. 

After an average has been calculated for each class of accident, the number of accidents in each class must be 
multiplied by the average that was calculated for each class. Subsequently, it is necessary to add the insured costs 
which are found in the inswance file, thus determining the total cost of the accident. 

4. Finally, the cost of eliminating or reducing the risks must be compared to the cost of previous accidents. If the latter 
cost is smaller than the cost of the accidents, it is probable that the investment will be approved. In other words, it 
will be more profitable. 

RECOMMENDATIONS 

As a result of these extensive studies, the following list of recommendations, based on federal regulations and 
requirements, was deduced. 

1. After the preparation of a fixed procedure for localization of risks, this strategy should be followed. Every week the 
safety trustees of the different departments must report the risks that were spotted in the weekly checking routine. 
Every trustee must report to the safety officer and to the safety committee. Risks that can be dealt with through the 
existing means of the department will be handled promptly. Other immediate risks will be handled by the safety 
officer in conjunction with the maintenance engineer, or other persons whose roles in the plant can contribute to the 
discussed risk. Once a month the safety committee will convene and discuss both the safety risks that were 
discovered, and other known risks. The committee will then recommend ways of handling those risks. It will also 
follow up on the way in which those recommendations are carried out 
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2. After reviewing the distribution of the accidents that took place in the plant over the last four years, and their 
causes, emphasis should be given to the prevention of stumble and slip caused accidents. The risk survey consists of 
recommendations that can prevent future accidents. The list of accidents that was arranged by the factory does not 
include harmful noise. A noise survey indicates that the plant has a noise problem. therefore, the employees rnust be 
checked for hearing loss. The data that will be gathered must be added to the accident distribution table, and to the 
appendix that deals with noise level 
measurements. 

3. The distribution of accidents and their causes, as shown in the survey, do not indicate a major risk in the factory 
except for the high noise level. This, could very well lead to a series of law suits due to workers' years of exposure to 
high noise levels. 

4. The plant has designed an annual training program. It is probable that the training program will improve the work 
level, and with it, the safety level in the plant Also, it is recommended to keep on increasing the level of knowledge 
and awareness of risks and possible accidents in the different departments of the plant 

Obviously, a survey, as extensive as it may be, cannot uncover all potential risks. One must remember that 
the survey reflects the risks that were obseived at the time it was made. Therefore, it is recommended that the 
departments' managers and the safety trustees keep a watchful eye out for future risks. In so doing., those risks can be 
resolved before they create an accident, and this may very well save lives. 

CONCLUSION 

By eliminating the risks that are mentioned in the survey, and constantly being on the look-out for new risks, 
there would be a significant decrease in the number of accidents. It is recommended to make a profound risk swvey 
every year. This way, a steady improvement can be achieved. The recommendations include a system that enables the 
plant to accurately estimate accident costs. It is advisable that the factory adopt the system and, if necessary, in a few 
years make revisions in order to fine tune the system. By using this system, virtually any organization can get an 
accurate estimate of the total expenses that result from work accidents. Reliable cost information is the basis for 
critical decision making that results in efficiency and profitability. When action is taken to prevent accidents, the 
means that will be used must be determined according to its effect on profitability. 

Although most managers want their factory to be a safe environment in which to work, they are also aware of 
their responsibility to operate the plant in a profitable manner. As a result, some managers resent having to invest in 
the prevention of accidents., unless the investment will ultimately be less than the accident expenses. 

Without the data of accident costs, the savings that are generated cannot be calculated. Annual reports that 
express the improvement in monetuy terms will be more effective on the plant's board than just the frequency and 
severity of the accidents. 

The details about accident expenses can insure an active and effective cooperation between safety attendants 
and foremen, who are usually very aware of costs since they are expected to run their departments in profitable 
manner. Monthly reports of savings, can be used to improve and enhance safety in operation procedures. 
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ABSTRACT 

Time standards are usually developed for highly repetitive tasks of short 
duration. Therefore, most of the work measurement techniques available for 

producing time standards are formulated for this level of activity . There is 
an increasing need for standards on tasks that are less repetitive and of 

longer duration. It is also necessary to continue to ensure that the 
development of the standards is cost effective. One way to assist in 

minimizing cost is to select the appropriate technique for the application by 
considering development and implementation costs, feasibility, and consistency 
of the techniques. This paper presents a study of work measurement techniques 
as applied to space shuttle processing at the Kennedy Space Center (KSC) with 
respect to these factors. The results of the study performed indicate that it 

is indeed feasible and cost effective to adapt traditional work measurement 
techniques for use in the unique environment of KSC. In particular, 

estimation, historical data, a predetermined time standard system, and time 
study were adapted. 

WORK MEASUREMENT TECHNIQUES 
Work Measurement is one of the original industrial engineering 
methodologies. Its origins date to Frederick Taylor's work improving 
the efficiency of the U. S . steel industry prior to the turn of the 
century. The primary purpose of work measurement is to determine the 
time standards for particular operations. A time standard can be 
def ined as the amount of time required to perform a g i ven task based 
upon a prescribed method assuming: experienced and trained operators, 
normal work pace; set working condit ions; and specific tools, material, 
and equipment. It is comprised of several components including the 
se tup times prior to the operation, the operational time, allowances for 
needs of the worker, allowances for the working conditions, and cleanup 
act ivities after the task is completed. These time standards can be used 
for a variety of industrial engineering and management programs 
including : performance measurement, wage incentives, line balancing, 
scheduling, methods analysis, b udgetary forecasting, and other 
activities . 

~ variety of work measurement techniques have been developed to assist 
in establishing time standards. These techniques vary in developmental 
t~e requirements, training time requirements, quality of the resulting 
t ime standards, and degree of acceptance. A list of commonly used 
~~chni~es includes: time study, predetennined time standard systems, 

1s tor1ca1 data, estimation, micromotion analysis, standard data, and 
work sampling . The technique selection is based on the characteristics 
of the task, the intended use of the resulting time s t andards , and the 
cost of development and implementation for each technique . 
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SHUTTLE PROCESSING AT THE KENNEDY SPACE CENTER (KSC) 
KSC is responsible for preparing Space Shuttles for approximately eight 
missions per year. This includes all activities that occur between 
wheel stop at landing of the previous mission and the shuttle clearing 
the launch tower for the next mission. The fleet that supports this 
flight manifest consists of four reusable orbjt~rs, refurbished solid 
rocket boosters (SRB), expendable external tanks (ET) and payloads. The 
shuttles are processed in parallel for their individual missions. 

The shuttle processing for each flight includes the testing and checkout 
of the orbiter, the two SRB's, and the ET. These components are 
processed separately through several facilities before integration as a 
"shuttle" in the Vehicle Assembly Building (VAB). The shuttle then is 
rolled-out to the launch pad for final checkout and launch. Shuttle 
processing usually averages 130 days, depending upon the maintenance 
activities required for that particular flow. Orbiter processing is 
normally completed in an average of 90 days. Because of its complexity, 
expense, consumption of resources, and impact on the shuttle processing 
schedule, orbiter processing receives the most attention during a flow. 

During orbiter processing at KSC, data is collected on how long a task 
has taken, not on how long it should take. This historical data, along 
with engineering estimates, are used for scheduling work and for high 
level measurements such as how many days it takes to complete processing 
an orbiter for flight. Some of these data collection and analysis 
systems were originally developed prior to the beginning of the space 
shuttle program, when NASA was launching expendable vehicles. Compared 
to the current space flight programs, there were fewer missions and no 
reusable components. The space shuttle program has moved NASA into an 
environment with increased task repetition. This, combined with a new 
era of concern about government spending, has prompted KSC to study the 
incorporation of industrial engineering techniques and tools that have 
traditionally been applied to manufacturing operations and some service 
and maintenance industries. 

NEED FOR TIME STANDARDS AT KSC 
The need for and use of time standards at KSC are quite similar to those 
of traditional industrial operations, but the application is unique. 
The orbiter processing environment is characterized by an increased 
concern with quality and safety. The tasks are performed on highly 
specialized hardware, requiring great care and precision. Due to this, 
the work force tends to be highly skilled, well trained, and motivated . 
However, since the current flight manifest provides an extremely low 
level of repetition in comparison with a traditional manufacturing 
environment, orbiter technicians do not climb the learning curve for 
specific tasks. Many of the tasks required for the maintenance and 
checkout of the orbiter are performed, at most, only once during the 
flow, and different technicians may perform the task each time . 
Therefore, typical benefits demonstrated by traditional learning curves 
are not readily apparent in this environment, and work measurement 
techniques that are based on learning curve applications must be adapted 
to compensate for this difference. Additionally, since the work is 
considered high tech, slow pace, long duration, and low repetition, 
several existing techniques are not appropriate and others must be 
modified to reflect this environment. 

An additional constraint is that the design of the orbiter was driven bY 
functionality , so access to much of the hardware for its servicing is 
extremely limi ted. The technicians often find themselves working in 
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amped areas and awkward postures, which slows the work pace and 
~~eates the need for allowances on specific jobs . 

1 
corporating work measurement techniques will allow time standards 

dnvelopment at a lower operational level than is currently available at 
~c. This increased level of detail will provjde accurate and consis~ent 
·nformation on how long a job should take, enabling orbiter processing 
~o refine the scheduling of tasks by reducing the schedule's 
variability . With the current scheduling process, tasks tend to 
complete much earlier or later than the scheduled completion time, 
·mpacting the start times of subsequent jobs and creating variability in 
~he schedule as a whole . The refined time standards will also allow 
NASA to measure operational performance at a significantly lower level. 
This will assist in identifying problems and sources of potential 
iJllprovements at a degree currently not possible. Cost benefit analysis 
can be performed using this new data to better quantify changes and 
improvements in support of ongoing process improvement efforts. 

SELECTION OF ORBITER SYSTEM 
The concentration for this work measurement study was on the checkout 
and test, the processing flow, of the orbiters in the Orbiter Processing 
Facilities {OPF) . There are 24 major systems on each orbiter which 
require both planned and unplanned work during a flow to satisfy 
interval maintenance requirements. This work is described by work 
authorizing documents (WAD's) which can range from several pages to 
several hundred pages in length and can span from less than an hour to 
more than 8 hours. Planned work includes tasks that are driven by known 
interval maintenance requirements and functional testing; and unplanned 
work are tasks that become necessary due to unanticipated problems that 
occur during the processing. In general, individual planned tasks are 
performed anywhere from several times per flow to once every fifth flow . 
Planned work that is done at a minimum of once every flow is described 
as the "normal" flow and was the focus of this study, since it comprises 
the largest segment of work and is the most well-defined. 

In order to determine effectiveness of applying work measurement for 
orbiter processing, a representative orbiter system was selected. This 
system is the Main Propulsion System (MPS) . It was chosen primarily for 
its work content, criticality to orbiter processing, and span. The work 
content consists of many types of tasks including leak checks, hardware 
installations and removals, and visual inspections. This work is not 
only a functionally critical orbi ter system, but is also on the critical 
path for scheduling other tasks. It therefore could have a significant 
impact on overall time span if improvements were made . Finally, the 
tasks for MPS span the entire range of time that an orbiter is in 
processing, providing a representation of the activities in a flow to 
encompass the fluctuation of resources. 

WORK MEASUREMENT TECHNIQUES EXCLUDED DUE TO INFEASIBILITY FOR THE MPS 
On~ of the decis i ons which was made at the beginning of the study was 
which work measurement techniques would be feasible for the orbi ter 
Processing environment . Several of the previously mentioned work 
~easurement techniques were excluded from further consideration. They 
include standard data, micro-motion, and work sampling. 

There is currentl; no standard data available at KSC, and standard data 
that is used in other indus t ries i s not tai l ored for use in the KSC 
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environment . DoD 501O . 15.l·M which contains standard data for use by 
the Department o f Defense is one of the sources of standard data 
reviewed for applicability . Its level of detail was much greater than 
that deemed necessary or feasible a t KSC . 

Micro -motion study was also deemed to be inappropriate as it requires a 
very fine level of activity breakdown and repetition which are not 
attainable with the tasks in orbiter processing. The time it would take 
to set a standard at this level is not cost effective since each task in 
the study is performed only approximately eight times per year and can 
be over eight hours in length . 

Finally, work sampling was also excluded from further study . The tasks 
performed on the orbiter are dissimilar and of a low frequency. Due to 
the low repetition, the sample size required to achieve accurate results 
would not be possible. There are other areas of shuttle processing 
that have a greater level of repetition and a smaller task size where 
work sampling and standard data might be appropriate. 

ADAPTATION OF TRADITIONAL WORK MEASUREMENT TECHNIQUES TO ORBITER 
PROCESSING 
Other techniques were deemed appropriate for consideration in orbiter 
processing and were adapted for use in thi s environment. These include 
estimation, historical data, time study, and predetermined time standard 
systems (PDTS). The cost and variability of each method were measured 
to allow for the comparison of techniques. A comparison of their 
potential sources of variability is summarized in Figure 1. 

Time values for estimation were generated using two methods. Data from 
the Computer Aided Planning and Scheduling System (CAPSS) was used as 
one source . CAPSS is a tool used to assist in preparing schedules for 
processing the shuttle components. The times included in CAPSS were 
developed by engineers and planners responsible for each particular 
orbiter system. The time values are updated periodically. Generally, 
these times include biases for the worst case scenarios and delays that 
may occur during the job. The cost for collecting and analyzing this 
information for the MPS was approximately 12 hours. This technique has 
the lowest cost , since the data already exists. 

The other form of estimation that was applied was a survey of 
technicians with extensive experience in the maintenance performed on 
the MPS . Questions were developed pertaining to setup times, work time, 
and cleanup activities on each MPS normal flow task . The techni cians 
were supplied with the paperwork that denotes the steps in the 
performance of the task . Consensus was used to arrive at the best 
answers . Some of t he sources of variability include some bias for worst 
case scenario and varying levels of caution between estimators . 
However, some of this variability was reduced by using the consensus 
technique to arrive at the answers. It took the technicians 
approximately 40 hours to complete the survey. Compilation of the data 
took 16 hours . 

Historical data was collect ed from the Shop Floor Data Collection System 
(SFDCS) which had been in use approximately one year at the time of thi s 
study. This system is used by the technician wh en any change in the 
statu s of work being performed occurs . Thi s change is logged in through 
the use of a bar code scanner and can incl ude logging into a t ask to 
begin work, l ogging out of a task if a delay is encountered while work 
is in progress, scanni ng back in after delay resolution, and l ogging out 
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at task or shift completion. This system then is able to provide 
records of how long a task took to complete. Some of the problems with 
using this data include the newness of the system which affects the 
data's consistency, the inability to capture the "short" delays, and the 
lack of task level detail in the system. Retrieval of the data took 
approximately 40 hours; editing and compilati.9n required 40 hours. Mos_t 
of the time was spent on matching the higher task level detail recorded 
in the SFDCS to the lower level detail tracked by the task paperwork and 
necessary for comparison to the other work measurement methodologies. 

The traditional time study was modified slightly for use at KSC. Because 
of the low repetition, segments of work were not predefined for the 
observers. They were provided with the task paperwork and allowed to 
develop the elements as the job was observed. Paperwork deviations, 
task delays, technician breaks and lunches, and other foreign elements 
were recorded with the task setup, work, and cleanup time so that they 
could later be subtracted. Each job in the MPS study was observed at 
least once, with some duplicate observations being taken. No 
performance rating was applied because of the "normal" pace that was 
previously described. Additionally, the pace of the technicians was 
observed to be fairly consistent due to the safety and quality 
requirements in this environment. Personal, fatigue, and delay (PF&D) 
allowances were given at 15%, with some additional allowances included 
for particularly awkward or difficult tasks . The cost for collecting a 
sample with limited repetition on each MPS job was over 440 hours of 
labor. Recapping of those jobs to remove delays and to calcul ate times 
required 160 hours. 

Due to the length of the tasks, the POTS chosen was Maxi-MOST. It 
breaks down the task elements into larger blocks of motion than other 
PDTS, to better fit the NASA environment with its long task durations. 
The data collected with the direct observations and the task paperwork 
were used to determine the detailed motion patterns. Allowances were 
again applied as in the direct observations. Maxi - MOST requires a 
trained analyst and over 240 hours of analysis time on the MPS. 

SOURCES OF VARIABILITY 

==--~ Dlrecl Obs. Maxi-MOST SFDCS 
LArss, 

(Time Study) (PTDS) (Hlstorlc:al) Survey 
So (Esllmallon) 

Ioconslstenl Work Method ✓ ✓ ✓ ✓ 
Error to Recording Da1:11 ✓ ✓ ✓ 
Small Sample Size ✓ ✓ 
Operator Pace ✓ ✓ 
Changeable Work Content ✓ ✓ 
Changeable Work Condilioos ✓ ✓ 
Lack of Task Famlllarily ✓ ✓ 
Extreme Case Blas ✓ 
Varying Caution Levels of Est. ✓ 

Figure 1 
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environment. DoD 5010.15.1-M which contains standard data for use by 
the Department of Defense is one of the sources of standard data 
reviewed for applicability . Its level of detail was much greater than 
that deemed necessary or feasible at KSC . 

Micro-motion study was also deemed to be inappropriate as it requires a 
very fine level of activity breakdown and repetition which are not 
attainable with the tasks in orbiter processing. The time it would take 
to set a standard at this level is not cost effective since each task in 
the study is performed only approximately eight times per year and can 
be over eight hours in length. 

Finally, work sampling was also excluded from further study . The tasks 
performed on the orbiter are dissimilar and of a low frequency . Due to 
the low repetition, the sample size required to achieve accurate results 
would not be possible. There are other areas of shuttle processing 
that have a greater level of repetition and a smaller task size where 
work sampling and standard data might be appropriate. 

ADAPTATION OF TRADITIONAL WORK MEASUREMENT TECHNIQUES TO ORBITER 
PROCESSING 
Other techniques were deemed appropriate for consideration in orbiter 
processing and were adapted for use in this environment . These include 
estimation, historical data, time study, and predetermined time standard 
systems (PDTS). The cost and variability of each method were measured 
to allow for the comparison of techniques . A comparison of their 
potential sources of variability is summarized in Figure 1. 

Time values for estimation were generated using two methods. Data from 
the Computer Aided Planning and Scheduling System (CAPSS) was used as 
one source. CAPSS is a tool used to assist in preparing schedules for 
processing the shuttle components . The times included in CAPSS were 
developed by engineers and planners responsible for each particular 
orbiter system. The time values are updated periodically. Generally, 
these times include biases for the worst case scenarios and delays that 
may occur during the job . The cost for collecting and analyzing this 
information for the MPS was approximately 12 hours . Th is technique has 
the lowest cost, since the data already exists. 

The other form of estimation that was applied was a survey of 
technicians wi th extensive experience in the maintenance performed on 
the MPS . Questions were developed pertaining to setup times, work time, 
and cleanup activities on each MPS normal flow task. The technicians 
were supplied with the paperwork that denotes the steps in the 
performance of the task. Consensus was used to arrive at the best 
answers. Some of the sources o f vari abil i ty include some bias for worst 
case scenario and varying levels of caution between estimators. 
However, some of this variability was reduced by using the consensus 
technique to arrive at the answers . It took the technicians 
approximately 40 hours to compl ete the survey . Compilation of the data 
took 16 hours . 

Historical data was collected from the Shop Floor Data Collection Syst em 
(SFDCS) which had been in use approximately one year at the time o f this 
study . This system is used by the technician when any change in the 
status of work being perf ormed occurs. This change i s logged in through 
the use of a bar code scanner and can include logging into a task to 
begin work, logging out of a task if a delay is encountered while work 
is i n progr ess , scanni ng b ack in af ter del ay r esolut ion, and logging ou t 
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at task or shift completion . This system then is able to provide 
records of how long a task took to complete . Some o f the problems with 
using this data include the newness of the system which affects the 
data ' s consistency, the inability to capture the "short" delays, and the 
lack of task level detail i n the system. Retrieval of the data took 
approximately 40 hours; editing and compilation required 40 hours . Most 
of the time was spent on matching the higher task level detail recorded 
i n the SFDCS to the lower level detail tracked by the task paperwork and 
necessary for comparison to the other work measurement methodologies. 

The traditional time study was modified slightly for use at KSC . Because 
of the low repetition, segments of work were not predefined for the 
observers. They were provided with the task paperwork and allowed to 
develop the elements as the job was observed . Paperwork deviations, 
task delays, technician breaks and lunches, and other foreign elements 
were recorded with the task setup, work, and cleanup time so that they 
could later be subtracted. Each job in the MPS study was observed at 
least once, with some duplicate observations being taken . No 
performance rating was applied because of the "nonnal" pace that was 
previously described . Additionally, the pace of the technicians was 
observed to be fairly consistent due to the safety and quality 
requirements in this environment . Personal , fatigue, and delay (PF&D) 
allowances were given at 15%, with some additional allowances included 
f or particularly awkward or difficult tasks . The cost for collecting a 
sample with limited repetition on each MPS job was over 440 hours of 
labor. Recapping of those jobs to remove delays and to calculate times 
required 160 hours . 

Due to the length of the tasks, the PDTS chosen was Maxi -MOST . It 
breaks down the task elements into larger blocks of motion than other 
PDTS, to better fit the NASA environment with its long task durations. 
The data collected with the direct observations and the task paperwork 
were used to determine the detailed motion patterns . Allowances were 
again applied as in the direct observations. Maxi-MOST requires a 
trained analyst and over 240 hours of analysis time on the MPS . 

SOURCES OF VARIABILITY 

:::---~s Direct Obs. Maxi-MOST SFDCS l,.;Ay:,:,1 

(Time Scudy) (PTDS) (H Is to rlca I) Survey s 
(Esllmatlon) 

Inconsistent Work Method ✓ ✓ ✓ ✓ 
Error lo Recording Data ✓ ✓ ✓ 
Small Sample Size ✓ ✓ 
Operator Pace ✓ ✓ 
Changeable Work Content ✓ ✓ 
Changeable Work Conditions ✓ ✓ 
Lack of Task Fam lllarity ✓ ✓ 
Extreme Case Blas 

✓ 
Va rying Caution Levels of Est. 

✓ 
Figure 1 
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MPS RESULTS 
The task time values established by each work measurement technique were 
included in an MPS simulation model. The resulting MPS flow times were 
collected and the variabilities calculated for each work measurement 
technique, as shown in Figure 2. By comparing the variability with the 
cost, which is comprised of collection and analysis times, as shown in 
Figure 3, a tradeoff analysis can be performed for the selection of work 
measurement technique Cs) . Results in this study showed that 
approximately 43% of the tasks should be estimated, 43% should have a 
predetermined time standard system applied, and 14% should use 
historical data. Time study should only be used to develop time 
standards on very unique tasks. 
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This research illustrated that traditional work measurement techniques 
can be adapted for use in unique operational environments such as 
orbiter processing at KSC. Additionally, by quantifying work 
measurement technique selection factors, a systematic method, rather 
than subjective approaches, can be incorporated in the given 

396 



[£,'JS '94 Proceedings: Annual International 
c;onrerence on Industry, Engineering. and Management Systems 

environment. Additional information on these systematic approaches can 
be found in [3] and [4] . 

cost and variability were chosen in this study as the most critical 
selection factors. The inclusion of cost as a factor was obvious. Low 
variability was desirable to improve the consistency of the resulting 
time standards and to enhance schedule performance. Currently the 
tradeoff analysis between these two conflicting objectives is 
subjective. Efforts are continuing to determine the cost of time 
standard variability to enable quantification of the selection process. 
Additional research is being conducted at NASA KSC to analyze the 
qualitative and quantitative benefits of time standards in this complex 
processing environment by expanding this initial study to include other 
orbiter systems. This information will assist in justifying the 
additional expense of improving the current method of establishing time 
values at KSC. 
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ABSTRACT 

Since its introduction in 1957, the Critical Path Method (CPM) of scheduling project activities bas proven to be 
useful in managing and controlling the duration of construction projects. As originally developed; the CPM 

determines the project duration by considering only the time required to complete each activity, without regard 
for the amounts of manpower and equipment necessary to complete the activity. Recently, however, attention 

has been directed toward developing computerized scheduling packages that resolve the resource conflict by 
shifting activities until the resource requirements do not exceed the amounts of resource available. The 
objective is to minimize the project duration using the maximum resource available and to increase the 

utilization of equipment and labor force available to the contractor. 

Many computer packages follow the CPM approach in addressing limited resource problems. The objective of 
this paper is to present a new scheduling approach for single resource scheduling problems. A numerical 

example will be used to demonstrate the major difference between the new approach and the approach used by 
Time Line for Windows to address the limited resource problem. A possible extension of the approach that 

includes multiple resource constraints will be suggested. 
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I. INTRODUCTION 

A basic problem in the area of construction project scheduling is to develop a feasible schedule that minimizes the 
project duration using the basic CPM technique. But if the resources required for a project are only available in 
fixed amounts, then the objectives of the contractor are to schedule the project using the maximum amount of 
resources available and to increase the utilization of equipment and labor force available. For these objectives, the 
CPM alone is inadequate. Therefore, attention has been focused on heuristic procedures for solving such problems. 

However, obtaining feasible and optimal schedules for most practical projects is computationally intractable (Davis 
and Patterson, 1975; Norbis and Smith, 1986; and Willis, 1985). Therefore, attention has been focused on heuristic 
procedures for solving such problems. 

Today, there are hundreds of heuristic procedures included in commercial computer packages. Some of these 
packages assign priorities to the project activities based on measures obtained from critical path calculations. But 
the use of the CPM and the notion of criticality derived from it are based on the implicit assumption that unlimited 
resources are available for assignment to the project activities. While the assumption may be justified in some cases, 
most construction projects are faced with the problem of limited resources. 

The basic premise of most heuristic procedures for resource constrained project scheduling is to schedule the 
activities using a ranking order such as earliest start time, a priority or any other project-related value, while 
ensuring that the resource limits on the project are never exceeded. Thus, activities considered to be Rimportant• 
in some sense are scheduled as soon as possible. Different priority rules for ranking activities within scheduling 
procedures have been proposed for single resource constraint project scheduling. Khattab and Choobineh [5] 
introduced a new set of priority rules that use one or more basic forms of attributes for activities. The performance 
of the new priority rules set was tested and compared to the performance of other existing rules using two different 
project networks sets. The first set consisted of 110 networks and was reported by Patterson [7]. The second set 
consisted of 14 networks and was reported by Elsayed and Nasr [2] . The results of the evaluation can be found in 
Khattab and Choobineh [3, 4]. 

In this paper, the performance of priority rules #2 and #7 proposed by K.hattab and Choobineh [5] for single 
resource scheduling problems are reviewed. A numerical example will be used to demonstrate the major difference 
between the new approach and the CPM approach that Time Line uses to address limited resource scheduling 
problems. 

2. NOMENCLATURE 
The following variables are used in this paper: 

1 or J 
i < j 
Ri 
Ti 
ES; 
EF; 
LS; 
LFi 
NF; 
IFi 
R,_ 

R.w. 
TFi 
FFi 

Activity Index i = 1,2 ... , n 
Activity i is a predecessor of activity j 
Resource required to complete activity i 
The time required to complete activity i 
Early star:t ~r activity i 
Early finish for activity i 
Late start·for activity i 
Late finish for activity i 
Set of activities that follow activity i 
Set of activities that immediately follow activity i 
Maximum resource available 
Minimum resource available 
Total float for activity i 
Free float for activity i 
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3. HEURISTIC PRIORITY RULES 

Many different priority rules for ranking activities within scheduling procedures have been proposed over the years. 
The priority roles reviewed in this paper will be divided into two categories based on the type of characteristic used 
to define the ruie. 

A. CPM Based Rules 

The CPM based group of rules are used in most computer software packages developed for construction 
project management. Priorities are assigned to the activities based on measures obtained from the critical 
path calculation. It should be noted that these measures are calculated assuming unlimited resources are 
available and are being used for a limited resource problem. 

A. I. Early Start (ES) 

The earliest start of an activity is equal to the earliest finish of its predecessor. If there is more than one 
predecessor to an activity. then the earliest start of the activity is equal to the latest of the earliest finishes 
of all its predecessors. 

ESi = MAX (EF;) <j 

The early start rule assigns priority to the activity with earliest CPM start (ES). This rule is used by Time 
Line. 

A.2. Total Float 0:F) 

The total float is the time by which an activity may be delayed without effecting the final completion date 
of the project. 

TF; = LS; - ES; 
or TF; = LF; - EF, 

The rule schedules the activities with minimum total float because they are the most critical in the CPM 
schedule assuming unlimited available resources. 

A.3. Free Float {FF) 

The free float is the time by which an activity may be delayed without affecting the start date of its 
successor activities. 

FF; = Min (ES) -_ BJ. - i < j 

The free float rule will schedule the activities with minimum free float. 

B. ACTIVITY AND NE1WORK BASED RULES 

The activity and network-based rules rank the activities according to three primary attributes of an activity on a 
project network. These attributes include duration, resource required, and the location of an activity on the 
network. In this paper, only the following two rules will be used to compare the performance of the CPM based 
rules used in Time Line software. 
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B. 1. Time Attribute 

The time attribute rule combines the activity time and the total time requirement of all successors. The 
objective is to schedule the activity that controls the project time as early as possible. 

Activity time + time of successors 

B.2. Resource Attribute 

The resource attribute rule schedules the activities with maximum resource first. This rule was tested by 
Khatb.b and Choobineh [5] using the 110 networks suggested by Patterson [7]. When a resource is scarce, 
the priority rule is found to be effective in reducing the project duration. 

Activity Resource = MAX (RJ 

4. COMPARISONS OF PRIORITY RULES 

In order to test the effectiveness of the priority rules described in Section 3, three different project networks are 
used. For each network, the available resource level is varied in increments of one unit from the minimum required 
resource level for completing the project to maximum level beyond which no reduction in the project duration is 
possible. It should be noted that the minimum resource level is not the same for all of the projects considered. 

Using the resource leveling option in Time Line Scheduling Software, Table I shows the project duration for the 
first network. The project duration is given for each combination of a priority rule and a resource level. The results 
show that ·the resource attribute rule will produce the shortest duration more often than Time Line. The results also 
show that Time Line requires 14 units of resource to reach the CPM duration of 29 working days compared to 11 
units of resource using the resource attribute rule. 

Project Network #1 
No. of Activities: 20 
No. of Relationships: 26 

NON-CPM BASED RULES TIME LINE FOR 
Resource WINDOWS 
Level Resource Time 
(Units) Attribute Attribute Duration 

6 71 - 74 71 
7 58P 59 59 
8 46 48 52 
9 41 42 44 

10 44 39 41 
11 29 35 37 
12 29 32 34 
13 29 32 32 
14 29 29 29 

Table 1. Project Duration (days) 

Table 2 and Table 3 show the project duration for network (2) and network (3). In general the results shown in 
Table 2 and Table 3 follow the same patterns as those shown in Table 1. That is, the non-CPM based rules 
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combined produce the shortest duration JOO percent of the time compared to 17 percent using TIME LINE. 

Project Network #2 
No. of Activities: 17 
No. of Relationships:24 

NON-CPM BASED RULES TIME LINE FOR 
Resource WINDOWS 
Level Resource Time 
(Units) Attribute Attribute Duration 

4 91 85 97 
5 82 74 87 
6 64 67 67 
7 59 50 51 
8 59 46 51 
9 54 43 51 

10 41 39 41 

Table 2. Project Duration (days) 

Project Network #3 
No. of Activities: 15 
No. of Relationships: 20 

NON-CPM BASED RULES TIME LINE FOR 
Resource WINDOWS 
Level Resource Time 
(Units) Attribute Attribute Duration 

5 51 53 61 
6 46 45 45 
7 38 37 44 
8 37 31 39 
9 31 30 39 

IO 29 27 33 
11 26 25 25 

1:_able 3. Project Duration (days) 

5. CONCLUSION 

None of the tested priority rules performed consistently on all problems considered in this study. However, the 
results clearly indicate that the non-CPM based rules produce solutions that are significantly better than those 
produced by the CPM based rule using Time Line. However, an extensive comparison between the priority 
rules is needed and currently being performed before more conclusions can be drawn. 
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ABSI'RACT 

After the Space Shuttle Challenger accident in early 1986, the National 
Aeronautics and Space Administration (NASA) adopted a policy which required 
the configuration documentation of mission critical hardware elements. As a 
result, selected major flight components are photographed for review by NASA 
and contractor engineers and quality representatives during each Kennedy Space 
Center (KSC) space shuttle ground processing flow. Recent KSC budget cuts, 
personnel reductions, and an accelerated launch rate have made the satisfaction 
of this requirement difficult and expensive. In addition, new environmental 
regulations have resulted in more stringent requirements for the disposal of 
photographic processing chemicals. To satisfy program requirements and reduce 
costs, a preliminary systems engineering analysis has been perlormed to identify 
methods of process improvement and cost savings. Results indicate that it is 
possible to transform the present chemically-processed photographic collection 
and distribution method with a digital image management system. Analysis also 
indicates that this paradigm shift has the potential to greatly improve the 
efficiency and effectiveness of this essential quality and reliability process 
requirement without loss of safety integrity. 

INTRODUCTION 

After the Space Shuttle Challenger accident in early 1986, the National Aeronautics and Space Administration 
(NASA) adopted a policy which required the configuration documentation of mission critical hardware elements. 
As a result, selected major flight components are photographed for review by NASA and contractor engineers 
and quality representatives during each ground processing flow. On the average 2,500 to 3,500 pictures are 
required for each Kennedy Space Center (KSC) mission. Recent budget cuts, personnel reductions, and an 
accelerated launch rate have made the satisfaction of this requirement difficult and expensive. In addition, new 
environmental regulations have resulted in more stringent requirements for the disposal of photographic 
processing chemicals. 

To satisfy program requirements and reduce costs, a preliminary systems engineering analysis has been 
performed by NASA-KSC engineers, and students and faculty of the University of Central Florida (UCF) to 
identify methods of process improvement and cost savings. 1bis paper briefly identifies some study results · 
which support the transformation of the present system into one that replaces chemically-processed photographic 
collections and manual distribution with a digital image management system (1,2,3,4]. 

PRELIMINARY STUDY RESULTS 

The basic question the system engineering analysis study addressed was: Does electronic imaging and a 
supporting digital image management system have the potential to replace, all or in part, the present 
photographic closeout management system. If feasible, a paradigm shift might have the potential to greatly 
improve the efficiency and effectiveness of this essential quality and reliability process requirement--reducing 
costs and at the same time maintaining shuttle ground processing safety integrity. 
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PRESENT SYSTEM REQUIREMENTS AND COST CONSIDERATIONS 

By way of background, NASA adopted a policy after the Challenger accident which required the configuration 
documentation of mission critical hardware. As a result, these components are identified in KSC Operations and 
Maintenance Instructions (OMI). Further, each component is documented in a photographic frame with copies 
of pictures distributed to system and quality control engineers at various locations throughout the country. Once 
the engineers verified the validity of the hardware configuration, the OMI is approved and the hardware "closed 
out. • At the time this policy was implemented, safety was the primary issue and economics was only a 
secondary concern. 

This cost intensive method of chemically-processed closeout photography documentation has been the subject of 
intense scrutiny over the last three fiscal years. KSC budget cuts, staffing layoffs, and a dedication to eight 
launch flows a year have attributed to a •more with Jess• methodology of doing business. At the same time, 
photographs are being maintained in a central repository, supported by only crude library functions. 
Photographic classification and retrieval using this system, which was installed during the Apollo Program, is 
time consuming and manpower intensive. The severity of government requirements coupled with increasing 
engineering needs have caused photographic print orders to grow rapidly. For example, over the past decade 
production of photographic images have increased ten fold. 

TECHNOLOGY CONSIDERATIONS 

The present modus operandi does not support advances in digital image technologies. Electronic image systems 
are being proposed by other space shuttle and payload operations organizations to satisfy their closeout 
requirements. As a result, the use of electronic still video and digital electronic image cameras is proliferating. 
At the present time, there is no means to provide a central repository for images. Present hard drive. capability 
is insufficient for the growing image base. Floppy disks, even those with high density are insufficient to store 
even one high resolution digital image. Photo CD and CD ROM disks are being filled at an alarming rate. 

Images being produced electronically by some organizations are not being utilized as fully as are those produced 
through conventional processes. Electronically captured images cannot be readily distributed to the user 
community since a completed electronic distribution system for the transport of image files does not exist. The 
proliferation of department maintained electronic image archives risks the multiple reproduction of like imagery 
at sev_eral times the cost of a single image used multiple times. It also risks the inability or difficulty of users to 
locate needed images. These issues coupled with security issues, accounting, increase in response time of the 
system, safety degradation spawned by the limited distribution of non-<:hemically based images, reduction of 
chemical and silver production, as well as the desire to migrate in support of advancing technology have 
spawned an effort to provide a computer-based, digital image repository to support engineering closeout image 
management. 

STUDY ANALYSIS 

Preliminary study analysis indicates that improvements can be made to the present method of satisfying space 
shuttle closeout documentation requirements, while a the same time simplifying system management and 
reducing overall operating costs. As with other image management systems, the main system design issues 
which must be addressed are: image capture, classification, compression, storage, transmission, retrieval, 
decompression, and display. While allocated space does not allow a full discussion of these issues or a total 
description of results, some finding are provided in the following discussion and figures. Briefly described is a 
proposed Electronic Closeout System (ECS). 

The purpose of ECS is to realiz.e reduced engineering and system costs for NASA by eliminating the cost
intensive process of producing and distributing photographic prints. In order to realize projected cost savings, 
printing peripherals must be kept to a minimum. The premise of ECS design was to replace hard copy prints 
with on-screen images. If bard copy prints proliferate as part of the implementation of the electronic system, 

405 



/EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

Closeout Image Digitization Syst,em Second Level Diagram 
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FIGURE 2. Functional Decomposition - Second Level Data Flow Diagram 

The ECS is slated to be advanced in design and capable of serving as a prototype, proof of concept system for 
additional NASA supported imaging systems and the interconnectivity of these systems. It is envisioned as a 
first step in an infinite series of technological advances aimed at regaining NASA's reputation as a leader in 
scientific progress and innovation. It is intended to centrali.z.e engineering information and provide for a more 
intensely integrated work force. Electronic engineering analysis of closeout images is intended to streamline the 
operation by using advances in technology to increase system response time and engineering productivity (an 
effective de.crease in manpower). In addition to satisfying environmental needs, near real time access 
requirements, and reductions in future operational costs, the system can also be utilized in the restoration of 
aging historical NASA and Air Force launch film, as well as providing advances in imaging analysis. Present 
analysis functions are highly subjective as they are based on a single opinion or consensus of opinion to 
determine the acceptability of hardware configurations. The analysis of digitiz.ed images could be programmed 
to provide a predictable, repeatable, and quantifiable series of mathematical algorithms for the evaluation of 
hardware configuration integrity. Such a process would produce consistent results with a justifiabl~ basis in math 
and science. Overall, the implementation of an ECS ~ better serve the KSC user community by providing an 
upgradeable and modular engineering analysis environment. 

CONCLUSION 

The conclusion of a preliminary study by NASA engineers and UCF investigators is that a proposed ECS has 
the potential to replace, all or in part, the present chemically-processed photographic closeout management 
system. If successfully implemented, potential exists to greatly improve the efficiency and effe.ctiveness of 
closeout image management--reducing costs without jeopardizing space shuttle ground processing safety 
requirements. 
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then attempts at cost savings will be, at best, severely compromised. While stringent reductions in the number 
of image hard copies produced are realiuble with the implementation of this system, total elimination of hard 
copy prints is not. Requirements will exist for bard copy prints for support of management briefings and 
reviews. In addition, a certain number of hard copy prints may prove valuable and necessary for intense 
scrutinization of some mission critical anomaly analysis. While not completely qualified at this time, the need 
for bard copy imagery support exists and must be addressed by~the electronic closeout system. High resolution 
(300 dots per inch or greater) output devices were evaluated by cost, resolution, price per print, and system 
compatibility. 

Figures 1 and 2 indicate first and second level functional decomposition data flow diagrams of a proposed 
digital ECS. Illustrated are the elements of image capture and management and the relationships of users, their 
required capabilities, and the overall system. At the top level (Figure 1), shown is the use of electronic image 
capture devices by photographers. Captured images are classified and stored electronically by the closeout image 

·•digitization system. End users would have at their work site PC-based workstations and digital color printers. 
Second level representation (Figure 2) provides additional system details. 
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FIGURE 1. Functional Decomposition - Top Level Data Flow Diagram 

Hardware is not the only design required for the successful implementation of an electronic closeout system. 
System software also demands serious consideration and adherence to their own distinct set of requirements. 
The first of these requirements is compatibility with existing software at KSC and migration plans for the Open 
Systems Interconnect (OSI) standards and the government manifestation of this standard Government Open 
Systems Interconnect Protocol (GOSIP). Present inter-networking requirements mandate use of Transmission 
Control Protocol/Internet Protocol (fCP/IP) for network support at KSC. Novell and other Internet Protocol 
Exchange (!PX) formats are supported on a limited basis but severely frowned upon as design constraints for 
new systems. The system software must also be compatible with the existing hardware at KSC as well as the 
state-of-the-art hardware required by the imaging applications. 
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The Alchemist's Quest to OptimiDtion of Constrained Project Schedules: 
A Review and Survey 
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ABSTRACT 

Mathematical programming formulations of deterministic resoUICe constrained project 
schedules have been cited in the literature since the late 1950's, when E.H Bowman published 
·Toe Scheduling-sequencing Problem"'. Although more efficient models describing a variety 
of objectives and resource constraints have since been developed, the NP complete 
intractability of the problem does not allow the reasonable solution of practical, large sized 
problems. Nevertheless, near optimwn solutions of realistic project schedules have been 
accomplished through use of algorithmic solutions. artificial intelligence and heuristics. Tilis 
paper describes the nature of the resomce constrained project scheduling problem, · defining 
objectives and resources through mathematical programming models. A survey of models and 
algorithmic methodologies describe the ap~hes to optimi7.ation of the problem. Near 
optimwn methodologies incoIJ)orating. combinatorial programming, artificial intelligence 
and heuristics are summarized, with published test comparisons to optimum solutions 
presented, and discussed. Concluding remarks recommend a holistic approach to project 
scheduling, integrating commercially available scheduling software with adjunct optimization 
and stochastic simulation programs. 

INTRODUCTION 

The most commonly applied perspective to project scheduling assumes that minimization of total project 
duration is the fundamental objective to be accomplished, that an mtlimited amount of resources are available, and 
that all project parameters are detemtlnistic. The resource constrained project scheduling problem arises when 
.. resources required for perf onnance of project activities are available in fixed limited amounts such that the 
demands of concurrent activities cannot be satisfied" [9]. This resource limitation forces decision makers to resolve 
conflicting resource demands by task sequencing decisions. CPMJPERT methodologies must be augmented if they 
are to provide guidance to the sequencing of activities. Indeed, the very concept of critical path, a keystone result of 
these algorithms, is no longer valid wider conditions of limited resources. In its place. researchers have identified 
the concept of critical sequence [39], also called the dominant sequence [21]. 

Davis [10] was perhaps the first to categorize resource constrained scheduling problems into three classes: 

l) Variable resource availability. Here the quantities of available resources are variable. Problems may be 
examined for time and cost trade-offs so as to optimize task. and consequently project, durations. 
2) Fixed but adequate resource availability. Here the amounts of available resources are fixed but sufficient to 
meet peak project requirements. More effective resource utilization can potentially be achieved by reducing peak 
requirements, resource leveling. 
3) Fixed but inadequate resource availability. Here the amounts of available resources are fixed but inadequate to 
meet peak project requirements. 

It is the third category which is considered the resource constrained project scheduling problem by most 
researchers. Further defining the problem. Patterson et al grouped resources into four caiegories [29]: 

1) Renewable resources .- these are used and constrained on a time period basis, but are available again once the 
using activity is completed, 
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2) Nonrenewable resources - these are available and conswned on a period by period basis, but once used are 
conswned and no longer available for other activities, 
3) Doubly constrained resources - these are constrained on both a period and project basis, and 
4) Unconstrained resources - these resources are assumed to either be very inexpensive or available in such 
plentiful supply as to not pose a constraint upon the scheduling problem. 

MATHEMATICAL FORMULATION OF PROBIEM 

Although many variations have been formulated, the general model for solving the deterministic resource 
constrained project scheduling problem takes the following fonn [13]: 

Minimize 

Subject to_: 

where, 

F() 

(ij)e H 

t = 1, 2, ••• fn 

F( ) = performance objective function 
~ = fmish time of activity i , i = 1, 2, ... , n 

H = set of activities having precedence constraints 
di= processing time of activity i 
rik = am01mt of resource type k required by activity i 
ht= total availability of resource k 

Although minimizing project duration is typically the most critical scheduling objective, researchers also 
report approaches for maximizing the net present value of project cash flows [2A] [ 40], or optimizing multi
objective problems (11]. 

SOUfTION APPROACHES 

Early solution approaches "concentrated in two techniques: the fonnulation and solution of the problem as 
a mathematical programming problem and the development of heuristic solution procedures for obtaining 
satisfying solutions" [13]. Solution methods to the resource constrained project scheduling problem can be 
classified into the following four general categories: 1) mathematical programming; 2) combinatorial 
programming; 3) heuristics and search technique; and, 4) artificial intelligence. 

MATHEMATICAL PROGRAMMING 

Mathematical programming, MP, approaches rely on breaking the time continuwn into discrete writs. Toe 
combinatorial explosion in large projects has limited these techniques to relatively small projects, .. mathematical 
programming techniques are best employed for small and medium size problems which require up to about a 
thousand 0- 1 variables" [11]. Indeed, Blazewicz, et al proved that the problem is NP-complete [3]. 

One of the most efficient, and earliest, MP models was developed by Pritsker, et al [30]. Originally 
published to accommodate resource constrained multi-project problems, the Pritsker, et al model has been 
refonnulated [12] [13] to include variable reduction techniques. The Pritsker, et al based models use 0-1 decision 
variables to indicate the time period in which an activity stops (or alternatively starts), and not the periods in which 
a task is active. This significantly reduces the nwnber of variables to consider in the formulation. This model has 
the drawback of making the resource constraints complex, and difficult to formulate. In addition, the model has 
been extended and modified to address such applications as multi-objective linear resource constrained scheduling 
(11], resource constrained project crashing (12], and combinatorial programming [13]. 
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In an earlier alternative model (6] the 0-1 variables define whether or not a task is active in a specific time 
period. A separate decision variable is needed for each time period between the earliest start time to the latest 
finish time of each task. 1bis model formulation has been extended for specific applications such as activity 
duration crashing [12], combinatorial programming (8), and time varying resource usage rates (19]. 

An alternative formulation (37) views a proje.ct as a sequence of decision stages. At each stage a decision 
must be made as to which task(s) to commence, subject to technological precedence and resource constraints. 
Although cumbersome and difficult to visualize, this model avoids the large nwnber of binary variables required by 
alternative models. 

COMBINATORIAL PROGRAMMING TECHNIQUES 

Combinatorial programming techniques are efficient solution algorithms based "on intelligently 
enumerating all the feasible points of a combinatorial optimization problem" (25]. The algorithms progressively 
partition the solution space so as to minimize the number of feasible solutions which must be evaluated for 
optimality. An algorithm's capability of reaching oplimality and the speed of execution depend on both the 
algorithm and model used. Two general approaches have been particularly applied to the resource constrained 
project scheduling problem: enumeration techniques, and branch and bound algorithms. 

Branch and Bound 

Branch and bound "refers to a generic type of optimization procedure which involves partitioning a 
problem into subproblems (branching), and evaluating these subproblems (computing bounds)" [22). A branching 
tree represents the various feasible combinations or sequences of alternatives. The effectivity of an algorithm 
depends on both how well it bounds the branches ( evaluates nodes) and how well it prunes the branches ( eliminales 
nonoptimal branches). Stinson's algorithm is perhaps the most well known in this class, and is frequently used for 
benchmarking of algorithms. Demeulemeester and Herroelen [13] have recently proposed a depth-first branch and 
bound algorithm in which resource and precedence feasible nodes represent partial schedules, a set of temporarily 
scheduled tasks. Branching occurs whenever a resource conflict forces a sequencing or delaying decision, the 
identification of activities to delay in order to resolve the conflict. Demeulemeester and Herroelen identify a 
minimal delaying alternative as one which does not contain other delaying alternatives as a subset. The delaying 
alternative chosen is that with the smallest critical sequence lower bound. Pruning proceeds by schedule dominance 
based on left-shift dominance rules and cutset based dominance rules. 

Enumeration Techniques 

There are two principal types of enumeration techniques: bounded and implicit enumeration. Bounded 
enumeration techniques begin with a precedence feasible network and systematically develop a resource feasible 
network which solves the shortest path problem. The algorithm most identified with bounded enumeration methods 
is the procedure developed by Davis and Heidorn [8], employing techniques first developed for the assembly line 
balancing problem. Bell and Han [1] propose an alternative approach but with poor computational results. 
Talbot's algorithm is the seminal work in implicit enumeration [36]. This method evaluates precedence and 
resource feasible sequences, using fathoming rules and network cuts to eliminate from explicit evaluation those 
sequences which do not lead to improved schedules. The order in which to select tasks for sequencing, the search 
direction, is determined before execution of the algorithm and is thus static. 

Combinatorial Programming Results 

Patterson (27] evaluated Stinson's bound and branch, Talbot's implicit enumeration and Davis and 
Heidom's bowided enumeration algorithms. Although now dated, the 110 test problems used in the study have 
become the test set of preference by subsequent researchers. For example. Patterson's problem test set have been 
used by Johnson [16], Demeulemeester and Herroelen [13], and Olaguibel and Goerlich (23]. Patterson concludes 
that Stinson's algorithm solved approximately 75% of problems in a minimum of time, on average an order of 
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magnitude faster than the other algorithms. Using the same test data set. Demeolemeester and Herroelen [13] 
report that their algorithm is approximately an order of magnitude faster than Stinson' s. and is relatively 
insensitive to problem structure. 

HEURISTECS AND SEARCH TECHNIQUES 

Attempts to rely on optimization techniques in industrial applications can fail due to the massive data 
requirements. cumbersome output and slow execution times of optimization algorithms [31]. Thus the need for 
solution lechniques which yield feasible but possibly sub-optimal solutions in reasonable times, at reasonable costs, 
and with the assurances of consistently good solutions. All heuristics rely on priority rules to resolve sche.duling 
conflicts. The vast number of heuristics led Lawrence [20] to propose a grouping system to facilitate lheir 
1D1derstanding: 

Activity Based Rules 
Use characceristics intrinsic to the casks, for example task duration. 
Network Based Rules 
Use measures which relate an activity to the remainder of the network, for example nwnber of successors. 
mnnber of predecessors and successors, etc. 
Critical Path Method Based Rules 
Use assigned priorities based on measures obtained from an unconstrained critical path analysis on the 
network, for example early start time, late start time, minimum slack and late finish time. 
Resource Based Rules 
Use resource based measures such as resource demand. resource utilization and equivalent resource 
duration. 
Miscellaneous Rules 
Use rules not within other categories, for example random assignment, or combination rules. 

Heuristic Solution Comparisons 

Comparison results of different heuristic methods have been reported by Johnson [16], Olaguibel and 
Goerlich [23], and Davis and Patterson [9]. Although these researchers have tested projects with a relatively small 
number of activities. Pascoe [26] and Olaguibel, et al [23] conclude "that most effective heuristics for the smaller 
problems were also most effective for the larger problems". All researchers report that no one heuristic perfonns 
consistently best Of 'XI heuristics tested, Olaguibel and Goerlich fonnd average deviations from optimum ranging 
from .74% to 12.75%. Even the best heuristics may, in specific instances, produce schedules as much as 25-30% 
from the optimum. They conclude that high order strength, low density, low resource factors, or very low or very 
high resource strength make it easier to obtain better solutions. Boctor [5] concludes that a combination of 
heuristic rules incorporated into a single algorithm outperfonns any heuristic working independently. Johnson [16] 
tested seven commercially available project scheduling software packages, concluding that no one software 
package gives the best solution to all problems, with average deviations from optimum ranging from 5-25%. 

OPTIMIZATION SEARCH TECHNIQUES 

Optimization search techniques have been applied to more restrictive special cases, notably job shop 
scheduling, although Rotman has applied it to spacecraft scheduling by NASA [33). Search techniques used 
include genetic algorithms [35] and pseudo-random search [32). These techniques all seek to maximize an 
objective function using very fast, but potentially sub-optimal, search algorithms. The search techniques "treat the 
objective function as a black box that returns a nwnerical measure of the goodness of the schedule" [32]. This 
avoids the combinatorial search of strictly feasible solutions, but presents the challenge of structuring a fast search 
technique and generating new candidate sequences. 

4 12 

/E, 
Col 



[EMS '94 Proceedings: Annual International 
conference on Industry, Engineering, and Management Systems 

ARTIFICIAL INI'ELI.JGENCE 

In general. all artificial intelligence, AI, based schedulers attempt to achieve acceptability of a schedule by 
using knowledge representation to model problem constraints, and then using these constraint representations within the 
search proces.5. 

Expert Systems 

Expert systems have long held promise for the resource constrained scheduling problem, since hwnan 
experts have traditionally been relied on for "optimal" solutions to real-world problems. A recent survey of expert 
systems used for job shop scheduling details their relative wide-spread application in this area [7]. Expert systems 
are not generic, rather "the expert system is designed to fit the environment" [7]. Although flexibility is a goal of 
all systems, true application success is reached by incorporating specific criteria for each specific operating 
environment. There has been research to implement general learning methods for dynamically selecting expert 
system heuristic rules [ 43], however most expert systems must still be developed for specific applications. Expen 
system based schedulers can be grouped into two general classes: 

1) Operations Research Based Reasoning. In these approaches, expert system "reasoning", the application of 
knowledge based rules, is coupled with operations research optimiz.ation techniques. The methods used in this 
category seek to obtain "maximum advantage from the search technique and limited knowledge about the problem" 
[31) searching through a "space of schedules" [14]. The search in these systems consists of taking a complete 
schedule S and ttansfonning it into another complete schedule s· , such that there is improvement in the defined 
perfonnance function. A method in this category is constraint directed reasoning. In constraint directed reasoning 
all constraints are considered simultaneously, with a metric measuring the degree of constraint violation and 
constraint importance. Iterative repair has also been applied to the resomce constrained scheduling problem by 
NASA [44). Oth~r survey papers report on a number of other methods combining a mixture of optimization 
techniques and expert system rule based reasoning [7J [31). 

2) Expert Knowledge Heuristics These approaches seek to .. capture the knowledge of human expert schedulers" to 
create a system that matches, and possibly improves. the results of the best human experts [7]. In contrast to 
operations research based expert systems, these systems use very specific scheduling knowledge bases and limited, 
if any, optimization search techniques. The costs of developing such knowledge bases, their narrow applicability 
and the complexity of the problem have limited the success of these types of approaches. 

Neural Networks 

Neural networks use a connectionist architecture to indirectly represent knowledge with large numbers of 
weighted connections between nodes capturing the knowledge of a system. Knowledge can not be directly encoded 
into the neural network, rather, it is entered through a learning process - training the network to capture the 
knowledge. A number of different inter-connection schemes and weighting methods allow neural networks to 
" solve" problems. From a scheduling perspective, solving the problem can be interpreted in one of two manners: 1) 
determine optimal. or near optimal. solutions; and, 2) determine solutions consistent with what experts would have 
done in similar circumstances. Hop.field networks, used for combinatorial optimiz.ation applications have been 
applied to job shop scheduling [41]. Limited success.however, has been reported since the quality of solutions is 
inferior to alternative approaches and the required network complexity has prohibited their actual hardware 
implementation. The second neural network approach to job shop scheduling problems has been to emulate expert 
solutions. Scheduling decisions made by human schedulers are recorded and form the basis of the input to create 
the neural network model [42]. 

CONCWSIONS 

The resource constrained project scheduling problem is a rich and commercially useful area of research 
exploration. Although much work continues to be done, commercial off-the-shelf software products have 
exclusively re lied on heuristics to solve the resource constrained scheduling problem . These products do not offer 
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either the capability of alternative and specialized solution techniques, or the consideration of stochastic variables 
such as task durations, resource availability, etc. Although a number of project planning packages offer Monte 
Carlo simulation add-ons to their products, Opera with Openplan, Pan with Anemis, and Texim, it may be 
appropriate for vendors to re-evaluate their offerings and integrate more resource scheduling and evaluation 
techniques into their products. Thus, one can envision a system using a present product as a hub for data base and 
general purpose presentation capabilities, and specialized application programs as callable routines. These 
application programs could include alternative heuristic options; simulation software for stochastic PERT analysis; 
optimization programs including custom objective function capabilities for modeling special cases such as 
maximization of net present worth, multi-objectives, schedule crashing, etc. 
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ABSTRACT 

Engineering Industry is governed by extensive use of computers both in design and manufacturing, and 
this includes Quality Control i.e., the inspection of fabricated parts. Computers are used widely ~ the 
field of quality control for developing the inspection software. We have developed a software program to 
inspect a component which was previously carried out by manual alignment of the component with respect . 
to the machine axis. Coordinate measurement of the components has been found to be a good indicator 
of their dimensional accuracy. Coordinate Measurement Machine's (CMM's) are specifically developed for 
this purpose. This article gives an overview of the project which deals with the development of software 
for evaluation of parameters for standard geometrical features on a CMM. The features studied are circle, 
sphere, plane, ellipse, straight line in space, and symmetry. In this project, the initial solution was obtained 
for the parameters of the standard geometrical features by linear least squares technique. The obtained 
initial solution is optimized by means of nonlinear least square optimization technique which uses a multi 
variable Newton-Raphson iterative technique. The optimized solution gives the highest possible accuracy. 
Other methods like Chebyshev technique and Multipoint technique have been tried and are found to be 
lacking in accuracy as compared to that of the Newton-Raphson method. This present work has been used 
as the supporting software for CMM's, particularly for a.n VFW-3D machine and a Zeiss measuring machine. 
The aim of the project is to reduce manual alignment and encourage the use of mathematical alignment for 
inspection of fabricated parts on the CMM's. The use of this technique in Solid Modeling is being examined. 
Primary investigations show that this method yields a faster perfect fit for the curve/surface. 

INTRODUCTION 

Today the industrial processing and manufacturing techniques have become so much complicated that their 
control is beyond the reach of human judgment. The use of automatic control and inspection are inevitable. 
The development of exact and precise measurements are the basic essentials of automatic controls. The 
need for optimization has placed stringent requirements on accuracy and precision of measurements. The 
time consumption for measurement is more in conventional measuring methods. The manual manipulation 
of measured input data increases the risk of computational errors, resulting in the need for independent 
checking of results. One of the most significant developments in dimensional measurement in recent years 
has been the emergence of the Coordinate Measuring Machine (CMM). The use of a computer with a CMM 
results in lower costs due to the virtual elimination of setting-up time, elimination of errors particularly those 
due to manual computations. The main objective of this work is to develop the software to determine the 
optimum values of the parameters for standard geometrical features on CMMs. The main objective calls for 
the following tasks: 
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• Development of software for inspection of critical features of standard shapes (plane, straight line, 
sphere, ellipse, etc., ) in order to determine the location, orientation, and size parameters. 

• Optimization of initial approximate values of parameters from linear least square technique. 

INSPECTION SOFTWARE 

The Inspection Software (IS), is the most integral part of a CMM. The IS is required to give accurate 
curve/surface fits to the set of X, Y, Z coordinates of the measured points on the given surface. Fitting 
standard geometrical features using linear least square technique is found to be inaccurate, if accuracy up 
to micron level is considered. In-built software [7) with some CMMs are still known to be providing linear 
least square fits and hence their results are not accurate. For example, the set of points (0, 1), (0, -1), (0, 
0) and (1, 0) when fitted [5) as a least square circle should have center at (0 .3945, 0) and radius as 0.7875. 
In-built software on CMMs provide the center at (0.1667, 0) and radius as 0.8333. Thus it is obvious the 
in-built software on CMMs does not provide the required optimization. This type of under optimization is 
observed for other common features such as straight line, sphere, plane, ellipse etc. 

VIRTUAL VOLUMETRIC STANDARDS 

The serviceability of a CMM is determined by both the hardware ( i.e., the machines and the computer) and 
the software. Until recently the main emphasis was laid on the construction of the machine and importance 
is given to machine hardware accuracy. Since measurement software accuracy plays an important role in _ 
determining the accuracy of the measured component, it should not be underestimated. Standards are 
designed to compare evaluation software to that of the standard algorithm data records for data accuracy. 
Just like standard fea.tures/surfaces for checking the coordina.te system of the machine, the da.ta records and 
programs are used for checking software, to make clear that they are not physical bodies but only coordinates 
of points of imaginary bodies. These imaginary coordinate points are called virtual volumetric standards. 
The use of these can reveal accuracy problems of software. Their easy application and efficiency show their 
versatility. 

SOFTWARE TASKS 

The Software of a CMM should perform certain tasks for the better operation of the CMM. They are: 

l. obtaining the measurement data 

2. evaluation of measurement data 

3. allow different features in a mechanical assembly to be chained so that the parameters for each of the 
features can be evaluated with respect to the reference feature 

4. elaboration of results checking for data accuracy 

5. controlling the CMM 

There is no problem in taking the measurement data, elaboration of results and controlling the CMM if the 
machine and the computer are well built. Different features in a mechanical assembly can be chained (linked) 
by means of a chaining software, which can be used to evaluate parameters of one feature with respect to 
the reference feature. Besides the constraint of speed, the main criterion for judging a better software for a 
CMM, is its accuracy in evaluating standard features . 
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LINEAR LEAST SQUARE TECHNIQUES FOR OPTIMIZATION 

One of the reasons for under optimization (as ex.plained in section 2) is the the use of least square fits for 
most of the standard geometrical features. For ex.ample, for a plane with slopes m 1 and n1 at a point x;, y; , z. 
on a sphere e; = z; - m1 * x; - n1 * Yi - c1, with constant c1, represents the deviation in z-direction between 
measured point and fitted plane. Least square technique requires that the sum of all the sum of squares 
of linear deviations U = I:~=t ef of all the points considered on a geometric feature be minimized. This . 
requires that the first derivatives \'j(j = 1,2,3) of U with respect to m 1,n1, and c1 be zero. It is found 
that Vj(j = 1, 2, 3) are linear in m1, n1, and c1 and hence the three simultaneous equations can be solved 
to determine m1, n 1, and c1. Linear least square optimization technique is better explained by the following 
example of optimizing parameters for a sphere. 

Let (x, y, z)(i = 0, 1, 2, ... ) be the coordinates of points on the sphere. Then the linear deviation of the 
sphere is given by 

e; = :i:; * x; + Yi * Yi + z; * z; + a1 * x; + b1 * Yi + c1 * z; + r; 

where a1 = -2.0 * a; bi = -2.0 * b; C1 = -2.0 * c; r; = (a* a+ b * b + c * c - r * r) where a, b, and c are 
the coefficients of the co-ordinates x, y, and z respectively and r is the radius of the sphere. According to 
the linear least square technique U = I:7=1 e; be minimized Le. , the first derivative of the function is zero: 
Partial differential of U with respect to the parameters of the sphere results in matrix notation: 

[ 

:Ex2 :Exy :Exz 
Exy :Ey2 :Eyz 
Exz :Eyz Ez2 

Ex :Ey :Ez 

Solving the above equations (using the Gaussian elimination methocl) the first order approximation of the 
parameters is obtained. 

NON-LINEAR ITERATIVE TECHNIQUES FOR OPTIMIZATION 

The exact deviation of the standard geometric feature is considered for the linear least squares technique, 
and it has been found that the first derivatives are non-linear. To solve such equations, iterative techniques 
[1] have to be used. 

MULTI-POINT TECHNIQUE 

The Chebyshev technique and Multi-Point techniques were first tested. It has been found that Chebyshev 
technique suits single variable equations rather than multivariable equations. Also the method gives better 
results only when higher powers from the results of the sucessive iterations are taken into consideration. It 
is used to telescope the coefficients of Taylors series. So this method is not employed often. The Multi-Point 
technique gives values after iterating the function a large number of times. It is found that the Multi variable 
Newton-Raphson method takes a fewer number of iterations. Also this method is adopted because during 
iterations, the incremental step size in the parameters are determined by the parameters themselves. The 
exact deviation that should be considered for least square optimization, is the perpendicular distance from 
the measured point to the fitted curve/surface, for a plane: 

However it is found that when used in least square technique, the first derivatives of objective function (U) 
are non-linear with respect to m1, n 1, and c1 and hence by imposing the conditions Vi = 0, Vi = 0, and 
V3 = 0, we get three non-linear equations. To solve such equations iterative techniques have to be adopted. 
To start such iterations, approximate values of m 1 , n 1 , and c1 are required. These approximate values are 
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obtained by the linear least squares technique. An iterative technique, the multi variable Newton-Raphson 
technique, is used for optimizing the initial approximate solution. 

MULTI VARIABLE NEWTON-RAPHSON TECHNIQUE 

The Newton-Raphson technique is based on a Taylors series expansion of the functions /i(i = l, 2, .. n) where 
n is any integer and Ji = f(xi)(i = 1, 2, .. n) and so on. The function ft can be expanded in a Taylor series 
about (x1 , x2 , . • xn) which represents an approximation to the solution. If only the first order terms are 
retained and if exact solution is substituted for the unknowns we obtain 'n' number of equations, where 'n' 
is the number of variables. The equations are solved using Gauss-Jordan method of solving the simultaneous 
equations, and the initial approximate solution is obtained. This solution helps in the convergence of the 
function, on which the iterative technique is used. The function is iterated successively until all the f's are 
close to zero or the unknowns do not change from one iteration to the other, within a specified convergence 
criterion. This method is extensively utilized in the numerical simulation of many engineering systems. 
Consider the same example of optimizing parameters for a sphere, as explained in the above section. The rate 
of convergence of the optimized para.meter in N ewton-Raphson method is fast. To ensure the convergence 
of the parameter a suitable initial starting point has to be chosen. Here in this case linear least square 
technique is utilized. This optimization technique and is based on multi-variable Newton-Raphson method. 
The equation of a sphere with center at ( x;, Yi, Zi ) is given by 

S; = j((x; - a)2 + ((y; - b)2 + ((z; - c)
2 

- r 

According to linear least square technique the function to be minimized is 

n, 

½ = 2 * I: S; * di;(j = lto4) 
i:O 

where d,;(j = lto4), with the values of j and k limited to 4 for the convenience of the present discussion, are 
the partial derivatives of 'S' with respect to the variables. Let g,1:(k = lto4) be the derivatives of d,j with 
respect to the parameters. 

Wij = 2 * 'E(S; * 9ik + dik * d;j )(j = 1to4; k = 1to4) 

Consider the situation at the end of'/' iterations. Let the parameters of interest be a 1 , b1 , ci, and r1. By 
Taylor series 

vj+i = V/ + Wj1 * ga + Wj2 * gb + Wj3 * gc + Wj4 * gr 

the condition Vil+t = 0 is (j = lto4) imposed we get 4 equations. These equations are solved to obtain the 
values of ga, gb , gc, a.nd gr. Hence we have 

a1+ 1 = a1 + ga 
c1+1 = c1 + gc 

bl+1 = b1 + gb 
r 1+1 = r 1 + gr 

Thus given the initial approximation a1, b1, c1, r1 we get optimized values. The iterations are stopped when 
¼i reaches sufficiently low values. 

RESULTS AND DISCUSSIONS 

The development of our inspection software is the result of our endeavor to improve the accuracy of the 
measurement and reduce the manual labor in setting up the component on the machine. The input data has 
been taken from components which are to be used for precision engineering purposes. The output obtained 
has been found to be accurate to 10 microns. 
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SPHERE 
Input Data: The initial approximation parameters are : 

Iteration X y z 
1 -30.0 -32.94 36.72 
2 -30.0 -6.39 63.99 
3 -30.0 39.26 51.75 
4 -30.0 65.28 -10.87 
5 -0.2 14.05 4.48 

X - center Y - center 
-8.3534e + 01 5.7952e - 01 

Z - center Radius 
-l.0464e + 00 8.4551e + 01 

6 -26.21 -60.89 -10.19 
7 -12.80 -12.30 -45.54 
8 -3.83 -27.00 4.24 

The iterations are: 

Iteration X - center Y - center Z - center Radius 
1 -8.3534e + 01 5.7952e - 01 -1.0464e + 00 8.455le + 01 
2 -8.3533e + 01 5.7954e - 01 -l.0463e + 00 8.4552e + 01 
3 -8.3535e + 01 5.7950e - 01 - l .0466e + 00 8.4556e + 01 
4 -8.3532e + 01 5.795le - 01 -1.0467e + 00 8.4553e + 01 
5 -8.3533e + 01 5.795le - 01 -l.0468e +oo 8.4552e + 01 
6 -8.3533e + 01 5.7953e - 01 -l.0465e + 00 8.455le + 01 
7 -8.3534e + 01 5.7952e- 01 -1.0462e + 00 8.4554e + 01 
8 -8.353le + 01 5.7955e - 01 -l.0463e + 00 8.4551e + 01 
9 -8.3534e + 01 5.7956e - 01 -1.0462e + 00 8.4554e + 01 

10 -8.3532e + 01 5.7955e - 01 -1.0463e + 00 8.4556e + 01 

The optimized values are: 
X - center= -8.53337e + 01 
Y - center= 5.795lle - 01 
Z - center= -l.04648e + 00 

Radius= 8.45527e + 01 

The number of iterations in the evaluation are 10, but few are shown above as an example. The iterations 
stop when there is no significant change in any of the values. The values from the last iteration are the 
optimized values. The Newton-Raphson optimization technique [6] minimizes the standard deviation in a 
smaller number of iterations when compared to the results obtained by other optimiza tion techniques. The 
software allows the user to select geometrical features with the help of a select menu. The equations for 
exact (as obtained from standard algorithms) and linear deviations are given below: 

Linear Deviations : 

StraightLine: y - m * x - c 

Circle: (x - a)2 + (y - b)2 - r 2 

Sphere: (x-a)2 +(y-b)2 +(z - c)2 -r2 

Plane : y - m * x - n * z - c 

Exact Deviations: 

St . htL. y-m•z-c raig me : :,/f+m 

Circle: J(x - a)2 + (y - b)2 - r 
Sphere: J(x - a)2 + (y - b)2 + (z - c)2 - r 
Plane : y-m•z-,uz-c 

✓1+m"+n" 

There are three main methods for the representation of objects in computers. They are wire frame, surface 
modeling, and solid modeling. Solid modeling is considered to be the most sophisticated mathematical 
representation of an object. Primary investigations to implement our method in solid modeling are under 
progress. The initial points to fit a. curve/surface in solid modeling can be efficiently obtained by our method. 
In spite of the previous limitations of solid modeling, its unique features of being the only representation 
method which contains a complex unambiguous description of the parts qualifies it to be the only possible 
solution for a fully automated system. This is due to the fact that in a well defined model, object features 
which were not included in the original model can be derived easily [3] . 
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CONCLUSION 

The objective of present work, development of an inspection software for implementation of optimization 
techniques, is met. The software developed is user friendly. The code is written using 'C' programming 
language. It is concluded that the need for physical effort by the workman is minimized and a greater 
accuracy is resulted. Regarding the accuracy of computations, the software developed has been found to 
give a very high degree of accuracy. In component testing, this software allows the automatic alignment of 
the component axis to the machine axis. 

The future scope of the work involves the mathematical alignment of the work assembly section and the 
transfer of machine coordinate system to the job coordinate system. This aids in inspecting the work part 
kept at any angle and position of the machine bed. 
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ABSTRACT 

Concurrent engineering is essential for successful new product developmenl 
To be effective, an integrated environment is required that permits the design 
team to have full access to relevant design data. This paper extends that 
integrated environment lo include optimization within a Mechanical Computer 
Aided Engineering context The use of MCAE tools in concurrent engineering 
is developed and an example provided. 

INfRODUCTION 

To remain competitive, industries have been forced .to shorten the time taken lo design and manufacture new 
products. This imperative is emphasized by the McKinsey & Co. study that indicated that a six month delay in 
reaching market results in thirty-three percent less profit over the next four years for technology-based companies 
(6). This observation, supported by many other studies, has led to identifying different ways to achieve faster new 
product development (see [l]). A key approach has been the emphasis on concurrent engineering, also called 
simultaneous engineering. However, in this development, there has been little emphasis on optimization in design. 
In order for concurrent engineering to be effective, it is necessary to create an integrated environment where a 
structure can be optimized and analyzed with real-time experimental data while the manufacturing processes and 
fo,tures are being designed at the same time. This concurrent engineering approach to structural design requires 
an integrated set of automated design tools. 

Rather than follow traditional sequential steps, Mechanical Computer Aided Engineering (MCAE) integrates all of 
the different disciplines into the design phase. The same optimized structure is used for test data analysis, 
manufacturing operations, and cost evaluation. To accomplish this goal, it is necessary to identify an efficient and 
reliable structural optimization methodology. This paper focuses on the integrated finite element optimization of 
structures with multiple variables and constraints. The key modeling construct which is used is the Integrated 

Design Engineering Analysis Software (I-DEAS™) with its associated optimization methodology. This provides a 
method for examining size and shape redesign issues for different load cases, allowing multiple design studies in 
the same database rapidly leading to the selection of the best alternative. 

In the following sections, we discuss the concepts of concurrent engineering and the use of CAE tools, we briefly . 
review the use of optimization in structural design, provide a rationale for an integrated system, and illustrate the 

use of 1-DEASTM with an example. 

CONCURRENT ENGINEERING 

Traditional product development processes have been serial in nature- the operative phrase is "over the ~vall." 
Design would develop a product in detail and throw it over the wall to manufacturing where it would be redesign~ 
(with appropriate delays) and then thrown over the wall to production where furtl1er redesign would occur._ Tl~s 
serial process did not allow for manufacturing, material and production factors to be considered in the uuual 
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design. To reduce the rework and cycle time, induslrics have moved toward conducting these product development 
1a5ks simultaneously. The predominant title for this simultaneous approach is concurrent engineering, although 
particular companies ,~ill use ~the~ titles such as simul~neo~ cn~ineering, pa~el . cngi~eering, integrated 
engineering, collaborative engmeenng, synchronous engmcenng, life-cycle engmcenng, mtegrated product 
development, and parallel product development. It is interesting lo note that library databases have few enlries 
under concurrent engineeriug, but mauy under simultaneous engineering. Each company that practices this 
concurrent engineering approach typically has a unique name for its particular process. 

Turino [17] provided a comprehensive description of tl1e purpose of concurrent engineering. Specifically, 
"concurrent engineering is intended lo cause designers, from the veiy beginning of a design activity, lo consider all 
elements of the product life cycle, from product concept through design, manufacture, service, and even disposal, 
including quality, overall business costs, time to market, and customer needs." The objective is to identify and 
resolve potential problems in fabrication, assembly, quality, and support early in the design process. There are 
several texts that address various elements of concurrent engineering (e.g., [3]; [7]; (12]; (13], (17]; and [18].) The 
texts address various elements and tools used to implement concurrent engineering. Major topics are 
organizational considerations, including culture, focus on the customer, and numerous analytical tools such as 
Quality Function Deployment, Concept Selection, Design for Manufacturability, Design for Assembly, Quality 
tools, Statistical Process Control, Design of Experiments and Robust Design. Considerable emphasis is placed on 
applications of concurrent engineering. TI1e essential elements of concurrent engineering in these applications are 
characterized by the following four factors: focus on customer needs, use of a multi-disciplinary team, 
consideration of life cycle costs, and use of a structured methodology. 

Interestingly, the concurrent engineering texts spend little time on modeling processes such as the use of CAD and 
CAM, the use of solid modeling, and the importance of rapid prototyping. Shina [16] identified rapid prototyping 
as an enabling technology. Only Hartley [7] clearly emphasized that CAD/CAM is essential. He suggested the use 
of CAD to generate rough concepts and then use simulation to test alternatives, providing ballpark figures on slress 
levels and other characteristics. Various papers suggested the need for CAD/CAM as an essential part of the 
concurrent engineering process. Garrell [5] emphasized the need to exploit CAD. It provides 3-D graphics and 
pennits realistic visualization of the product designs. More advanced systems provide solid modeling capabilities 
and can develop bills of material, routings, tooling, and reference information. Current information can be 
available to the entire design team and as an added benefit, transcription errors are avoided. Turino (16] noted that 
many CAE tools (CAD/CAM) are designed for isolated "islands" of design, manufacturing, and test automation, 
but that current development efforts are focused on making them accessible tbroughout the organization. 

Within the various product development islands, there has been a substantial effort to optimize the design and the 
manufacturing processes. It should be clear that those efforts have to be incorporated effectively into the 
concurrent engineering structure if the final product, delivered in a shorter time, is to be properly designed and of 
high quality. The problem of optimization in structural design is discussed in the following section. 

OPTIMIZATION IN STRUCTURAL DESIGN 

Structural design is an essential element of every product design. It is necessary to know if the various components 
of the product will be able to handle stresses, displacements, frequencies, and other external factors that the 
product will experience in its intended environment. In realistic applications, there may be a number of conflicting 
objectives such as minimum stress, minimum weight, minimum cost and minimum deflection that the design 
should try to provide. In many applications, a single criterion such as minimum stress is selected provided other 
factors are within predetermined limits. Multi-criterion optimization problems are much more difficult to solve 
than are single criterion problems. But even when it is appropriate to use a single criterion, solution of structural 
design optitnization problems are not lrivial. 

The general structural design optimization is represented as follows. Let x be a vector of n design variables which 
con_trol the finite element ·sizes in structural applications. Specifically, the xj may represent physical property 
variables (e.g., shell thickness, spring stiffness, nonstructural mass), material property variables (e.g., Young's 
lllodulus, Poison's ratio, material density), beam cross section properties (e.g., area of rod elements, flange width, 
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depth, beam wall thickness), and position/shape properties (e.g .• hole radii, positions, shapes, length, height). The 
design variables may have specified lower (I} and upper (u} bounds, and there will be a number of constraints that 
the design must satisfy. Without loss of generality, U1e structural design optimization for a single criterion can be 
represented as follows: 

minimize f(x) 
(SD) subject to 

~(x) 5 bi , i = l, ... ,m 

~ ;S; -X:,-~ u1 , j = l, ... ,n 

(1) 

(2) 
(3) 

Equation (l) is the objective function. equations (2) are a set of m constraints, and equations (3) are the set of n 
bounds on the decision variables. In multi-criterion problems, equation (l) is a vector-valued function. In 
addition, explicit control parameters may be identified in the fonnulation and represented in the objective function 
and the constraints. 

A recent treatment of Problem SD may be found in Canfield, Grandhi, and Venkayya (2). Lowtis and Cohn (9] 
addressed the multi-criterion problem and Rao, Sundararaju, Prakash, and Balakrishna (11) used a fuzzy goal 
programming approach for the multi-criterion problem. For the single criterion problem, mathematical 
programming approaches work fairly well when there are a few design variables. As the number of design 
variables increases, methods based on satisfying first order optimality conditions seem to work better provided the 
number of constraints is not large. 

In many products, there will be a need for conducting this kind of structwal analysis for a number of parts and 
subassemblies. A failure in the structural analysis late in the product development cycle would lead to major 
redesign and delay in arrival at the market. TI1e complexity of modem structures, the often large nwnber of design 
variables and constraints, and the resulting complexities in the manufacturing process require that structural 
optimization be an integral part of the concurrent engineering process. An automated system would permit 
multiple design studies in the same data base and would lead to rapid selection of the best design. 

INlEGRATED APPROACH 

The concurrent engineering literature is generally silent on the inclusion of a structural design optimiz.ation 
capability in the CE process. In addressing CAD/CAM is.5Ues in general, it is clear that there is a need for an 
integrated approach that will permit the development of CAD solid models that can be used for improved 
communication as well as for rapid prototyping. For example, there is a need for synthesis tools with expert 
systems for rule checking in the more mundane tasks in product design ([5); [16)). In addition,. there is a clear 
need for an integrated system to be available on a company wide network having a transparent interface to a 
unified database (16). A remaining obstacle is the use of different architectures. Izuchukwu ([8, p. 21)) 
emphasized that "standards for data communications, database structure and access methods, data formats, 
windowing, graphics, document exchange and user services are essential." He noted that the development of the 
PDES (Product Data Exchange Specification) in the United Stales and its international counterpart, STEP 
(Standard for The Exchange of Product model data) by the International Standards Organization will provide a 
mechanism for data exchange. Such an open architecture will allow individual developers to interface their 
respective products. 

Some MCAE software has achieved reasonable levels of integration and has been successfully used in CE 
environments. NCR in Cambridge, OH used I-DEASTM lo redesign a point-of-sale terminal (4). Digital Equipment 
Corporation (DEC) used Pro/ENGINEER® to design and manufacture tools and gages for DEC's workstation 
products [4]. The latest versions of boU1 systems are highly integrated. Pro/ENGINEER® is much more versatile 
and easier lo use lo create solid models than is I-DEAS™. However, Pro/ENGINEER® does not have an integrated 

optimization capability. It can export the finite element model to be used by the optimizer in I-DEAS™. The 
integrated MCAE environment for structural design optimization provided by 1-DEASTM is illustrated in Figure 1. 
The larger environment provides for model development and other factors. 
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Finite Element 

Optimization 

Figure 1. Integrated MCAE Structural Design Optimization Environment. 

OPTIMAL DESIGN EXAMPLE 

To illustrnte the use of the optimization capability in I-DEASm, suppose that one part in the product was an 18" x 
6" steel plate under tension with a 1.5" radius hole in the center of the plate. There is no requirement that the 
remainder of the plate be solid, and it is known that stress can be relieved by locating another hole (or series of 
holes) in the plate. The question is where do we locate the hole(s) and what shape should it (they) have in order to 
minimize the stress? Clearly this impacts manufacturing and if the stress level is too high. additional measures 
must be taken. What happens if the size of the plate changes or we use a different material? To keep the example 
simple, we will consider adding two stress relief holes, one on each side of the central hole, while keeping the 
material and size of the plate the same. The plate and a one-quarter plate (because of double symmetry) plane 
stress finite element model (developed in I-DEASj are included in Figure 2. 
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Figure 2. Design Plate and One-Quarter Plate Plane Stress Finite Element Model. 
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The plate with no stress relief holes recorded a maximum von Mises stress of 6785 psi wider design loading. In 
order lo determine the optimal location and shape of the stress relief hole. one must have an initial guess. Suppose 
the stress relief holes are circular with an initial radius of 0.5" and are located 6.5" from the center of tbe plate on 
both sides of the central hole. The resulting stress level is 6720 psi and the finite element model showing the 
initial position and size of the relief holes is illustrated in Figure 3. 

X 

I 
/ 

I -------- --- ------r-· 

Figure 3. Finite Element Model Before Optimization. 

After optimization. the radius of the stress relief hole is 1.45" and it is localed 3.5" from the center of the_plate. 
The minimum stress level is 5507 psi. The optimized model stress pattern is illustrated in Figure 4. 

·X X · 

X - - X · 

· X · X 

X 

Figure 4. Finite Element Model After Optimization. 

Clearly. the location and shape of the stress relief hole is not one that would be intuitively obvious. This was a 
relatively simple optimization that was solved in a few iterations as summarized in Table 1. For a complete 
analysis. different initial conditions as well as the effect of mesh size should be investigated. 

a e . ,p· m1za on tera 100 ommar11 T bl 1 0 ti . ti I t· s 
Iteration Hole Radius Distance from Maximum &Reduction 

No. (in) Center (in) Stress (osi) in Stress 
0 6,785 
I 0.5 6.5 6,720 0.95 
2 l.45 6.5 6,120 9.8 
3 l.45 3.5 5,550 18.2 

If the product could accommodate different size plates. the same finite element model could be used where the 
plate length and plate width would be design variables rather than parameters. If alternative materials were 
permiUed. the appropriate parameters for density and other characteristics would be changed and the stress 
analysis repeated. Alternative configurations for the stress relief holes could be examined. These multiple design 
studies could be conducted rapidly with minimal effort to help identify the best combination of selected parameters 
and design variables for the final product design. Within an integrated framework and unified database, these 
results would be available lo all product design team members and could be used directly lo modify tlie product 
design and support processes. 
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CONCLUSIONS 

Concurrent engineering has proved to be a major factor in reducing the time to market and improving quality for 
new products. The notion of teamwork is a major factor in the success of the CE approach. There is increasing 
evidence that use of analytical tools and computer support are also important factors [15). This paper has 
identified a strong need for integrated computer support in the form of CAD/CAM and other CAE tools being 
available to all of the product development team members using a unified database. An important element of such 
a system that has not been addressed well is provision for structural optimization. A simple example involving a 
stress analysis in a flat plate illustrated the flexil>ility provided by such integration and a real need for including an 
optimiz.ation capability. The remaining challenge is to develop a software capability that pennits rapid 
development of the solid models and corresponding finite element models along with an optimiz.er that can conduct 
the optimization. 
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Abstract 

Since the earliest days of electric energy generation, power utilities have 
struggled with a practical method of coordinating protective devices on a power 
system . In the past the power systems were smaller, less densely loaded and 
changes to the system occurred infrequently. Today modifications on the power 
system are more frequent since the systems have become larger and more complex 
due to a greatly increased demand for electric energy. A method of automating 
the coordination process has become of paramount concern to the power industry 
since consumers demand constant power with few interruptions and the power sys
tem must be protected from overcurrents . Coordination is a tedious task and 
must be performed system wide for optimum results. However, the process of 
coordination has proven to be as much an art as a science. Artificial intelli
gence offers two methods that can improve upon the process of coordination: 
neural networks and expert systems . An expert system is an ideal candidate for 
improving coordination of protective devices on a power system due to the char
acteristics of the coordination process. This paper will examine the -applica
tion of an expert system for the coordination of overcurrent protective devices 
on a radial distribution system. 

Introduction 
The demand for electric energy (power) has steadily increased since the intro

duction of the utility power system. The growth in demand for power has 

increased the base of consumers connected to the system which has led to higher 

load densities on the distribution systems of the power system. To satisfy the 
increased demand, power utilities have had to increase the output of the gener

ation facilities, increase the voltage magnitude of the transmitted power, mod

ify the distribution systems and in many cases increase the lengths of the 

transmission systems. These modifications to the power system have made the 

system larger and more complex. 

Most of the time the power system functions normally, but disturbances will 

occur randomly that can affect operation of the system . To maintain reliability 

and protect the system, protective devices must be installed on the system. 

However, the modern power utility is extensive and a large number of protective 

devices are necessary. The specific concern of this paper is overcurrent dis

turbances which can be induced onto the power system in various manners. 

Devices are employed to protect the power system against overcurrents . If an 

overcurrent is either of sufficient duration (overload) or magnitude (short 

circuit) an overcurrent protective device is activated. However, the activa

tion of a device can affect other devices and parts of the power system which 

coupled with increased voltage magnitudes (leading to higher short circuit 

428 



[EMS '94 P,,oceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

[fault] currents) and load densities poses a greater probability of problem 

occurrence. 

Distribution systems connect the majority of loads of most utilities to the 

power system . These distribution systems pos~ess a large portion of the total 

percentage of protective devices. Therefore, the protection of these distribu

tion systems is of great concern to utilities. There are several types of dis

tribution system construction, but whatever type of construction there are two 

goals: minimizing the disturbances to the consumer and protecting the system . 

Protective devices must coordinate (with respect to activation) with other pro

tective devices on the distribution system to meet these goals. 

In power engineering, overcurrent coordination is defined as the activation in 

a predetermined manner of a set of overcurrent protective devices arranged~ 
series fashion on a circuit that act to clear faults from the line[l]. In this 

paper, the term coordination refers specifically to the coordination of over

current protective devices on a distribution system. When a fault occurs ·on a 

distribution system, the protective device closest to the fault occurrence . 

should activate (selective coordination) to realize the protection goals. If 

the proper sequence of device activation does not occur problems will arise . 

Today's distribution systems are highly reliable and modifications to these 

systems occurs frequently . Coordination must be reviewed system wide to main

tain reliable protection. However, it is possible that protection of a distri

bution system may not have kept pace with modification. This puts the 

reliability and protection of the power system at risk. The process of coordi

nation is quite tedious and system wide review occurs sometimes annually and 

sometimes over longer periods which can lead to problems 12] . Due to the con

siderable size of power systems it is desirable to automate coordination. Yet , 

the process of coordination is both a science and an "art• and has proven dif

ficult to automate with traditional computer methods in a satisfactory manner 

for the following reasons: 
coordination knowledge lies in the hands of a few individuals , i.e. experts; 
coordination procedures are obtained by years of field experience; 
there exist many system topologies and each requires fine tuning of coordi

nation for a reliable protection scheme; 

there are a number of protective devices that can be employed in various 

combinations to protect a circuit; 

a particular circuit has multiple coordination solutions; 

company policies coupled with engineering policies differ, so a coordina

tion procedure may not be suitable elsewhere. 

Coordination 
There are computer programs to coordinate commercial and industrial power sys

tems (3 ) and there. also exits at least one program that performs coordination 

for a distribution system utilizing an expert system (ES) [4 l. However for 

coordination on a distribution system, no program is the accepted standard 
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throughout the industry. At OG~E (Oklahoma Gas and Electric) two programs cou

pled with the coordination knowledge of a protection engineer are used for 

coordination: DAWN (Distribution Analysis Workstation for Networks) and DIGIT 
Base (Dawn's Interactive Graphic Information Tool Base) or DIGIT. Both of these 

programs reside on the PC platform and both a¼e DOS based. 

With the DAWN-DIGIT configuration to begin the process of coordination, DAWN is 

employed to conduct a fault current study of the desired data set . The values 

of the maximum and minimum fault currents are passed from DAWN to DIGIT. DIGIT 
is then initiated. DIGIT requests the desired data set and subsequently the 

particular circuit path to be examined. A series of graphics appears and the 

existing coordination scheme for the path is displayed in the standard log-log 

graphical format on screen as groupings of current-time curves. 

It must be stressed that this configuration does not actually perform automated 

coordination and that the problems encountered when automating coordination 
also exist for the DAWN-DIGIT process. The primary advantage of utilizing these 
two programs is that with DIGIT the data can be visually displayed on a moni

tor. Thus DIGIT is an improvement over the old manual method of coordination 
since the time-current characteristic (TCC) curves of the protective devices 

are stored in DIGIT' s internal database . The internal storage of TCC curves 

facilitates access and manipulation of these curves . 

To modify a coordination scheme, it is necessary to add or remove TCC curves 

from the coordination configuration. However, in DIGIT there is no automated 

facility to aid the engineer in modification of the scheme except the engi

neer's knowledge. The knowledge of coordination serves as a guideline in the 
application of a new or modified scheme. Yet, coordination knowledge is only 

obtained after many years of field experience. 

Modification of the DAWN-DIGIT Configuration 
To improve the DAWN-DIGIT coordination process either the setup must be recon

figured or a process must be added which works with the existing programs. 

Since DAWN and DIGIT have proven reliable, it is simpler to enhance this con

figuration. Newer computer methodologies must be investigated to improve the 

DAWN-DIGIT process which are better suited to deal with the problems encoun
tered in computerized coordination. A number of alternatives exist such as neu
ral networks, ESs or fuzzy systems. Of these choices ESs of fer a promising 
alternative because knowledge in narrowly defined fields, that use heuristics 

and facts, and have a degree of uncertainty associated with the processes are 

better suited to implementation with an ES. Further, coordination experts uti

lize heuristics, facts, and rules based on acquired knowledge of coordination 

making an ES the ideal choice. 

The DOS based program VP-Expert was chosen for the ES since it is an expert 

shell to reduce the time necessary to construct the ES. In addition, VP-Expert 

employs rule based knowledge representation and VP-Expert reads Lotus 1-2-3 and 
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dBase files. The ES added to the DAWN-DIGIT process is called :REDS (Radial 

Expert. Distribution System) and resides between DAWN and DIGIT as shown in Fig. 

1. Radial distribution systems are used in utility power systems principally 

because of economy and simplicity of implementation compared to other distribu

tion systems. Therefore, overhead radial sys~tems were chosen to narrow the 

focus of REDS. 

Data ManiDulation 

Circuit_ 
Data 

:Input 

DAWN ' REDS I 

' 

Visual ~nterface 

-
D:tGIT 

Base :Improv:_ad 

Coordination 

· Fig. 1 Improved DAWN-DIGIT coordination configuration 
An ES consists of working memory, a knowledge base and an inference engine 

(IE). 'lhe knowledge base is the most difficult portion of the ES to construct 

since it must be constructed from expert knowledge. In REDS the knowledge }?ase 

will take the form of IF-THEN rules along with any uncertainties for those 

rules. Once the knowledge base is constructed, the next step is to build the 
working memory of REDS. 'lbe delimited ASCII files (sets of time-current. pairs) 
of the protection devices in DAWN can be converted into either dBase or 1-2-3 

files so that REDS can access the information of the protective devices. With 

regard to the IE component, in REDS, the mechanism is part of VP-Expert.. 

When modification of a coordination scheme is necessary or a new scheme is to 

be constructed, what often occurs is that the desired coordination scheme can

not be realized. This problem is encountered because coordination is difficult 

since there are many rules and heuristics and some of these cannot be met for 

the actual coordination scheme. For example, on a distribution circuit 

achieve ideal coordination there should be a safety margin between the 
curves of the devices and the TCC curves should not cross (see Fig. 2). 
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If the desired coordination scheme cannot be met it is necessary to relax the 

desired constraints_. For example, for actual coordination the TCC curves may 

cross and the desired safety margin may not be met. These apparent contradic

tions are allowed since it is the practice of some utilities to permit the TCC 
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curves to cross at. high levels of current. , if the TCC curves were coordinated 

at lower levels of current (see Fig. 3). REDS easily incorporates practices and 

Preferences directly into the rule base . 
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There are many factors that affect coordination schemes such as the variet=:y of 

protective devices, t.he diverse combinations of these devices and varying sys-

tern topologies . These factors cause utilities t.o practice a variety of coordi

nation met.hods [5]. Not only do these practices differ throughout the industry, 

but even the devices employed may vary from utility to utility. In addition, as 

the circuits are altered or new devic~s are implemented, over time these prac

tices can also change to reflect new conditions (6) . These diverse factors are 

accounted for in REDS in the rule base while the types of devices employed are 

kept in working memory and may be added or removed as necessary. 

There is also much information that cannot be discerned by t.he examination of 

the TCC plots of the devices. Typically this information relates to the acti

vation of the protective devices and their affect on other devices on the sys

tem . This information is gained only from experience and is applied by experts 

in the form of rules and heuristics to coordinate devices . In the knowledge 

base of REDS, it is possible to incorporate the various practices of experts 

since the rule base can be changed to suit company policy or engineering policy 

without extens ive recoding of the ES . 

Utili zing REDS the engineer is not only aided in the process of coordination by 

the access to expert knowledge, but the engineer can also trace the path lead

ing to a particular coordination solution (t.his is difficult to perform wi th 

ct.her computer methods) which is helpful for later modification. The power of 

REDS is derived from the rule base and the IE . The IE is t.he mechanism by which 

REDS can navigate through the rule base combined with the working knowledge to 

arrive at a coordination implementation . 

The IE of REDS makes it possible for distinct coordination philosophies t.o be 

implemented by the same process, the IE, given the appropriate rules . The use 

of a specific coordination philosophy, company policy or engineering policy 

can change the protective devices utilized and the activation sequenc e of t he 
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devices. For example, two typical coordination philosophies are "fuse blowing# 

and ~fuse saving.~ A ~fuse saving* philosophy is as follows: for a transient 

fault activate a device used to remove transient faults to clear the temporary 

fault from the system before a fuse is activated. A rule in REDS for a "fuse 

savingH philosophy utilizing an upstream recloser and a downstream fuse would 

resemble the following: 

If Opatrm_prot_dev• prot_dev_recl AND 

Dnstrm_mod_prot_dev• prot_dev_typ_t_fus AND 

Phil• phil_fus_sav 

then (rec_tcc_inst) < (fus_tcc_min_mlt) 

The implication of this rule is that the fault is transient. Therefore it is 
desired that a device which clears transient faults from the system, in this 

case a recloser, should be activated first by the fault thereby preventing fuse 
operation and saving the fuse. However, if the "fuse b lowingw philosophy were 

employed an entirely different set of rules would be invoked which would result 

in the rearrangement of the TCC curves and a different activation sequence of 

the protective devices for the same circuit. With REDS there is no difficulty 

in implementing either of the two philosophies. And both philosophies could be 

invoked rather easily to aid in the decision of which philosophy· is best 

employed since there are multiple solutions for a given circuit. 

Conclusion 
Coordination is called an art because there are varied solutions to a particu

lar problem to which experts apply rules and heuristics to implement their 

coordination knowledge. The primary stumbling block of automated coordination 

is the variability of the solutions and practices employed for coordination. 

This variability of rules and schemes has always been problematic as is the 

case with the DAWN-DIGIT process. By the addition of REDS to the DAWN-DIGIT 
coordination process, expert knowledge in coordination is made available. 

Hence, REDS overcomes problems experienced with nonexpert system methods of 

coordination by incorporating the subtleties and intricacies of coordination 

directly into the rule base. Although REDS was designed specifically for over
head radial distribution systems, the scope of REDS can be extended to other 

distribution construction~ethods. 
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ABSTRACT 

Determining the best design for a manufacturing facility can involve the solution of an 
optimization problem defined over more than one operational model. Such multi
model optimization (MMO) problems arise in the design of semiconductor 
manufacturing facilities and are the subject of continuing research at SEMATECH. 
This paper reports on the theoretical foundations for MMO. We show that an MMO 
can always be reduced to an equivalent single-model optimization problem. We 
conclude that the natural decomposition of this single problem into component models 
presents significant opportunities for a creative syntheses of tools and techniques, which 
in practice may be exploited on a problem-specific basis to improve run-time 
efficiencies. 

INTRODUCTION 

Many operational analyses require the application of different models to answer different (but related) questions. 
Frequently, the output from one model becomes the input to another. Almost always, the _different models used in 
a study require similar data, but in a different form, or format, or level of detail. Making all of these models talk 
to each other through a common user interface and manufacturing database represents a major obstacle in the 
efficient and effective use of operational models. 

One effort to overcome this obstacle is under development at SEMA TECH. The Semiconductor Workbench 
for Integrated Modeling (SWIM) is an open software system that integrates different modeling programs and CTh1 
systems using a common framework and a visual modeling environment Enrolling a new application in SWIM 
provides a bridge between application parameters and the workbench equivalents. A software interface called a 
wrapper can then be developed, which passes data back and forth between the application and the SWIM 
integrated database. Because the framework can be connected directly to a factory CIM system, much of the 
original database can be updated automatically. In application, SWIM provides a graphical user interface for 
writing meta-programs that automatically map the flow of factory data from source files, through a series of one 
or more intermediate models and data files, and ultimately to analysis and reporting routines. 

MATIIEMATICAL STRUCI1JRE OF THE MMO 

In general terms, Multi-Model Optimization (MM.O) is the process of determining the best solution to a decision 
problem when the relationship between the problem objective and decision variables is defined by the combined 
behavior of more than one mathematical model. In this section we develop a mathematical fonnalism for MMO. 
The purpose of this exercise is to demonstrate that single-model optimization (SMO) and MMO problems are both 
mathematical programs, in which the solution of the component model or models represent (implicit) sets of 
equality constraints involving the corresponding model input and output variables. Bounds on the model control 
inputs and constraints to the global problem. We show that MMO can always be recast as a natural decomposition 
of equivalent SMO. 

While this exercise is conducted in the abstract, its practical implications are significant. Specifically, we 
conclude that the tools and techniques developed for global and experimental optimization and applied to SMO of 
simulation models, together with the well-known and not so well-known difficulties and caveats attending the 
application of these tools and techniques, apply as well to MMO optimization of SWIM programs. More 
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importantly, we conclude that the natural deromposition of SWIM programs into component models presents 
significant opportunities for the creative syntheses of techniques. Applied on a case-by-case basis, syntheses may 
run more efficiently and effectively than a single technique applied to SWIM programs as a whole 

MODELS AS 1/0 TRANSFORMATIONS 

While broader definitions are possible, it is sufficient for our purpose to think of a TTIQdel of a system as a 
means of determining the values of a well-defined set of output quantities, given the values of a well-defined set 
of input quantities, in a way that mimics the corresponding behavior of the system in some well-defined 
experiment frame. If we assume that there exists one and only one set of output values for each permissible set of 
input values, then the solution to the model is an explicit expression of the embedded transformation of inputs into 

outputs. This expression is given by the equation y-h(u), where y-[Y1 Y2 ... ym]T is an m-dimensional vector of 

outputs, U•[u1 u2 ... un]T is an n-dimensional vector of inputs, and h(.)-[h1(.) h2(.) ... hm(-)]T is an m
dimensional, vector-valued function or response surface for the model. 

SWIM (Semiconductor .Wori<bench for lntegrated Modefing) provides a 
common database and user interface. 

Figure l. SWIM concepL 

SWIM 
Common User 

Interface 

Enrolled 
applications 

· communicate 
through 
wrappers. 

For a static problem, the 
interpretation of y and u as constant 
vectors is straightforward. For dynamic 
systems, in which outputs and inputs are 
conventionally trajectories over· time. 
the components of y as used here can be . 
interpreted as summary performance 
measures, either key features of the 
dynamic trace (such as the minimum 
value of the response, or the time 
elapsed to reach steady state). or time
averages taken over trajectories (such as 
the average value of the response, or the 
integral-squared error). Similarly. for 
stochastic systems. in which outputs and 

inputs are an ensemble of sample paths 
over time, the values of y as used here 
correspond to point statistics averaged 
over time and ensembles (such as mean 
queue length, or the throughput sample 
variance). In either case, the values of 
u as used here represent parameters of 
the input or model. 

SENSITIVTIY ANALYSIS 

One of the principle uses of 1/0 
models is to determine the sensitivity 
of some subset of the model outputs to 

Figure 2. Typical SWIM program with added optimization capability. changes in some subset of the model 
inputs, where the inputs can be varied 

over some feasible range. To represent this situation, we define the outputs of interest as the q-dimensional vector 

of observations z-[z1 z2 ... zg]T, which are determined from the original outputs y by the equation z- c(y), where 

c(.)=[ci (.) cz(.) ... cg(.)]T is the q-dimensional, vector-valued observation or distribution function for the model. 
Similarly, to capture the idea that not all of the inputs need to be varied, we can partition the input u into two 

component vectors, u=[x I p]T where x-[x1 x2 ... xrJT=[u1 uz ... ur]T is an r-dimensional vector of model 
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Figure 3. Sensitivity analysis determines changes in a function of the outputs 
z-c(y) to a subset of inputs, with model input parameters fixed . . 

controls (or manipulated inputs, or decision variables)and p-[p1 P2 ... Pn-rJT-[ur+ I Ur+2 ... un]T is a (n-r)
dimensional vector of model parameters (orjued inputs). The active response surface is then defined by c(.) and 
the restriction of the original response surface h(.) to the domain of the controls x, i.e., z-c(y)-c(h(x:p)) Note that 
p is a constant vector representing some previously determined baseline conditions ( or standard operating 
conditions, or model calibration) and the controls are to be varied over some feasible range Xmax~X~Xmin

Sensitivity analysis then consists of determining the values of z for a selection of values of the controls x in the 
feasible range. In a full-factorial experiment design, test levels are established for each of the components ofx 
(the number and "spacing" of these levels may differ for each component) and the model is run to determine z for 
each combination of these test levels. For example, if each of the r components of x is to be set at one of L levels, 

then the full-factorial experiment design will result in L7 test inputs and the function c(h(x:p)) will be evaluated U 
times to determine the corresponding observations. 

A SINGLE-MODEL OPTIMIZATION PROBLEM 

In lieu of a sensitivity analysis of the model, it may be more efficient and effective to define and solve a 
· single-model optimization problem (SMO). That is, we postulate a problem in which we seek to find the best 
value of the control x. By ''best", we mean the value of x that miniroi:res (or maxirniz.es) some well-defined 
function of both the control and corresponding observations z, given the values of the model parameters p, the 
restriction of x to its feasible range Xmax~X~Xmin, and (typically) the restriction of the complete output y to 

some desired range Ymax~Y~Ymin . Formally, we seek to 

minx f(x,z) 
subject to 

h(x:p)-y = 0 
g(x,y)~O 

where f(.) is the scalar-valued objective function, and g(.)=[g1 (.) g2(.) ... gs(.)]T, ans-dimensional, vector-valued 

constraint function with components including (at least) the restrictions on both x and y. Written in this form we 
observe that the SMO is a nonlinear mathematical program in which the I/0-model response surface supplies 
equality constraints and the bounds on the model control inputs and unobserved outputs supply inequality 
constraints. 

TIIE MULTI-MODEL OPTIMIZATION PROBLEM 

Consider now the case where we seek to optimize over multiple models. These models interact in sense that 
of the outputs of some models become inputs to other models. For ease of exposition, consider the case of just 
two interacting models with solutions Y1=h1(u1,y2) and Y2=hz(u2,y1) Note that the output of the second model 

Y2 (or some number of its components) is an input to the first model, as are the exogenous inputs u1, and vice 
versa. Defining observed outputs, controls, and model parameters in a way completely analogous to the single 
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model problem we have the active response surfaces z1=ci(yl)saae1(h1(x1:p1,y2)) and 

z2-c2(Y2)-ci(h2(x2:p2,y1)),where we recognize the likelihood that the models interact through outputs that are 

not necessarily the same as those we desire to observe. 
The MMO for these two models may then be stated formally as 

minx1,x2 f(x1,x2,z1 ,z2) 

subject to 
h1(x1:p1,Y2)-yt-O 

h2(x2:p2,Y1)-y2-0 

g(x1 .X2,Yl ,y2) 2! 0 
where the inequality constraints potentially involve all controls and complete outputs. Note, fmally, that if we 

adjoin the two control vectors as x-[x1txi1T and the two observation vectors as z-{z1lzi]T, the objective function 

can be written as minx f(x,z), which is identically the objective function for the SMO. By similarly adjoining the 

remaining vectors and vector functions, it should be evident that the MMO can be expressed as an equivalent 
SMO. The interacting structure of the component models is simply suppressed in the definition of the adjoined, 
response surfaces. 

LITERATURE REVIEW 

The theoretical foundations for MMO reside in the literature on large-scale, multilevel systems-a family of 
decision problems (including satisfaction, static-optimization, and optimal-control problems) known collectively · 
as multilevel systems. The seminal work by Mesarovic et al. (1970) provides three basic interpretations of 
hierarchical levels, in tenns of level of abstraction, level of decision complexity, and organizational level. The 
last of these notions of hierarchy-defining the class of so-called multiechelon systems-is most germane to MMO. 

A multiechelon system comprises a family of interacting subsystems, where some of the subsystems are 
decision-making units. A hierarchical structure results from the fact that the behavior and/or decisions of some 
subsystems are influenced or controlled by the decisions of others. The analogy with human organizations 
typically is drawn. 

To gain a flavor of multilevel system theory, consider a two-level system with N+2 subsystems. The 
supremal, controller Co is on the first and uppermost level of the hierarchy. The second level comprises the N 

infimal controllers C1, C2, ... , CN- Below (but not a part of) this decision-making hierarchy is the controlled 

process P. Pis decomposed into N components, P1. P2, ... , PN, with Pi under the direct and exclusive control of 
Ci, i-1, ... ,N. Left to itself, each infimal controller Ci will solve its own decision problem in a locally satisfactory 

or optimal way. The job of the supremal controller Co is to set values of the coordinating inputs to the infimal 

controllers in such a way as to guide the collective solutions toward the overall goal of the system. 

Figure 4. Two-level control system. 
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A number of alternative coordination principles are proposed to this end. The two most used are the 
interaction prediction principle (INPRE) and the interaction balance principle (INBAL), discussed in the 
following paragraphs. Other coordinating principles include the interaction estimation principle, the load-type 
coordination principle, and the coalition-type coordination principle. 

At each iteration, INPRE requires the supremal controller~ to supply a prediction of the values of the 
coordinating inputs that, if correct. would solve the overall problem. The infunal controllers accept these values 
as constraints, i.e., each infimal controller solves its local problem under the assumption that the predicted 
coordinating input values are fixed and true. Based on the infimal solutions, the supremal controller then updates 
its predictions and the process repeats. The cycle of prediction and solution continues until the predicted 
interactions are correct. 

In contrast, INBAL allows the infimal controllers to treat the coordinating inputs as decision variables. The 
solutions to the infimal problems provide the supremal controller information about the current desired values of 
the coordinating inputs. Based on these values, the supremal controller modifies the objectives of the infimal 
problems and the process repeats. The cycle of solution and goal adjustment continues until the desired 
coordinating inputs balance (equal) the actual inputs. 

The relevance of this structure to MMO for SWIM is clear. In the two-level hierarchy, the process P is a 
SWIM program, where each decomposition Pi is a component model and there are N such models. Each of the 
infimal controllers Ci is a local optimization routine defined on the component model Pi and charged with solving 
for the locally optimal combination of inputs and outputs for this model. The supremal controller Co is a SWIM 
routine charged with coordinating the local routines in such a way as to optimize the global problem defined on · 
the SWIM program as a whole. 

In addition to providing precise mathematical definition and treatment of various hierarchical concepts, the 
principle preoccupation of multilevel system theory has been the situations in which the various coordinating 
principles apply and conditions under which each will achieve the desired result. Extensions and applications of 
the theory are surveyed by Mesarovic, et al. (1970), Sage (1977), Mahmoud (1977), Haimes (1981), Nachane 
(1985), and Haimes and Li (1988). While the theory undoubtedly has enriched our understanding of complex 
multilevel systems, and while applications have been reported in the literature, as Nachine (1985) correctly and 
delicately observes: 

But the fact remains, that so far, these methods have been brought to bear on a rather limited class of 
problems, and, in general, their acceptance by decision makers is hampered by ignorance about their 
potentialities and the computational difficulties associated with their use. 

MMO belongs to the large family of nonlinear programming problems, where (i) the response surface for 
each component model contributes a set of equality constraints and (ii) bounds on the control inputs and 
unobserved outputs contribute sets of inequality constraints to the global problem. The theory and techniques for 
optimization are well developed for problems in which the objective function and constraint sets are continuous, 
twice differentiable, and convex. Failing these requirements, however, (which is almost assured), conventional 
theory provides guidance, but no guarantees. A principle source of difficulty is the uncertain existence of local 
minima (response surfaces with multiple local minima are said to be multi-modal). Conventional optimization 
techniques in general will find one such minimum and then stop. \Vhich local minimum is found depends on how 
the search is initiated. Once such a local minimum is found, there is no absolute rule that tells the analyst how to 
reinitialize the search to find other, perhaps superior, local minima. Indeed, in general there is no infonnation on 
whether or not other local minima exist, in fact, or bow good these might be if they do. 

It is beyond the scope of this paper to catalogue existing and proposed techniques for exploring multi
dimensional, multi-modal, real response surfaces, such as are likely to arise in MMO of SWIM programs. Rather, 
we will simply indicate that interest in this class of problems is increasing almost daily and that the perceived 
need for corresponding search techniques has stimulated a great deal of ongoing research in this area (Floudas and 
Pardalos, 1990; Torn and Zilinskas, 1989). Among the most promising global optimization techniques that have 
be proposed and tested over the past two decades are tabu search (Glover, 1990), genetic algorithms ((Holland, 
1975; Goldberg, 1989), simulated annealing (Aarts and Korst, 1989), neural networks and Boltzmann machines 
(Aarts and Korst, 1989), Bayesian techniques (Mockus, 1989), and GROPE techniques (Elder, 1993 ). Continuing 
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research will address the appropriateness and potential for these various global optimization approaches in the 
SWIM/MMO contexL 

As a final note, research on multilevel systems and mathematical programming coalesce in a class of linear 
programming (LP) problems called multi-divisional. The decomposition principle for linear programs was 
developed early-on by Dantzig and Wolfe (1960) as a means for solving (then) large LP problems with (by current 
standards) severely limited computing resources. Current practice recognizes that many practical LP problems, 
whether or not large, have natural decompositions that can be exploited successfully to improve solution 
efficiency. 

CONCLUSIONS 

In a formal sense the SMO and MMO are entirely equivalent. This is hardly surprising, at least at this level of 
abstraction. Indeed, the design of SWIM itself is motivated by the desire to link interacting component factory 
models (as subsystems) into unified SWIM programs (as the overall system) without having to develop an 1/0 
model for the larger system de novo. The very same tools and techniques developed for experimental 
optimization and applied to the SMO of simulation models (together with the potentially significant difficulties 
attending these applications) apply as well to MMO of SWIM programs. Potentially even more important,' 
however, is the recognition the natural decomposition of SWIM programs into component models presents 
significant opportunities for a creative syntheses of these tools and techniques, which may be exploited on a 
problem-specific basis to improve run-time efficiencies. The challenge is to determine how to exploit this natural 
decomposition in a way that reduces computation time and cost, while at the same time providing greater insight 
into the component models, interactions, and optimal solutions. 
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ABSTRACT 

Since it came into «general" use in the 1950's, the digital computer has undergone changes in size, 
speed, cost, and capability that are nothing short of incredible. With each passing generation of 
computers (with the generation lines very arguable), the capability of the computer to augment the output 
of the human at a higher level has become possible (e.g., the first generation could replace clerical help; 
the current computer can "clone" the e.'\.-perts). 

One area that shows the greatest need for computer.help is in health care, where the demographics· of the 
population of the United States (e.g., the rapidly aging population) will cause order of magnitude 
increases in the demand for health care services over the next quarter century. This will cause an 
escalating need for physicians and other health care providers, or for some technological aid (such as the 
computer) to multiply their span of services. Yet, some of the population's same demographic 
characteristics will make computer augmentation of the hurnan's capability of particular difficulty. 

At a cursory look, currently developing computer technologies in such areas as voice recognition, 
handwriting recognition, and e>..-pert training systems would seem to be ideal to e>..'tend the health care 
givers ability to provide services. A closer look reveals that these technologies will be difficult to 
implement, and will be of questionable assistance. 

The proposed paper will note specific areas of health care needs that will grow quickly, and will discuss 
the characteristics of the needing and the providing population that will make computer assistance in 
these areas particularly challenging. It will then suggest areas that may be especially fertile for research. 
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OF KSC PAYLOAD PROCESSING COST 

L.M. GOVAN 

NASA-KSC 

ABSTRACT 

The purpose of this paper is to evaluate three proposals from the Tracking and Data Relay Satellite 
(TORS) Program for reducing processing costs at the Kennedy Space Center (KSC) for their June 1995 
launch. The TDRS is a complex payload that utilizes an Internal Upper Stage (WS) for insertion into a 
geosyncronous orbit. This is the seventh TDRS (called TDRS-G), and in response to budget cuts, the 
1DRS Program is in a cost reduction exercise. 

Three proposals have been developed by and coordinated between the TORS and IUS programs. KSC has 
now been tasked to evaluate the options and determine the best alternative. The three options consist of 
eliminating contingency time and /or reducing the number of tests to be performed at KSC. 

The common factor between the three options is reducing the number of days that the IUS/TDRS payload 
must be at KSC. By reducing the number of days at KSC. the amount of money spent processing the 
payload is reduced. However, there are other factors that must be used as criteria when evaluating the 
three options. These factors include the complexity of the payload, the risk involved with each option, and 
any scheduling constraints. 

Since this problem addresses multiple attributes in deciding the best alternative for reducing the cost of 
processing the TDRS-G at the KSC and Analytic Hierarchy Process (AHP) will be used for decision 
analysis. 

By using a software package called Expert Choice, Version 8.0, the AHP model determined the priority 
ranking of the attributes to be: Risk, Payload Complexity, Schedule Constraints, and Nwnber of Days 
Processing at KSC. The best alternative was determined to be Option I, which only eliminated the 
contingency time while retaining all major testing. Analysis of the AHP resulted in very low inconsistency 
and easily isolated Option I as the predominant choice. 
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ABSTRACT 

In this paper we are going to describe a real world buy versus lease decision problem faced by a 
government agency. The government agency in this study has traditionally procured its required 
equipment from subcontractors and the maintenance of the equipment have been performed. by 
subcontractors over the life of the asset. In today's dynamic business environment, this may not be the best 
approach for providing high quality service to the government. Realizing this fact, a government 
subcontractor requested a study to this traditional approach of government acquisition. In addition, the 
alternatives were developed to help foster an organizational climate that would be highly responsive to the 
changing needs of the government. 

The feasibility study requested by the government subcontractor involved the development of a decision 
model that included the financial, political, and legal aspects of buy versus lease. The study was divided 
into two major parts: (a) the financial considerations of buy versus lease (b) a multicriteria decision 
making (MCDM model that explored the additional impact of the more subjective and intangible political 
and legal aspects to a buy versus a lease decision. 
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THE PROJECT PLANNING PROCESS FOR THEME PARKS AND OTHER 
VISITOR SERVICE FACILITIES 

ALSHACKLETI 
Operations Research Consulting Associates 

ABSTRACT 

Spurred by the increase in available leisure time of both Americans and of other global citizens, the 
leisure industry has e:x-perienced phenomenal growth over the past two decades, and is continuing to grow, 
in spite of recent recessionary influences. This growth has included the construction of new and expanded 
facilities for theme parks, national parks, water parks, zoos, aquariums, museums. and science centers. . 
Construction costs for these projects range from a few million to a few billion dollars, with a typical 
project valued at about $50 Million. Similar to other types of major construction projects, management of 
these businesses have recognized the need for consistent and effective procedures to guide the project 
development process from initial concept inception to construction and completion. Although many 
aspects of this process, are similar to other types of major construction projects, there are some key 
differences - one example is the need to develop project planning criteria that are driven by anticipated 
attendance levels and by customer service criteria unique to the leisure industry. 

The purpose of this paper is first. to provide an overview of the project planning process for the 
development of new theme parks and other visitor service facilities, and then. to describe the specific 
quantitative analysis procedures that have been developed to support this process. These procedures 
include: 

(1) determining the key project planning criteria at the outset of new projects. This discussion will include 
the sequential process by which facility sizing criteria are developed from the market analyses, 

(2) during the design phase of the project planning process, the application of computer-based models to 
simulate both the visitor circulation through the planned facilities and the visitor interface with the facility 
elements. These models have proven to be invaluable in pinpointing potential problem areas (visitor 
circulation bottlenecks, congestion "hot spots", under-utilized areas) and in leading to effective design 
modifications. 
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USING IPA TO ESTIMATE DERIVATIVES OF SOME PERFORMANCE 
MEASURES IN RELIABILITY THEORY 

Jason Goodfriend and Stephen Strickland 
University of Virginia 

Blacksburg, VA 

Julia Pct-Edwards 
Industrial Engineering and Management Systems 

University of Central Florida 
Orlando, FL 32816 

ABSTRACT 

Infinitesimal perturbation analysis (IP A) is a technique for efficiently estimating the sensitivity of 
stochastic simulation pe.rfonnance measures to parameter changes. It allows for efficient simulation in the 
sense that this sensitivity can be obtained from one sample path of the simulation. This ability to answer 
"what if' questions efficiently can be very useful in the optimization and control of discrete-event syste~. 
In this research, IP A has been ex-tended to determine sensitivities of some performance measures used in 
reliability theory. This can be very useful, since for most systems, reliability performance measures 
cannot be found in closed form so simulation must be employed. 

By modeling the system as a Generalized Semi-Markov Process (GSW), IPA derivative estimators for the 
mean time-to-failure are provided. Different scenarios involving redundancy are analyzed with an 
emphasis on increased model complexity. In most cases, unbiased estimates can be obtained for arbitrary 
structure functions. Conditions are specified for which IP A is successful. Some of these conditions 
involve the method by which spares are incorporated. In the scenario involving repair, derivatives are 
estimated for an availability-like pe.rformance measure. Simulation algorithms and results are included. 
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A QUANTITATIVE MEASURE OF TASK INTERDEPENDENCE USING THE 
MARKOV PROCESS 

GREGORY A. CLARK AND KAY ST ANNEY 
ROBERT SAFFORD AND JULIA. PET-EDWARDS 

AND BILL SW ART 

Industrial Engineering and Management Systems Department 
University of Central Florida 

Orlando, FL 32816 

ABSTRACT 

Task Interdependence has been defined as the degree to which group members must rely on one another to 
perform their task effectively given the design of their jobs (Gerogopoulos, 1986; Kiggundu, 1981). In the 
past, task interdependence has been mainly determined by psychological questionnaires about a person's 
perceived reliance on other individuals after the individual has performed a task. The issue with this 
approach is the subjective nature of psychological questionnaires and the arbitrary setting of 
interdependence levels based on task characteristics. This study proposes a method of quantitatively 
determining the task interdependence using the Markov Process. A quantitative measure removes 
subjectivity and allows a process designer to objectively investigate several design alternatives based on 
the level of interdependence for each design. Many manufacturing and service processes can be 
represented as Markov processes. By using the rate of convergence (secondary eigenvalue) at which a 
Markov process reaches steady state, the proposed measure will be useful in representing task 
interdependence. The lower the approach rate, the greater the independence from other individuals 
effecting an individuals task. Several group task structures {pooled, sequential and team) are being 
evaluated. Under pooled task structure, each member contributes to the group output with the need for 
direct interaction among group members. In a sequential task structure, one group member must act 
before another can act (e.g., assembly line). In team task structure (a system starting in steady state) each 
member works simultaneously to accomplish a job. 
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PROSPECTS FOR OR TECHNIQUES IN THE INSERTION PROCESS OF 
ELECTRONIC COMPONENTS IN A PRINTED BOARD 

Ahmad A. Moreb 
Industrial Engineering Department 

King Abdul Aziz University 
Jedda, 21413, Saudi Arabia 

Gary E. Whitehouse 
Industrial Engineering and Management Systems 

University of Central Florida 
Orlando, Florida 32816 

ABSTRACT 

In an electronic industry, the insertion of electronic components in a printed circuit board is an important 
stage of the electronic manufacturing process. It is a multi-billion dollar business with an annual rate of 
growth of IO percent. The intent of this study is to understand how the insertion process is done, identify 
areas of improvements, assess the feasibility of applying Operations Research techniques and to give 
recommendation on how and where to use these techniques. 
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USE OF ARTIFICIAL NEURAL NETWORKS IN SEMI-CONDUCTOR TEST 
OPERATIONS 

Kenny LcCroy and Mansooreh Mollaghasemi, Ph.D. 
Industrial Engineering and Management Systems 

University of Central Florida 
Orlando, FL 3 28 I 6 

ABSTRACT 

The highly technical and complex operations of semiconductor manufacturing coupled with the quickly 
changing market that drives this industry make the job of management quite cumbersome. Many tools 
have been developed which serve as an aid to management in the area of decision making. The computer
based system presented here is one such tool. The decision support system being developed has, as its 
main constituent, a simulation model of the test floor operations of a semi-conductor manufacturer. Due 
to the widely varying demands placed on testing equipment and test system personnel, a simulation model 
was detennined to be the best way to capture the true nature of test floor operations. Through the use of a 
simulation model, the manager has at his or her disposal, the ability to predict the impact of changing 
product mix, changes in operational policies, and variations in resource capacity. 

In addition to the use of a simulation model, experiments are to be performed using a form of artificial 
intelligence known as artificial neural networks. The power of neural networks lies in their ability to 
learn associations between inputs and outputs without the need for modeling. In the application being 
presented, neural networks will be used to learn the input-output pairings of the test floor simulation 
model, and will serve as a type of"e,.l)ert" to aid management in choosing the best operational policies, 
scheduling strategies, and resource configurations to achieve the company's goals. With the aid of the 
simulation model, new variations on test floor configurations (policies, scheduling, techniques, etc.) can 
be tested and relevant performance measures can be predicted. The input and output groupings generated 
by the simulation model can then be used to train a neural network. Once the network is trained, it will 
have the ability to predict output for a given set of input decisions or, more importantly, suggest proper 
input decisions which will allow the manager to achieve company goals. 
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SIMULATION APPLICATIONS IN IC FABRICATION PLANTS 

Joseph R. Murray 
AT&T Bell Laboratories 
Murray Hill, NJ 07974 

ABSTRACT 

Integrated Circuit fabrication plants are very capital intensive, requiring investment in the order of $0.5 
Billion for equipment. Decisions about the equipment set are, therefore, very critical, and simulation is a 
tool that can be effectively used to aid in the decision making process. A high-level simulation model can 
be used to analyze various scenarios during the plant design phase to determine which options will 
provide the desired operating characteristics and costs. Among the decision variables are: numbers of 
each type of equipment, layout of the equipment, dedication of equipment to particular processes, 
material handling options, etc. Typical operating characteristics studied include equipment utilization, 
throughput, cycle time, queue times, inventory levels, etc. 

Simulation can also be used to support the day-to-day operating decisions that need to be made in an 
existing IC fab. Examples of these decisions include determining the impact of: different scheduling and 
dispatching rules, load changes, different shift schedules, different material handling policies, different 
recovery policies after a disruption, lotsizes, hot and super-hot lots etc. 

This talk will cover some of the simulation tools that AT&T has used to support both the design and the 
operating phases of its IC fabrication units and examples of applications and analyses. · 
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A MULTICRITERIA SELECTION OF CRITICAL SUCCESS FACTOR IN 
BENCHMARKING 

GRISSELLE CENTENO AND MANSOOREH MOLLAGHASEMI 

-
Department of Industrial Engineering 

University of Central Florida 
Orlando, FL 32816 

ABSTRACT 

In this study, we propose the development of an approach to derive the Critical Success Factors in 
benchmarking Integrated Circuits Manufacturing Processes. The Analytical Hierarchy Process (AHP) will 
be used to prioritize the criteria as well as the alternatives. This study will be implemented at a local 
semiconductor manufacturing plant. 
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PARTVID 

NOTE 

Please note that Part VIII was not originally a session in the conference. However, the 
collection of articles and abstracts fits the general title of "Global Issues." 
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THE NORTH AMERICAN FREE TRADE AGREEMENT (N.A.F.T.A.): IMPLICATIONS 
FOR PRODUCT DESIGN AND ERGONOMICS 

German Nunez, Ph.D. 
Martha A. Centeno, Ph.D. 

Department of Industrial and Systems Engineering 
School of Engineering 

Florida International University 
Miami, Florida 33199 

Marc Resnick, Ph.D. 
Department of Industrial and Systems Engineering 

School of Engineering 
Florida International University 

Miami, Florida 33199 

ABSTRACT 

Since the first half of this century anthropometric data has been used in the design 
process to insure proper "fit" between the product and the user. Early research efforts 
included the development of anthropometric tables for the design of military equipment 
and apparel garments. In the second half of this century there have been studies carried 
out, mostly in industrialized nations, with the objective of defining the physical 
characteristics of the population in order to design products and systems that fit the 
characteristics, capabilities and limitations of the potential users. To date, there are no 
reports that would indicate that such studies have been performed to define the 
anthropometric characteristics of the Hispanic populations. While there are some 
publications that mention isolated efforts, for the most part these have centered either on 
military personnel, or have only include a few variables such as height, weight, and 
growth rate. 

Through N.A.F.T.A., and through the ex1stmg export channels to Central and 
South America, the products and systems manufactured in North America have a 
potential market of over 350 million Hispanics. Our paper makes a case for the need to 
develop comprehensive anthropometric tables for the Hispanic population based on the 
following: the physical differences between Hispanics and Anglo-Saxons of North 
America, the magnitude of the potential market, and the economic benefits that it 
represents to all industries in the region. 

INTRODUCTION 

Anthropometric measurements are of vital importance to engineers, architects, apparel manufacturers, aircraft 

and vehicle designers, and to other professionals who in one way or another must deal with the wide range of 

consumers and users of their products, goods and services. Anthropometry (measurements of the human body) is 

one of the disciplines that enables these professionals to understand the physical dimensions of humans and to 
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bring these dimensions into the design process to insure compatibility of the product with the user's characteristics, 

capacities and limitations. 

How high should a working surface be? What range of adjustment should it be given? How far can a control 

switch be located? Where in the working envelope should it be placed? How distant from the edge of a table 

should a computer key board be? What is the maximum acceptable seat depth? What is the maximum acceptable 

height of a seat? How high from the floor should a handrail be located, so that 95% of the population can safely 

and comfortably hold on to it? Where should an emergency button be placed, so that it can be properly engaged 

when needed and, at the same time, minimize the number of accidental activation? Is the design inclusive of 

persons with disabilities? Elderly? These questions can be properly addressed only when there is data regarding 
' 

the anthropometry, as well as data pertinent to psychological, cultural and idiosyncratic characteristics, of the user 

population. 

The human user comes in two basic models: male and female (sexual dimorphism). In a world of diversity, we . 

find three races: a) Mongoloid, b) Negroid, and c) Caucasian. Within each of these main races, there is a 

multitude of ethnic groups that, according to Roberts [10), vary in stature/height from an average of 1372 mm 

(Basua Pramies) to an average of 1829 mm (Dinka Nilites of Southern Sudan). The extremes knowri to date are 

Antonio Tenura, a Portuguese professional drummer who is 750 mm tall while the tallest person is Muhamad 

Alain Chame of Pakistan who measures up to 2510 mm [6]. 

It is because of these great variations in measurements among human beings that it has become increasingly 

important to define populations in terms of their anthropometric characteristics. In the United States, Dreyfus [l] 

conducted studies that defined the armed forces' population in terms of their anthropometric characteristics. These 

studies resulted in the development of anthropometric tables. The basic tables are constructed with static 

measurements of both males and females. Each table contains a number of measurements (ie. height, shoulder to 

finger-tip length, and so forth.) For each sex a set of tables is produced based on the average measurement, the 

standard deviation, and two percentile measurements. The most common percentiles are the 5th, 50th, and 95th; 

which cover 90% of the targeted population. Some authors, however, have chosen the 2.5th, 50th, and 97 .5th 

percentiles; thus, covering 95% of the measured population. 

During the design process, these measurements are used to insure the proper fitness of the product or system to 

the characteristics of the user population. Thus eye height (vertical distance from the floor to the inner canthus -

corner- of the eye) would be useful in determining the center of the visual field to properly locate visual displays. 

Sitting elbow height (Vertical distance from the seat surface to the underside of the elbow) would be used to 

determine height of armrest, or the heights of desk tops, keyboards, and so on. with respect to the seat. Elbow to 

fingertip length (Distance from the back of the elbow to the tip of the middle in a standard sitting position) would 
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be useful, in conjunction with other pertinent measurements, in defining the boundaries of working envelopes and 

in determining the maximum distance that a control can be located from the edge of a working surface. 

While the original work of Dreyfus was very useful, it was not readily applicable to the U.S. population at 

large because he used only military personnel; thus, he was dealing with a biased sample. In recent years, a variety 

of anthropometric studies have been carried out, mostly in industrialized nations. For example, Pheasant [7 ,8] in 

England, Rebiffe [9] eLal. in France, lnglemark and Lewin [3] and Lewin [5] in Sweden, and Grandjean [2] in 

Switzerland, have all performed anthropometric measurements of some kind in their loca1 populations. In 

addition, studies of military personnel have been conducted in the past in Korea, Thailand, Vietnam, Turkey, 

Greece, Iran, Australia, Norway, and Belgium [12]. To date, however, there is no known comprehensive 

anthropometric study in the Hispanic market that encompasses nearly 470 million people. In countries such as 

Colombia, Panama, Venezuela and Argentina there have been studies that have included some anthropometric 

measurements. These studies have been mostly centered around military personnel, and they have included -only a 

minimum amount of variables such as height and weight. 

In 1972, Dobbins and Kindich conducted a study that included 1852 airmen and 133 army personnel of 

Hispanic origin from 18 Latin-American countries [12]. The study was carried out at Fort Clayton in the Panama 

Canal Zone during the period of 1965 to 1970, and it was based on military personnel. Most recently the 

International Labor Organization commissioned an anthropometric study of the world's population; however, such 

study, conducted by Jurgens et. al. [4], did not shed any new light into the subject since it only collected and 

summarized existing data. 

ERGONOMICS AFTER N.A.F.T.A. 

The economic importance of the Hispanic population in the United States has been increasing over the past 

decades. As of 1990, there were an estimate 19 million Hispanics in the U.S. accounting for 8% of the total 

country's population and representing over $130 billion per year in purchasing power! Recent estimates project at 

least 30 million Hispanics in the U.S. by the year 2000 and 40 million by 2015, surpassing African Americans as 

the largest minority group. Unlike many ethnic groups, Latin-Americans constitute one of the most diverse 

amalgamation of people. Their physical and anthropometric characteristic (including genotypes) are the result of 

breeding between the basic group of Mongoloids (Indians), Negroid (brought originaJly from Africa) and 

Caucasian (Europeans who started to arrive in significant numbers during and after the 16th Century.) Now-a

days few Hispanics belong "purely" to one of the original racial groups. Inter-racial relationships created the 

Mestizos, Zambos, Pardos, Mulattos, and Criolios1, and from there on a countless number of combinations that 

have resulted in a population that, anthropometrically speaking, presents an enormous range of variability. 

1 Mestizo: offspring of cauca~ian and indi:m. Mulato: offspring of cauca.~ian and negroid. Zambo (Pardo~) : off~pring of negroid and indian. [11) 
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The numbers of Hispanics in the u_s_ continues to rapidly grow. Cities with a large portion of Hispanics 

include San Antonio (Texas), Chicago (Illinois), New York (New York), Miami (Florida)2, and Los Angeles 

(California.) With a Hispanic population posting the demographics stated in the above paragraph, it becomes 

imperative to define this population in terms of its anthropometric characteristics. Such anthropometric definition 

would enable an appropriate design of consumer products, industrial products, work areas, work stations, assembly 

lines, signals fixtures in public places, public transportation, housing, clothing that are marketed and sold in areas 

predominantly populated by Hispanics. 

CONCLUSIONS 

From the view point of local markets, the statistics presented in the above section certainly justify the 

consideration of Hispanics as a consumer group large enough to warrant special consideration at the time that 

products are being designed, manufactured and marketed. Not only for reasons of proper design and engineering . 

process, not only for reasons of "good marketing strategies", but, financially speaking, to avoid potential product 

liability issues that may stem from the use of product or systems that are not compatible with the user's physical 

characteristics, or that were designed without regards of the user population's idiosyncrasy, capacities and/or 

limitations. 

The problem of "product compatibility with user's characteristics" becomes more significant if we consider 

the overall market and final destination of many of the products designed and manufactured in the United States. 

From that perspective, the potential market for these products is not the 130 million Hispanics who live in U.S. 

territories, but rather the nearly 400 million Hispanics who live in countries whose economies are dependent on 

products and technologies imported from the U.S.A. 

The years ahead present special challenges and opportunities in this area. The implementation of the North 

American Free-Trade Agreement (N.A.F.T.A.) forces upon us to consider Hispanics as a determinant factor in the 

products' and systems' design equation. Even though N.A.F.T.A. explicitly delineates a free market zone in North 

America, it implicitly opens the markets further south of the Yucatan peninsula (Mexico) This is true specially in 

view of the close relationships between Mexico and other Latin American countries such as Nicaragua that have 

already negotiated N.A .F.T.A-style agreements to improve their commercial partnerships. Consequently, the 

2 Miami is in a class of its own not only because of the increasing influx of Latin Americans from Central and South America, (recently the local 
newspaper "The Miami Herald" predicted that if the estate of economic depres.~ion continues in L:itin-America. it can be expected that 500 
Hispanics will be arriving, per day, to South Florida!) but also because unlike any other U.S. City, its numbers are representative not only of one 
group of Hispanic but of all Latin America. In l 987, Strategy Research Corporation, a marketing research firm, estimated there were close to I 
million Latinos in Dade, Broward and Monroe Counties (The Miami Herald 1988). including 600.000 Cubans. 
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market potential of the American continent, predominantly populated by Hispanics, makes it imperative to 

undertake the studies and considerations discussed in this paper. 

Historically, Latin American countries have had a significant portion of their international trade activities with 

the U.S.A.; however social unrest, political ideologies, technology and world-wide competition are slowly changing 

this fact. For instance, Japan, Korea, and China have actively pursued these countries as potential markets for 

their products and, potentially, as trade partners. The race to conquer this vast market will be won by the country 

or countries that are capable of understanding the characteristics, capacities and limitations of the Hispanic market 

and produce and market products that are in synergy with the needs of these 400 million customers. 
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Abstract 

Many countries are shifting public sector industries and services to the 
private sector through a privatization process. In today's Global economy, 
traditional economic modeJs such as break-even analysis and rate of return 
are not sufficient to support the acquisition and privatization decision. Other 
factors which are usually not considered may have a larger impact on the 
"make or break" of a privatiz.ation process. In this paper we study factors 
which affect the feasibility of converting an industrial/ manufacturing plant 
from public to private sector. Factors such as country's commitment to 
privatiz.ation, capital availability, plant management structure and historical 
long term commitments for guaranteed employment are some of the factors 
which should be considered before investing in a converted facility. We 
introduce a "conversion model" which considers critical, objective and 
subjective factors into the analysis of a privatization scenario. Pertinent 
factors are evaluated based on their own merit and related to other factors 
in a comprehensive model Traditional techniques of analysis such as market 
forecast and break-even analysis can be used in the evaluation of objective 
factors. Nontraditional analysis such as "benchmarking" and simulation 
techniques may have to be used in the evaluation of the subjective factors. 

INTRODUCTION 

With the collapse of the communist system and the emerging realization worldwide that the capitalist system 
could be the solution for many of the chronic problems, more countries are gradually shifting public sector 
services and industries to the private sector through a process that is termed privatization. Governments of 
many countries are finding themselves under enormous pressure from world financial institutions for fast and 
rapid conversion of their system to a more competitive system. Given mounting debt, bureaucracy and less than 
favorable economic conditions, privatiz.ation is becoming the common practice in many ex-socialist and 
developing countries. This represents an opportunity for investors who may acquire a valuable facility at a lower 
price. On the other hand, it can be a risky venture, if not thoroughly studied. As much as it may appear as 
a "golden" opportunity to an investor, it may prove to be a "mine field" with casualty in each step of the way. 
In this paper we study factors which affect the feasibility of converting an industriaV manufacturing plant from 
public to private sector. We introduce a "conversion model" which considers critical, objective and subjective 
factors into the analysis of a privatization scenario. The article may explain the reluctancy on the part of 
investors to get into what may appear a "golden" opportunity. 

Toe first part of the paper provides a characterization of a typical production systems in public and in private 
sectors. In the description we consider the vital elements of an industrial facility in a socialist system, where 
the majority of facilities are public sector, and that of a capitalistic society, where facilities are mostly private. 
In the second part, we inuoduce a model for converting a public sector facility to a private one. Considerations 
are given to external and internal factors which may affect the conversion process. Factors then are integrated 
in a comprehensive model in support of a privatiz.ation decision. The paper concludes with a set of 
recommendations aimed at facilitating the conversion process and creating a successful venture. 
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SYSTEM CHARACTERIZATION 

There are fundamental differences between a public and a private sector facility. Facilities in general and the 
industrial ones in particular can be characterized by the way the facility is managed and controlled. In assessing 
an industrial plant for conversion from public to private, consideration should be given to the environment in 

. which the facility exists, and the degree by which the facility is influenced by such environment in performing 
its business. In the following sections, we have listed 12 elements that are used to descnoe a "facility" [Self 
explanatory key words are used in the description of elements). We considered the characteristics of a typical 
facility in a socialist system as an example for a public sector facility and we described a private sector facility 
under a capitalist system. In a typical socialist system, the government has complete control over the country 
industrial base including its industrial plants. In a capitalistic system it is the market and the competition that 
shapes up the characteristics of an industrial plant. 

Characteristics of Public Sector Industrial System 

1. 
2. 
3. 

4. 

5. 

6. 

7. 
8. 
9. 
10. 
11. 

12. 

Ownership 
Control 
Product 

Type 
Price 
Quality 
Quantity 

Market 

Resources 
Capital 
Manpower 
Raw Material 

Supporting services 

Flexioility 
Equipment 
RandD 
Product support 
Management 

Government Role 

Government 
Government, through public industrial structure 

Limited/ "dictated" 
Government (could be subsidized) 
Poor (low priority) 
Determined by the needs as perceived by the government. 
Limited to the country or other subordinates, however may be 
"monopolf. "Salesman" concept does not exist. 

Allocated 
Appointed, stable 
May be "rational" 
May or may not be available. [If available, factory has to match its 
quality standard, if not available then create] 
Rigid 
Slow pace of modemiz.ation 
Centralized, slow to propagate. 
Plant responsibility - Ranked low 
limited responsibility, guaranteed salary, rewards are symbolic, No 
hard decisions. 
Bureaucracy 

Characteristics of Private Sector Industrial System 

1. 
2. 
3. 

4. 
5. 

Ownership 
Control 
Product 

Type 
Price 
Quality 
Quantity 

Market 
Resources 

Capital 
Manpower 

Raw Material 

Private 
Share holders/ owner 

Diverse/ Customer demand 
Competition based 
High (Important) 
Market dynamics (Supply and Demand) 
Local and Global dealership/ retail. 

Borrowed/ raised [studies/ analysis/ justification/ profitability] 
Open market. Competition, continuous motivation (for retention) 
are required. May not be stable. 
Open market (Best R.M. at the best price). 
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6. Supporting services 
7. Flexibility 

8. Equipment 
9. RandD 
10. Product support 

11. Management 

12. Government Role 

PRIVATIZATION MODEL 

Available customized to the need. 
High within the boundaries of specializ.ation, both in technology and 
system change. · 
Fast pace of modernization 
Organil.ational responsibility. Fast to propagate. 
Could be a delegated/ shared responsibility (plant and dealership). 
Ranked very high. 
Large responsibility, competitive salary, rewards are material and 
symbolic, checks and balances. 
Set regulations. 

Current practices of facility assessment, for the purpose of privatization consider only a small set of factors, 
which are usually limited to the current value of the assets in the facility. 
An industrial facility should be viewed as an entity which is operating in an inner circle of an internal (idustrial) 
and an external environment In assessing an industrial facility for privatization, the entire system should be 
evaluated both current and potential All direct and indirect, external, internal and conversion factors should 
be considered and evaluated. In the following section we list possible factors followed by an evaluation/ costing 
model which considered factors relative to each other. · 

Factors affecting the Privatization process: 

The following is a tally of factors which should be considered in evaluating an industrial facility. The 
factors are classified as external, internal and conversion factors. The degree by which a factor can be refined 
is a function of the facility under consideration. 

I. System External Factors 

l . The country/ Government/ political structure 
Commitment to the change, Stability, External forces (resistant to change/ rigidity/ pace of change) 

2. The Product: 
Design/ price/ compatibility/ safety, Quality/ standards/ reliability, Versatility 

3. Market Share 
Present/ In the future, Local/ Global, Competition (local/ global), Stability, and Potential growth 

5. External Resources: 
Raw Material, Energy, Manpower, Technology, Communication, Supporting Industries, Supporting 
services (legal system/ Financial institutions/ Police, security/ hospitals/ schools) 

II. The system Internal Factors 

1. Location 
2. Functionality 

(layout/ flow/ control/ waste/ security/ safety/ cleanness/ manpower conduct) 
3. Assets 

Land, Building, Machines, Name/ reputation 
4. Technology 

Modernism, Capacities, Product cycle, Pollution, Complexity, Resource requirement (Skills, Education) 
5. Management 
6. Finances 
7. Price range as set by the owning authority 
8. Hidden Factors 

Ability to change/ Pace of change, FleXJbility, corruption, Name/ reputation, Conditions/ Constraints 
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Ill Conversion Factors 

1. Capital readiness (Risks, time) 
2 Resources needed for the conversion process (Management, Engineers/ Executives) 
3. Equipment 
4. Training 

The Evaluation/ ~ting Model 

This is the phase of the study in which a decision would have to be made. An investor may have to 
decide to "bid" for the acquisition (privati7.ation) of an industrial facility. The facility should be assessed 
considering factors such as the one previously outlined. The following is a suggested procedure for evaluation 
and integration of theses factors in a comprehensive model using a common scaling criteria in suppon of such 
investment decision. The model is presented in the form of sequence of steps : 

1. From the factors outlined, select those factors that are peninent to the targeted facility. 

2. Classify the factors into three categories: 
1. Critical, absence of such factors would eliminate the facility from being considered further 

(raw material cannot be acquired) 
2. Objective, for which a measurable value can be determined (e.g. market, capacity, .. etc.) 
3. Subjective, for which a "qualitative" measure can be estimated (e.g. reputation, skill levei 

technology) 
Classification of the factors is dependent on the facility being considered for privati7.ation. Toe degree of 
refinement of factors to different levels depends on·the value of facility and the expected investment capita~ 
the data available and the resources which may have to be exhausted in the feasibility study. 

3. Determine a criticality limit for each factor 
This step is an extension to the previous step. There is a degree of •criticality" in each factor (objective or 
subjective), which may cause the elimination of the facility from being considered for privati7.ation. For 
example, consider the case of studying the feasibility of privatiz.ation of an automobile factory. A criticality limit 
for the "Product type• as a factor which may have been identified as subjective, could be that the car model 
being manufactured should be at most 3 years old. In considering the technology a limit on "pollution" 
generated from the technology may be used. 

4. Factors Ranking 
Factors will be ranked relative to each other, through an assignment of an economic metric before they can 
be equated in the decision analysis process. The ranking can be translated into numerical value (Percentage/ 
points) such that the total number of points is 1000 points. It is important that the decision maker would be 
a participant in the factor ranking process since the ranking reflect to a degree the interest of the decision 
maker (investor). A decision maker may relate the point values to a monetary value using the proper utility 
function to reflect his degree of interest in the investing process. 
The outcome of this step is a ranking scale for the different factors. 

5. Evaluation of facility by factor 
Facility under consideration must be evaluated for each factor identified. The evaluation process requires 
expertise in each of the evaluated field. A two step process is suggested here. Based on the outcome of the 
first step, a decision would be made either to continue or to discontinue the study and declare the facility 
infeasible for privatiz.ation: 

5.1. Evaluation of the critical factors and criticality limits 
In this phase of the study a quick evaluation of factors is conducted. If at the outset it was determined that any 
of the factors is below its "critical" limit, a qualified decision (based on analysis) may have to be made either 
to continue or the discontinue the study. 
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{The easiest factors to be evaluated are the "pure" critical factors - YIN, Available/ Not available, etc .. For 
those factors, an evaluation below critical limit would eliminate the plant from further consideration for 
privati7.ation.} 

5.2. Evaluation of Objective and Subjective Factors 
The objective factors would require data collection and a lot of computation. The most difficult way of 
evaluation would be the subjective factors where it modern analysis techniques may have to used. 
For example, to assess the potential market a simulation study over a number of years may have to be 
undertaken before reliable estimation for the market can be determined. A quicker way of evaluating the 
subjective factors may be through the use of "Benchmarking" technique where the facility can be evaluated 
relative to another facility of known degree of success and under similar circumstances, with respect to the 
factor under consideration. Each factor is evaluated under its own merit, before relating factors to each other 
using the ranking scale developed in step 4. It is not uncommon that the result of the analysis of the system 
internal factors may lead to a total re-engineering of the facility, however when combined with the rest of the 
factors, it may prove to be a successful venture. 

The outcome of the evaluation will be a "grade" for the facility in each factor, which can be tallied to a total 
evaluation of the facility using points. A decision maker can use the point evaluation to compare between 
investment opponunities or it can be translated to a monetary value which can be used in the bidding process. 

6. The Decision 

The final step in the analysis is to determine whether or not to proceed with privatizing public sector facility. 
This decision is more of a government decision, the "owner" of the public facility. While governments may be 
under pressure to privatize, they consider themselves the public protector. This protection may be translated 
as asking for higher price for the facility than its worth. Practically, governments relay on the profit/ loss 
statements which the facility may have produced. Such statements are usually biased to show better than what 
the facts are. Consequently, the asking price by governments are usually high, and it can be based on simple 
biased cost-benefit analysis. However, due to the pressures, prices can go lower fasL 
From the investors point of view he has to decide whether to invest in such venture on not?, and if the decision 
is to invest, then he has to decide on the worth of such venture. This will involve the compilation of all the 
factors in the previous steps. A decision to go or not to go into the venture would be decided on by considering 
the critical factors as well as the critically limits associated with other factors. The valuation of the venture 
could be determined by the accumulation of factor grades computed for the objective and subjective factors. 
The decision maker may use the point to dollar value to translate to a monetary value, which could be used 
as guide value for bidding process. Decisions also in the part of investors may involve comparing between 
options of facility acquisition. An investor may be comparing between the acquisition of a factory or a hospital 
considered for privatization. While the model suggested above should work, the internal and external factors 
may have changed. 

It should be also recognized that over-analysis on the part of investors may lead to lost opportunities. By this 
we mean that analysts should not consider the figures computed during the analysis as cast in concrete. After 
all it is all subjective evaluation and was determined under certain circumstances which may not be exactly 
applicable at the time of the decision. For example, the value of the real-estate, where the facility may be 
located, could change drastically from time to time. Analysts in Eastern Europe and Middle East have seen 
tremendous variations in the real-estate value which can easily upset an untimely feasibility study. 

CONCLUSIONS 

Many governments are considering privatization of the public sectar facilities under pressure from world 
financial institutions. It is our conclusion that privatiz.ation would fail if looked at from a focused point of view. 
The system under consideration for privatiz.ation has to be viewed in its totality. Facilities of the future are 
global not local, and the feasibility of converting public sector facility to private one should be studied 
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thoroughly. It is not sufficient to base an investing decision in privatization only on the assessment of internal 
factors. External and conversion factors may be equally important. Factors such as global competition, 
commitment pf the government to the privatiz.ation process, facility agility, and human resource development, 
are not usually considered in the traditional investment decisions. 
A good model for assessment (feasibility analysis) should be comprehensive and should involve analysis and 
evaluation of critical, objective and subjective criteria; leading to "qualified" decision regarding privatization. 
Since many of the critical factors associated with privatiz.ation feasibility are subjective, these factors have to 
be assigned an economic metric before they can be equated in the decision analysis process. The methodology 
suggested in this paper a multi-attnbute decision analysis methodology which considers external, internal and 
conversion factors. An evaluation/ costing model then is used to relate the factors to each other and to 
determine the feasibility of facility for privatil.ation, and the value of such investment. 
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ABSTRACT 

The present mathematical procedme for water system in Jeddah, Saudi Arabia helps 
in better water distribution. The objective is to increase the average customer 
satisfaction. The existing W1planned schedule is based on turns and facing 
complaints of not satisfying city zones. For reality , an additional factor is 
introduced by a name of "use index". This index considers the zone priority and 
network condition. The limited supply of water is forecasted weekly based on the 
actual data of the last quarter of the year. The effect of network capacity is inspected. 
The water demand for each district in town is referring to the daily per capita need 

and the estimated population in that area. The output could be converted to a 
weekly schedule of water distribution. 

INTRODUCTION 

The way how water is distributed to consumers connected to water network in Jeddah is different from most of the other 
parts of the world The distribution is based on turns. A weekly schedule is set to supply water to each part of town. As a 
result of this schedule, modem and new areas with low population may get the same amount of water supplied to other 
old and crowded areas. Because the water network covers more than eighty percent of Jeddah [I], the focus of this paper is 
to use the existing network for better water distribution in order to overcome the complaints of consumers. 

The development of mathematical models for water planning began in the :fifties, as computers were introduced widely 
into scientific and technical works [2,3,4,5]. In the area of water resource optimization Gradowczyk etal[6] described a 
mathematical model for use in the analysis and planning of multipurpose water resources systems. Kindler[?] presented 
an allocation problem of water requirements with allowable deficits taken into account and soun::es are from rivers with no 
limitation on supply. Sagar[&) studied the water problem in Jeddah at the end of70's. He limited his study on five hundred 
households randomly selected and concluded that factors affecting water system were concentrated on supply, planning for 
distribution, and use of water. It must be noted that the population of Jeddah on that time was one third of today's figure. 

To find the amount of water daily required for one person , El-Messidi [9] developed a formula for water requirement in 
Oklahoma. He included in his formula the non-agricultural employment, mean annual precipitation , rate of state product 
gross and population. For the area of Saudi Arabia Abu-Razaiza [10] predicted the urban water requirement up to year 

2010 G. His model considered number of students, house connection to water network, and the oil revenues increase . He 
presented a simplified model considering only the population and daily per capita need (DPCN). This latter factor, DPCN, 
was also presented in the work ofSadhan[l l) for Jeddah area based on the historical data and then projected the values till 
year2000 G. 

Our intention in the present work has been to focus on a simple planning tool that helps in better water distribution in 
Jeddah_ 
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WATER NETWORK IN JEDDAH 

Jeddah receives its water supply from two main sources. The major supply comes from the Desalination Plant which 
covers more than 95% of the total water supplied. The rest of the amount is pumped from natural source (Wadi Khulays). 
The water is transmitted to the Conditioning Plant then stored in twelve water reservoirs. The water is pumped from these 
reservoirs to the three main zones of Jeddah. These zones are North Z.One (16 branches), Main Zone (23 branches), and 
East High Zone (5 branches). 

MAIN OBJECTIVE 

The main objective of the present model is to increase the average customer satisfaction (ACS) whlch would be expressed 
as: 

L K 

LCSLk•PLk 
ACS= _l=_J_k=_I ___ _ 

L K 

where : ACS = average customer satisfaction.. 
CSI.k = customer satisfaction at branch (l,k). 
Pl,Jc = population at branch (l,k). 

LP1.k 
;:j k=J 

Cs _ Au 
u--

Ru 

Au= actual quantity of water received at branch (l,k). 
Ru= Required quantity of water at branch (1,k). 
L = city zones. 
K = branches at specified zone of network. 

FACTORS AFFECTING THE SYSTEM 

1 

2 

There are two points may affect the existing system, the supplied amount of water and the network capacity. There has 
been some discussion in the Jeddah water reports [l] about the existing system capacity (pumps, reservoir, pipe diameters) 
and how it can handle twice and may be three times the needed amount of water during 90's. 

It is necessary- now to forecast the amount of water supplied. If checking the monthly records of water supply for the last 
five years an increase in water supply is easily recognized. By the known FORECAST MAS1ER [12], the data for last 
quarter of the year is used through single , double, or triple -parameter e,q:ionential smoothing equations to find the best 
equation; with lowest MAPE, to predict the ne>--1. week water supply. 

Infonnation about the required amount of water is needed. As suggested by Abu-Razaiz.a [10] the water requirement is 
proportional to the population and the daily per capita need (DPCN). It may be expressed as : 

R1.1: = Pu, -DPCN (3) 
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where : DPCN = daily per capita need. 
~ = required water per day at branch O,k). 
Pl.k = population at branch (l,k). 

In the present case there is no accurate available data for population of Jeddah (till the time of preparing this paper the 
1993 G. census are not available for public use). The infonnation used in our model are based on old data; back to 1971 
G. and 1978 G. which were presented in [8) and non official data of year 1987 G. From this data and by using the 
proposed estimate growth rate of Jeddah population [ 13), the population at any time is projected. For the new areas which 
were not existing in used data, the population is estimated referring to the number of houses in particular area The DPCN 
for Jeddah area is obtained from a study conducted by Sogreah [14), (e.g the DPCN for year 1990 G. is 380 liters). As 
lower limit of water needed, the present study uses the average water daily consumed per person in the last ten years. By 
the help of Sadhan [11] worlc, he investigated the use of water inMakkah and Jeddah area in the years 1967-1978 G (e.g 
the value of 1990 is 190 litters). The reason behind using this lower limit is to overcome the problem of having no water 
anytime. 

To add some reality to the proposed algorithm, an index named "use index " will be considered. It gives the chance to 
distribute extra amount of water for certain branch according to the way of the index calculation . The use index could be 
calculated in three different ways. It may present the network condition , at which it will be expressed in terms of number 
of breakdowns of this branch referred to the total breakdowns of the full network. 1bis index may show the priority of a 
specified area by counting the number of important centers in that area (e.g schools, hospitals, defence center ... )as a 
fraction of total number of centers in the city. The third way of evaluating this index is to consider it as the factor of non 
satisfaction. By the last definition it expresses the percentage of not delivered amount of water to a certain branch in the 
last period. 

EXISTING AND PROPOSED PROCEDURE FOR WATER DISTRIBUTION 

The weekly schedule the existing system is to distribute the water equally between the different branches of Jedclah 
regardless the population or any other factor. The following steps summarizes the proposed algorithm: 

Step!: Forecast the next ·week water supply (the amount available for distribution) Sn, n indicates the week 
number. 
Step2: Find the required amowit of water at each branch for one week (QRuJ. 
Step3: Check if : 

QRa = 7. Ra (4) 

L K 

(5) 
/= J k = J 

- AH areas will be satisfied. 

l K 

(6) 
/=It= / 
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- Distribute Q~to branch {l,k). 
-S10P. 
- GO to step 4. 

Step4: Calculate Ul,k= l+ Calculated use index. 
Step5: Calculate branch factor BFl.k-

Step6:- Arrange BFuin descending order. 
- Divide them into three groups X, Y, and Z. 
- At the most group X receives X% of the required water, 

Yolo for group Y, and 2% for group Z.(the minimwn percentage is equal to the ratio between the average water 
consumed per person and the DPCN]. 
Step7: Calculate the total amount of water required for each group. (Ox, Qy, and QJ. 
Step8: Check if : 

- Distribute the water according to the percentage shown in Step6. 
- E~1ra amount of water will be scheduled to the group with lower percentage as done in step6. 
- STOP. 

S,, XO + Y.O + Z.O (9) - ~x ~y ~z 

- A correction factor (CF) is used to 
reduce the percentage distributed. 

CF= ___ S_,, __ _ 
XO +Y.O +Z.Q -.x -y z 

- Percentage of water distribution 
to groups X, Y, and Z will be 
X.CF, Y.CF, and Z.CF respectively. 

Step9: Calculate ACS .. 
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REMARKS AND CONCLUSIONS 

To show the usefulness of the present procedure and compare it with the e.xisting procedure, and having no permission to 
release the real data, we asswne that the main zone has only three branches, North zone has two, and High zone has one 
branch. The DPCN for the period under study is 380 Litters and the_ projected average water consumption for the same 
period is 190 Lit, that leads to minimum peroontage distribution of 50% . The other percentage distribution (X & Y) are 
taken as 90% & 70%. If the different values ofUUc are 1.5, 1.3& 1.2 for the main, north, and high zones respectively. The 
present procedure shows an increase of 9% in the value of (ACS) when the supplied water is less than 60% of the 
required amount of water for the studied week. 

It must be noted that: 
having accurate information about population will lead to better results, 
the percentages used to allocate water to the groups of areas could be changed, and 
the actual quantity of water distributed, A1,k, could be translated into interval of time of 
opening the valves of each branch. 

The heuristic approach presented here can increase the average satisfaction of water consumers in Jeddah. The 
encouraging results from the application demonstrate the ability to have an easy planning tool for better distribution of 
water without making any changes in the network or water resouroos. 
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Abstract Transformation Dynamics Theory (TD1) is based on three laws of the : J) mutual adaptation; 
2) plurality of system structures; 3) transformations. In practice the Transformation Dynamics Theory 
helps organize human-machine-environment adaptation, predict, plan and optimize efficiency dynamics 
during impleµientation of a new ergonomic and engineering projects, technological environment, 
management structures, software, products, or economical strategies, when otherwise a sudden decrease 
in productivity, quality, safety causes unpredicted losses that can destroy the system. Transforma.Iion 
dynamics theory is a basis for effective "recycling" and further use of previous human skills, 
knowledge, resources when transferring to new technologies, productions, and products. 

l. INTRODUCTION. THE LAWS OF TRANSFORMATION DYNAMICS. 
In 1908 F. Taylor (1971) discovered a bell-shaped function of the work efficiency on environment (in his case, the 
shovel weight). He found that the functions are different for small, normal and big men. That means to reach 
maximal work efficiency one should organize mutual adaptation between human work functional structure (by 
professional selection, training, motivation) and work environment (by design of machine, interior, software). 
Yerks and Dodson in 1908 and later many other researchers confumed the bell-shaped function of work efficiency 
on work factors (Woodworth, 1938, Frank and Lillian Gilbreth (see Freivalds, 1987, Aoki, 1960; M. Tinker, 1963, 
Mortimer etal., 1970, Greenburg and Chaffin, 1977, Venda, 1975, 1986, Konz, 1990). 
We conducted at the University of Manitoba an experiment similar to Taylor's one but using a "modem shovel'', 
booknote computer. Our subjects were typing a text. A desk height was changed. Typing productivity was found as 
a bell-shaped function of desk height. We summarized all these results as TDT Law 1 (The Law of Mutual 
Adaptation): "Work efficiency is a bell-shaped function of the factor of mutual adaptation between human work 
structure and its environment." A graphic model of the Law 1 is shown at Figure 1. 
The Law 1 was extended to any complex (including industrial) system: "System efficiency is a bell-shaped 
function of the factor of mutual adaptation between system functional structure and its environment". System 
functional structure can model a technological, management structure of a company. Company's product is an 
example of the factor of mutual adaptation between company and environment (market, production, association). 
The experiment on typing at the notebook computer was extended so the subjects were typing in sitting (S 1) as well 
as in standing position (Sz) with different desk heights. Two different functional structures for every subject were 
studied. Earlier we studied the processes of reading, perception of control board 
information. Different functional structures (cognitive strategies) were found and modeled using bell-shaped Q(F) 
curves (Venda, 1980, 1986, 1990, Stishkovskaya, Venda et al., 1993). 
These studies allowed us to word TDT Law 2 (The Law of Work Structures Plurality): "Every work task can be 
done with different work structures". 
A graphic model the Law 2 is shown at Figure 2, where S1 and Sz are two different work functional structures 
with optimal F values F lopt and F2opt• and maximal levels of efficiency Q lmax. and Q2max is shown at Figure 2. 
The law 2 could be extended to any complex (including industrial) system: "Every system goal could be achieved 
with different system structures". 
It is especially important to study dynamics of the system efficiency when one system structure transforms imo 
another structure. World science (industrial engineering, ergonomics, economics and psychology included) knows 
only following dynamics of systems development, progress, learning: 1) step function (efficiency increases 
overnight); 2) linear increasing of efficiency; 3) monotonic exponential increasing of efficiency (Ebbinghaus, 
1885), some times with an intermediate plateau (Brian and Harter, 1896). 
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Fopt Fmax F 

Figure 1. Graphic model of the Fust Law of Transformation Dynamics Theory. 

Q 
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F1 . 

! mm F2min F1max F2maxF 

Figure 2. Graphic model of the Second Law of Transformation Dynamics Theory. 

We found that all three dynamics mentioned above are rather partial and rear ones in real practice (Venda, 1986, 
Venda and Venda, 1991, 1992). Unfortunately everyone uses the monotonic approximation for any human 
training or technological progress dynamics as recommended in all ergonomics handbooks and research 
(Chapanis, 1959, Zarakovski et al., 1977, Rowe et al., 1992) even though an error of this approximation is very 
big and one loses the most important information about transformations of work structures in the course of human 
development or complex decision making process. 
We conducted several types of training experiments and discovered a wave-like training dynamics (Venda, 1986). 
At Figure 3 training dynamics of tracking control of power plant parameters is shown when different numbers 
(n=l-6) of measurement instruments (and signal deviations) were presented simultaniously to the subjects. 
Studies of transformation dynamics of the work structures (Venda, 1980, 1986, Venda and Venda, 1991, 1992) led 
Yuri Venda to wording IDT Law 3 (The Law of Transformations): 
"Transformaiions between functional structures of the system and interaction between different systems' structures 
are maximally effective if they go through a state common and equal for the structures." 
The common state for two structures is modeled as intersect point of respective Q(F) curves of the structures 
(Figure 4). 

Common and equal for the structures Si and Sz state is the stare when both structures have equal efficiency, the 
state when F=F 1,2 and Q l (F 1,2)=F2CF 1.2). 
Functional structures may belong to the same system transforming one to another. The structures may belong also 
to different systems (two individuals, fmns. or human and machine) interacting in the work processes. 
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Figure 3. Dynamics of tracking control (Q signals tracked in a minute) when different numbers (n;l-6) of 
measurement instruments were presented simultaneously. T - number of training session. 
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Figure 4. Graphic model of the Third Law of Transformation Dynamics Theory. 

2. 1RANSFORMATIONS IN THE SYS1EM STRUCTURES. 
A plurality of system structures and a phenomenon of their transformations were proved experimentally (Venda, 
1980, 1986, 1990, Venda and Venda, 1991, 1992). A specific feature of a system structure transformation is a 
temporary decrease in the system efficiency while the old structure is being transformed into new one. This 
phenomena is reflected with "a wave" in efficiency dynamics. We discovered transformation wave-like processes 
as a short-term phenomenon when we conducted real emergency problem solving experiments at a power plant 
and then as a long-tenn phenomenon when we studied learning processes in laboratory based on simulating the 
emergency tasks (Venda and Venda, 1991, 1992, 1994). 
We found that human operator perfonnance efficiency decreases every time a transformation of work structure 
(cognitive strategy) is under way. It happens at the start of an emergency when the "normal work structure" 
transforms into the "emergency work structure"; we found the waves while subjects were fighting the 
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emergencies, and when operators changed cognilive strategies in information perceptwn whi.le looking for an 
adequate strategy. 
Then we suggested that if an information display structure helps a human operator directly to find and use the 
adequate strategy, then no transformation will be needed. The process will then be described as a monotonic 
dynamic. Further experiments with many power plant operators and students as subjects proved that (Venda, 
1986). They also showe4 that different types of information struc~ures required one, two or more transformation 
waves in human operator training or work dynamics. 
Everyone's private life as well as one's professional or business career consists of a long sequenc.e of minor and 
major transformations. One transforms biologically and physiologically from a baby into a child then to a 
teenager, then to an adult. The very process of human aging consists of a fascinating series of complicated 
transformations. One's learning and education, training and career development path is another sequence of 
complex, and often traumatic, psychological and long-term social transformations and adaptations. 
At the experiments based on organizing real emergencies (Venda and Venda, 1992) we found that when one 
identifies an emergency, one must be able to transform out of the normal, pre-programmed strategy of behavior 
into an appropriate, active and quick-response strategy. Failure to be able to do so -- such as when a pilot flying 
an airplane on auto pilot suddenly faces an engine fire -- can result in tragedy. In another catastrophe, the 
Chernobyl nuclear power plant's human operators' failure to change their behavior strategy from the 
pre-programmed one, used during normal equipment resting, to the rapid-response strategy demanded by an 
emergency. resulted in a world-scale disaster (Venda and Venda, 1994). 
Today training centers devote tbeir efforts to provide people witb the knowledge and skills required for 
appropriate and effective performance in normal as well as in emergency conditions. Yet, there is no effort to 
teach how one should most effectively and rapidly change or transform one's behavior and strategy from the 
routine and normal one to the emergency one. 
If human operators (or their future "computerized expert systems" replacements) were trained in how to make this 
type of tran.sformati.ons effectively, many common disasters and tragedies could be avoided or at least _minimized. 
If everyone new that very difficult transfonnation periods are natural and inevitable parts of human private life 
and individual development, if special psychological training and counseling was widely organized to help in 
individual managing the transformation dynamics, people could avoid many dramatic or even tragic events. 

3. 1RANSFORMA TIONS IN 1ECHNOLOGY AND MANAGEMENT STRUCTURES AS SA YING AND 
"RECYCLING" HUMAN AND MA1ERIAL RESOURCES. 
Transformation means a smooth transition of one system structure (a human being, team, manufacturing facility, 
company) to another. A "pure" transformation goes with constant system components and consequently its energy 
and material resources. 
If a businessman decides to change a product and technology at his facility, be can use two main different politics: 
1) transformation or 2) replacement 
!)Transformation ( see Figure 4) means fast and smooth changing of the old technology into a new one, using the 
same human resources. The businessman must motivate managers, workers, and engineers to participate in the 
changes. In specially organized quality circles and team meetings, these people must learn transformation 
processes between old and new knowledge, skills, technologies, and human functions. This process is the firm's 
transformation. 
Transformations in science, technology, trade and education help a nation or society to save and use a big part of 
the previous knowledge. skills, equipment, human and business relations. They help to increase optimism, mutual 
trust and adaptation between employers and employees. Transformations in manufacturing save specialists and 
their intellectual potential for the company and nation. Transformations make technological progress more stable, 
with more freedom from recessions. 
2) Another way of managing the firm's change is based on replacing human and material (technical) resources. In 
this case a businessman will build up a new facility in a new place, hire new staff, start new production, and then 
close the old facility and fire the old staff. This transition dynamics is shown at Figure 5. 
This approach causes people to lose their jobs, qualifications, life styles and optimism. This type of technological 
and business progress seems for many businessmen normal, profitable and aggressive. But in reality it is indeed a 
disaster worse than environmental pollution (Venda, Strong, Hawalesbka. Rychlicki, 1992). Now is the time to 
study and implement a smooth transformation dynamics in all spheres of business, ergonomics, psychology, 

475 



/EMS '94 Ptoceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

safety, education, and manufacturing. Humanistic and economical transformation politics of progress and 
development will require a new principle of approach in industrial engineering, system management, human 
factors, economics. 
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Figure 5. Changing of manufacturing technology by replacing old plant S1 with new one S2. Q - productivity, F -
manufacturing factor (e.g. level of technology), To - starting time of St, T 1 - starting time of S2, S1 - terminating 
point for S l · S 1 + S2 - potential productivity of two plants. 

4. TRANSFORMATION DYNAMICS TIIEORY HELPS TO MINIMIZE lRJMAN AND HNANOAL LOSSES 
A transformation processes in principle oppose more traditional and primitive destroying-consttucting strategy in 
transferring new technologies and management structures. These, then, are the main transformation steps: I. Try 
to apply the old structure to a new situation. 2. If lhe attempt fails, a "stressful" situation arises. Start a looking for 
more adequate structure and search-related de-adaptation of components. 3. At a certain de-adaptation level old 
structure could be transformed to a new one. Check if this state can be maintained long enough to build up new 
structure using the remnants of lhe old one. 4. Start de-adaptation of old structure exactly till the common state 
will be reached. 5. Stabilize conditions, avoid any extra activities (no tests, exams, competitions. radical changes) 
during time needed for transformation by adding restructured elements of old structure to the common state for 
both structures to reach step by step new structure. 
There is an important corollary from the Law 3: If the new structure does not share structural elements with the 
old one, thus the characteristic curves of two structures does not have common, intersect point, a direct 
transformation between these structures is not possible. 
That means a highly productive (read, narrow specialized) work structure could not be transformed directly to 
another narrow specialized structure. Old time craftsmen very widely and relatively easily changed a product they 
designed and produced. Contemporary assembly workers are very narrow specialized. It takes much time and 
efforts to retrain lhem and change their work functional structures. 
When a human-environment change causes a work structure ro change, de-adaptation occurs. Mutual adaptation 
then begins between the new structure and the existing structure. If the environmental change is greater than lhe 
structure can bear, the structure must change before the strategy. If the activity structure does not change in time, 
mutual internal and external de-adaptation occurs. The structure's complexity therefore rises. More energy will be 
needed to sustain performance indicators. 
An example is an expert trying to cope with new managerial tasks under production streamlining. Here, the 
structure has changed, and the expert must adjust to new the tasks (develop new strategies after a structure 
change). At first he or she will spend long hours at worl< learning the new duties. Both the manager and the 
organization will suffer during the adjustment (de-adaptation) period. If the manager does not adjust (transfonn) in 
time, the entire company may fail. 
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To be effective, instruction and self-education must have activity mechanisms that provide timely structure 
transformations. Otherwise, external and internal de-adaptation becomes critical-- general system failure and 
health hazards could result. 

5. CONO.,USION 
Proposed transformation dynamics theory (TDT) is based on three-laws of the : 1) mutual adaptation; 2) plurality 
of system structures; 3) transformations. In practice the Transformation Dynamics Theory helps organize human
machine-environment adaptation, predict. plan and optimize efficiency dynamics during implementation of a new 
ergonomic and engineering projects, technological environment. management structures, software, products, or 
economical strategies, when otherwise a sudden decrease in productivity, quality, safety causes unpredicted losses 
that can destroy the system. 
Transformation dynamics theory is directed to analysis and improvement of dynamics of system efficiency when 
changes in technological and management structures and strategies are needed. 

ACKNOWLEDGMENTS 
This studies are being supported by Northern Telecom Canada, NSERC and University of Manitoba 

REFERENCES 
Chapanis, A. (1959) Research techniques in human engineering. Baltimore: Johns Hopkins University Press. 
Konz, S . (1990). Work design: industrial ergonomics, Worthington: Publishing Horizons. 
Stisbkovskaya, N.N., Venda, V.F., Laliberte, T.G., Fu, W., Longfield, K. (1993,a) Strategies of perception and · 
decision making based on graphic information, In: Advances in Industrial Ergonomics and Safety Y, London: 
Taylor and Francis. 
Taylor, F. W. (1971). The Principles of Scientific Management, N. Y.: Harper and Row. 
Venda, V. F., (1980), Voies nouvelles pour une theorie de l'apprentissage, In: Present et Futur de la Psycbologie du 
Travail, Paris: EAP. 
Venda, V., (1986). On transformation learning theory, Behavioral Science, v-31, No. 1, pp. 1-11. 
Venda, V. F., and Venda, Yuri V. (1991) Transformation dynamics in complex systems, Journal of Washington 
Academy of Science, #4, December. 
Venda, V., Strong, D., Hawalesbka, 0 ., and Rychlicki, B. (1992) Human factors and transformations of 
manufacturing technologies, In: Advances in Industrial Ergonomics and Safety-IV. 
Venda, Yuri V., and Venda, V.F. (1992) Introduction to the Transformation Dynamics, In: Advances in Industrial 
Ergonomics and Safety-IV, London: Francis and Taylor. 

477 



[EMS '94 Proceedings: Annual International 
Conference on Industry, Engineering, and Management Systems 

Experimental Study Of A Clean Burning Vehicle Fuel 

Hoekstra, R.L., Collier, K., Mulligan, N., Chew, L. 
Florida Solar Energy Center 

ABSTRACT 

Preliminary research into the advantages of hydrogen-enriched compressed 
natural gas (CNG) as a motor fuel, has been conducted. The objective of this 
research was to determine if the lean limit of CNG could be extended by the 
introduction of hydrogen. The hypothesis, based on previous research, was that 
the leaner the engine could be run without going into lean misfire the lower the 
NOx would be while only incuning moderate increases in the hydrocarbons 
(HC). The result of the tests demonstrated that extremely low levels of NO" 
are possible with acceptably moderate increases in unburned hydrocarbons using 
28 % and 3 6 % hydrogen supplementation. 

INTRODUCTION 

Natural gas has been used as a fuel for internal combustion engines since the early 1900's. The majority of these 
applications have been in stationary engines. Use of natural gas in automotive applications has been, in general, 
limited to periods where gasoline was in short supply. During World War II, the British, Italians, and Germans 
had vehicles powered on tttown gas", a synthetic gas produced from coal. After WWII, when gasoline was again 
available, the use of natural gas in vehicles dropped sharply and application of natural gas was again relegated to 
stationary engines. 

Recently there has been renewed interest in natural gas as a vehicle fuel for two reasons. First, there are again 
concerns over the availability and cost of gasoline in the U.S. , and secondly, natural gas is known to be a clean 
burning fuel. Yusuf [4] states that, "Natural gas is an excellent fuel. It is the cleanest of all fossil burning fuel and 
its reseives are much larger than crude oil.· Yusuf goes on to observe that natural gas, which is primarily 
composed of methane is a renewable energy source since anaerobic bacteria will eventually convert plants into 
methane gas. All of the major U.S. auto manufacturers are currently developing and/or marketing natural gas 
vehicles to meet the demand for such vehicles and in part to meet the requirements of the federally mandated clean 
air standards. The primary target for these vehicles is to companies that use large fleets since the infrastructure to 
fuel vehicles for personal transportation has not yet been installed. 

Although natural gas is a very clean fuel, the emissions from natural gas are far from ideal. Geiss, et al. [5] report 
in a paper titled "Technical Highlights of the Dodge Compressed Natural Gas Ram Van/Wagon" , that the emissions 
were within CARB requirements, however, the relatively low emissions were the result of a complex emissions 
control system. The Dodge Van included exhaust gas recirculation (EGR), positive crankcase ventilation (PCV), 
a unique three-way catalyst and a multi-point fuel injection system. 

ln 1991, work began to reduce the emissions produced by compressed natural gas (CNG) as a vehicle fuel as well 
as to try to reduce problems associated with using natural gas. Nitrogen Oxides (NOx.) are of particular concern with 
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CNG. A well known fact about combustion engines is that the leaner an engine can be run without going into lean 
misfire, the lower the NOx will be. The philosophy at FSEC has been to use hydrogen supplementation and lean 
burn tO solve the NO. problem. 

Mixtures of hydrogen and natural gas have come to be known as "Hythane" in associated literature. In the 
following section of this report the literature on Hythane is reviewed. Subsequent sections of this report deal with 
experimental design, data analysis, conclusions and recommended future research. 

LITERATURE REVIEW 

Fulton, et al [7] observed that, (Pure) Hydrogen can be burned in lean bum internal combustion engines with 
virtually zero emissions. Unburned hydrogen is neither toxic nor photochemically reactive. The only source of 
hydrocarbon (HC), carbon monoxide (CO), sulfur, or particulate emission in a hydrogen engine is trace lubricating 
oiL Hydrogen peroxide has been observed near the lean limit of combustion and ammonia can be formed in rich 
combustion over a catalyst. However, the only significant exhaust emissions from a hydrogen engine in good 
operating condition are oxides of nitrogen (NOJ. Numerous studies have shown that by maintaining the fuel/air 
equivalence ratio below 0.6, NO. emissions can be extremely low. 

Despite the clean burning characteristics of hydrogen, its utilization as an alternative fuel has been limited by a 
number of problems. The main impediments to the use of hydrogen in motor vehicles are the size, weight, 
complexity and cost of hydrogen storage options as well as the cost of hydrogen. These difficulties are reduced in 
applications where hydrogen is used sparingly, in conjunction with other fuels, to derive leveraged benefits. 
Leveraged hydrogen applications derive larger improvements, in terms of emissions reduction and/or efficiency 
enhancemeut, than the fraction of hydrogen utilized.· 

Houseman [3], in 1974 reports on research being conducted at the Jet Propulsion Laboratory. The researchers ran 
a V-8 IC engine on a mixture of gasoline and hydrogen. The addition of hydrogen allowed the engine to be 
operated much leaner than is possible on gasoline alone. The result of this research was that NO, emissions were 
reduced below the 1977 EPA standard (0.4gm/mi.) Houseman states that, "At an equivalence ratio of 0.53, very 
low NO. and CO were produced and engine thermal efficiency was substantially increased over stock gasoline 
con.figurations. Houseman goes on to say, "To operate a vehicle on fuel mixtures of gasoline and hydrogen, an 
onboard source of hydrogen is required. Onboard storage of hydrogen, either as a compressed gas, as a liquid at 
cryogenic temperature, or as a hydride is not a practical solution today. Direct generation of hydrogen from 
gasoline in an onboard reactor was selected as the best solution to the problem." The paper goes on to discuss the 
research into the reactor. Although Houseman was able to demonstrate a reactor. the concept has not been adopted 
due to the complexity of the device. 

MacDonald [4] of the General Motors Research Labs also investigated the use of hydrogen-enriched gasoline. 
Reflecting on Houseman's works MacDonald states that, "While this approach (hydrogen reactor) has been shown 
to be feasible, it does have its limitations~ The maximum theoretical yield of hydrogen per pound of fuel is about 
14% (by wt). Also, the hydrogen gefrerator at best is 80% efficient, so that any gasoline going to the generator 
represents an efficiency loss. For these reasons it is desirable to keep the quantity of hydrogen required for 
acceptable engine operation to a minimum." MacDonald goes on to report that when 14. 4 % of the fuel mass was 
hydrogen the engine operated satisfactorily with an equivalence ratio of 0.52 and the NO. levels had dropped below 
the EPA mandated level of 0.4gm/mi. 

Parks [5], also with the General Motors Research Laboratory, conducted research into the supplementation of 
gasoline with hydrogen. His results further confirm the work of Houseman and MacDonald. 

Given the previously noted benefits of CNG and the reduced emissions that result from the addition of hydrogen 
to gasoline, a natural outcome would be the enrichment of CNG with hydrogen since both CNG and hydrogen are 
gaseous fuels and can be easily blended using a simple sonic mixer. A summary of research which has been 
conducted on hydrogen-enriched CNG follows. 

Nagalingam, et al. [6] investigated hydrogen enriched CNG (Hythane). Nagalingam noted that the power was 
reduced due to the lower vol um.metric heating value of hydrogen compared to methane. However, since the flame 
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speed of hydrogen is significantly greater than that of CNG, less spark advance was required to produce MBT 
(Maximwn Brake Torque). 

Yusuf [ 1 J tested the flame speed of hythane. The panicuJar mixture under test was 80 % (by volume) CNG and 
20 % hydrogen. In the conclusion of bis thesis he states, "Operating equivalence ratio for maximum thermal 
efficiency using pure methane can be reduced from 0 . 775 to 0.60 when operating on 20 % hydrogen enriched 
methane. This indicates the possibility of using lean operations to meet NO. emission standards with 20% hydrogen 
enriched methane, resulting in better fuel economy and less expensive emission controls. " Yusuf goes on to suggest 
in his recommendations for future research that, "exhaust emissions with 20% hydrogen enriched methane and at 
other percentages of hydrogen in methane should be investigated." 

EXPERIMENT AL SETUP 

The tests conducted with Hytbane were performed using the following equipment. 

TEST ENGINE 

The rest engine was a V-8, Chevrolet 350. The engine was rebuilt and had the following specifications: 

Bore: 
Stroke: 
Pistons: 
Cam: 
Cylinder heads: 
Valves: 

Compression Ratio: 
Intake Manifold: 
Exhaust Manifold: 
Spark Plugs: 
Ignition: 
Wires: 
Carburetor: 

4.030" (0.030 over bore from standard) 
3.480 
Cast Aluminum, Flat top with 4 valve reliefs 
Scock 
76 cc 
Intake I. 94." 
Exhaust 1.50" 
9.00:1 
Aluminum Throttle Body 
l 5/8" Steel pipe headers 
Autolite: 303 Gap: 0.035" 
HE! with the vacuum spark advance removed 
Carbon Core 
Throttle body with lmpco Gaseous fuel meter 

The test engine had less than 50 hours running time since rebuild and was considered to be in excellent 
condition. 

DYNAM0METER 

The dynamometer was a Computer Contrglled Super Flow 901 with a maximum torque specification of 1000 lb ft. 
The dynamometer was .calibrated prio~o the beginning of testing using the calibration procedure specified by Super 
Flow. In addition, the dynamometer was checked for calibration drift due to the heating of the strain gage and was 
re-zeroed between each puJI. · 

INSTRUMENTATION 

EMISSION MONITORING 

A single cell, multichannel, NDIR infrared NOVA Model Number 7550/B sensor was used to measure CO, CO2, 

HC's. NO, NO2, N0x was measured with electrochemical sensors. The instrument was modified by FSEC to 
output the results to an Analog to Digital board mounted in an IBM-compatible 286 computer. The emission data 
was stored in a file using Lab View software. The NOV A was calibrated using cenified span gases. The NOV A 
was zeroed using room air and was spanned using 35 ppm certified NO2 span gas, 1402 ppm N-Hexane 
(Hydrocarbon) , 8.993% Carbon Monoxide and 17.490% Carbon Dioxide. The range of the emmission detection 
is as follows: 

Ranges: CO: 0-10.00% 
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CO2: 0-20.0% 
HC's: 0-500 to 0-8000 PPM, 

0-2000 PPM Std. + 10 PPM 
02: 0-21.0% 
NOx: 0-1000 PPM (7550P5A or 7550P5B) 

The N02 span gas bottle contained a patented liner to prevent any reaction between the gas and the bottle. The 
instrument was checked for zero drift before and after each test. In addition, the span was checked before and after 
each test sequence. Data was only accepted when both zero and span repeated within the limits of the 
instrumentation. 

The emissions pickup tube was mounted in the collector pipe 14 inches from the primary pipes. Only stainless steel 
and Teflon tubing were used for gas delivery. The exhaust gases were passed through a water separator but not 
through a sample drier prior to analysis. 

ENGINE and ATMOSPHERIC MONITORING 

The following engine and atmospheric monitoring equipment were utilized during testing. All of the following data 
was collected by the dynamometer and stored using Super Flow software. 

• Oil Pressure • Barometric Pressure 
• Exhaust Gas Temperarure** • Humidity 
• Water temperarure • Carburetor Air Temp 
• RPM • Air Row Rate 
• Torque • Oil Temperarure 

Air mass flow was measured using a 6 • calibrated turbine which was attached to the carburetor using a 6 • sheet 
metal elbow. Exhaust gas temperature of each cylinder was monitored using a K type thermocouple mounted in 
an aluminum plate which was bolted between the head and the exhaust header. The thermocouples were mounted 
to take the exhaust temperature reading in the center of the exhaust stream. 

FUEL FLOW 

The mixed CNG/Hydrogen was fed to a Micro Motion mass flow sensor, Model CMF 025. The Micro Motion 
sensor operates using the coriolis effect, which negates the need for turbines and bearings thus substantially 
increasing the accuracy and repeatability of the gas flow measurements. The sensor was calibrated by Micro Motion 
and has a certified accuracy of 0.44 % at a flow rate of 25lb/hr. 

TEST PROCEDURES AND OBSERVED DATA 

-
The objective of this set of tests was·-10 determine if the lean limit of CNG could be extended by the introduction 
of H2 • The hypothesis based on previous research is that the leaner the engine can be run without going into lean 
misfire. the lower the NOx will be, whlle only incurring moderate increases in the HCs. HCs are not considered 
to be a significant problem since they are easily reduced using a simple catalyst. 

The hydrocarbons measured in this testing were not speciated to determine the exact makeup of the total. The Nova 
emissions monitoring instrumentation was calibrated using N-Hexane and therefore all hydrocarbons reponed are 
based on a N-Hexane equivalent. 

All of the following tests were conducted at 17 horsepower and 1700 rpm. The testing was conducted at this level 
to simulate a light-duty truck traveling along a level paved road at 55 mph. 

0% Hydrogeni100% CNG 

At an equivalence ratio of l (Stoichiometric). the NO, is so high that it was beyond the scale of the NOV A 
instrument. At an equivalence ratio of 0.8333 the NO, has fallen sharply, however the hydrocarbons are beginning 
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to rise sharply. This is an indication that the engine is at or near the lean limit of combustion. Although continuing 
to reduce the equivalence ratio yielded a sharp reduction in NO •. the engine was misfiring. 

11 % Hydrogen/89 % CNG 

The test was begun at an equivalence ratio of 1.25. The NO" :was approximately 450 ppm. The NOx climbed 
rapidly as the air/fuel mixture was leaned out. At an equivalence ratio of approximately 1.1, the NO, had risen 
beyond the instrument measuring capability. At stoichiometric (an equivalence ratio of 1), the NO. begins to fall 
sharply and is lower than that observed with no hydrogen added. As the mixture is leaned out further, the NO. 
continues to falls significantly. The hydrocarbons again rise sharply, however the slope is less than that noted on 
pure CNG. 

The test was terminated at an equivalence of0.666. Although theoretically the engine was not at the lean limit, the 
hydrocarbons bad risen beyond acceptable limits. 

20% Hydrogen/80% CNG 

At stoichiometric, the NO. is again beyond the measuring capability of the instrument. At an equivalence ratio of 
0.95 (slightly lean), the NOx falls sharply. The NO. continues to fall as the equivalence ratio is reduced to~ value 
of 0.625, where the rest was terminated. Although this is not the lean limit, which Yusuf [1] through cylinder 
pressure analysis and flame front propagation analysis found to be an equivalence of 0.535, the test was terminated. 
because the engine again appeared to be missing and was apparently beyond the drivable limits. 

28 % Hydrogen/72 % CNG 

At stoichiometric, the NO. is again beyond the limit of the measurement instrumentation and remained beyond the 
limit of the instrumentation at an equivalence ratio of 0. 95. When the air/fuel ratio was leaned to an equivalence 
of0.87, the NO. dropped sharply. The test was again terminated at an equivalence ratio of approximately 0.625 
where the NOx was measured to be approximately 28 ppm. The engine was again observed to be missing, although 
in-cylinder pressure readings were not taken to confinn this fact. Notice that the hydrocarbons do not have a 
distinct point where they rise sharply. At the point of termination, the hydrocarbons were found to be 104 ppm. 

36% Hydrogen/64% CNG 

At stoichiometric , the NO. levels were beyond the measurement limit of the instrumentation. The NO. levels 
dropped sharply at an equivalence ratio of 0. 91. The NO. levels continued to fall until the termination of the test, 
at approximately 0.625 equivalence ratio. The NOx has a low value of approximately 12 ppm. The hydrocarbons 
have a maximum value of 105 ppm. This is approximately the same as the hydrocarbons measured during the 30% 
hydrogen testing. When the test was terminated, the engine was running "rough". There appeared to be fuel 
igniting in the headers. Since in-cylinder pressure was not measured, the causes of this "misfire" can not be 
determined. It should be observed that the test was terminated before there was a sharp rise in the hydrocarbons, 
thus indicating that the roughness was not being caused by running the engine beyond the lean limit. 

DISCUSSION AND FUTURE RESEARCH 

The objective of this set of tests was to determine if the lean limit of CNG could be extended by the introduction 
of H2• The hypothesis, based on previous research, was that the leaner the engine could be run without going into 
lean misfire, the lower the NOx would be, while only incurring moderate increases in the HCs. 

A partial map of the NO. and hydrocarbon emissions at various levels of hydrogen in CNG and at various 
equivalence ratios was measured and recorded. Both 28% hydrogen and 36% hydrogen mixtures yielded very low 
NO. levels at a 0.625 equivalence ratio. The extremely low NO. levels of 28 ppm (0.21 gm/hp hr) and 12 ppm 
(0.10 gm/hp hr) respectively were unexpected. Recall that all of the emissions readings were taken at tl1e exhaust 
manifold outlet. There was no emission control equipment on the engine and there was no catalytic converter. 
These levels of NO. are substantially below the strictest air quality standards. Current air quality standards for 
stationary engines in Japan require NOx emissions to be below 200 ppm. This standard is extremely difficult to 
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meet and based on literature, it has never been met without substantial emissions control equipment on the engine. 
The results reported here are a full order of magnitude below die standard. 

With 0 % hydrogen and an equivalence ratio of 0. 75, the NOx level fell significantly the hydrocarbons increased at 
approximately the same rate, thus indicating an unstable operating condition. The same phenomenon was noted at 
11 % hydrogen and 20% hydrogen, however the lean limit is extended from approximately 0.75 equivalence ratio 
at 0% hydrogen to 0.67 equivalence ratio at 20% hydrogen. It is not feasible to operate the engine at these lean 
limits since a very small change in the air fuel ratio will make a very significant increase in the NO, levels or a very 
significant increase in die hydrocarbon levels. When the hydrogen concentration is extended to 28 % there is no 
longer a point where the hydrocarbons abruptly increase, as was seen at all lower levels of hydrogen, thus making 
lean bum a viable option. This same phenomenon was noted at concentrations of 36 % hydrogen. 

The lean limit in both the 28 % and the 36% case has apparently not been reached. In future testing the engine will 
be run at lower equivalence ratios to determine the lean limit of combustion and the minimwn NO, possible. 

The result of the tests demonstrated that extremely low levels of NO, are possible with acceptably moderate 
increases in unburned hydrocarbons, using 28 % and 36 % hydrogen supplementation. Previous research conducted 
at 20% hydrogen did not indicate a significant enough reduction in NO. to consider hythane as a viable solution to 
the problem of producing extremely low NO, levels from an IC engine. The tests reported here confi~ their 
conclusions at hydrogen levels of20% and below. The significant reduction in NOx was realized when the hydrogen 
level was raised to approximately 30% and the engine was run nearer the lean limit. In addition, the lean limit of 
combustion was significantly extended by the increased levels of hydrogen. The NO, levels reported are an order 
of magnitude below the strictest current requirements. This level of NO, was achieved without a catalytic converter 
or other emissions reducing hardware on the engine. Based on a survey of the literature, these levels have not been 
achieved previously. 

Given diese results, it appears that diere is significant potential for reducing emissions through the use of hydiane 
at hydrogen levels of 28 % to 36%. In addition, the hydrogen component of the fuel utilized in this testing is both 
renewable and available. Current production engines without substantial modifications can take advantage of this 
fuel. 

Although the results of this preliminary testing appear to offer a near ideal solution to the problems of emissions 
and fuel availability, additional research should be conducted to both confirm the results reported and to extend our 
knowledge of this fuel. 

Future research should be conducted to determine the optimum hydrogen percentage. Consideration must be given 
to emissions, power loss as a result of burning hydrogen, drivability of a vehicle using hythane, and maintenance 
of an IC engine using relatively high percentages of hydrogen. In addition, tests should be conducted on the 
dynamometer to determine the cold start emissions of a vehicle operating on hythane. 

Currently a 1994 Ford Ranger equipped with a six cylinder engine is being converted to operate on the proposed 
fuel. The truck is being equipped with emissions monitoring equipment to determine emissions during "normal 
driving." In addition the vehicle will be tested using the FfP standards at a certified emissions laboratory. 

Recall that all the tests conducted during this study were at 17 horsepower and 1700 rpm to simulate a truck 
traveling at 55 mph along a level paved road. Computer-controlled acceleration runs should be conducted to 
determine the emissions of a vehicle under light, medium, and hard acceleration. In addition, research should also 
be conducted at wide open throttle and maximum torque. 

Following die mapping and data analysis of the previously described studies, road tests should be conducted. It is 
our recommendation that a vehicle be equipped with virtually the same sensor arrays dlat are used on the 
dynamometer. Given this data, in conjunction with the dynamometer data, the viability of higher hydrogen 
percentage hyd1ane dian previously tested can be determined. 

Graphs and charts which illustrate die findings in more detail are available by contacting the researchers at the 
address and phone number noted above . 
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PRIVATIZATION: A GLOBAL PERSPECTIVE 

DJEHANE E. HOSNl 

Economics Department 
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Orlando, Florida 32816 

ABSTRACT 

Privatization is the development issue of the 1990s. It ranks high on the agenda of many developing 
countries and is a cornerstone of their economic reform programs. Privatization is the means to foster 
increased economic efficiency and to achieve genuine development. The success of the Newly 
Industrializing Countries (NICs) of Hong Kong, Korea, Singapore and Taiwan has provided the impetus 
for privatization. The active role of their private sector contrasts with the poor performance of the state 
enterprise sector with its monopoly status, inefficiency, and lack of competitiveness. Privatization involves 
the transfer of ownership of public enterprises to the private sector. Those developing countries facing a 
heavy debt burden should consider privatization as a quick way to reduce public debt by disposing of loss -
making enterprises. 

The pace of privatization greatly depends on the size and composition of the public sector and the nature 
of the associated vested interests. To assess progress one must have a clear picture of the economic sectors 
affected and the resulting gains and losses. 

This paper reviews the privatization experiences of the developing countries and examines their 
achievements to date. It capitalizes on the differences in timing, sequence and structure of privatization in 
the conte>..'t of political commitment, economic restructuring, and institutional framework. 
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