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Dear Conference Participants:

It is with pleasure that we present to you the Proceedings of the 2013 International 
Conference on Industry, Engineering and Management Systems (IEMS).  The 
papers presented this year were of consistently high quality in their respective 
fields.  The papers cover a wide range of topics in the business and engineering 
disciplines, integrating concepts that further the mission of the IEMS Conference. 

We present this Proceedings to you in the spirit of continuous improvement. Your 
comments and suggestions regarding the continued improvement of the 
Proceedings are always welcomed. 

These proceedings would not have been made possible without the valuable 
contributions of our Track Chairs for the time and effort they spent reviewing all 
the papers; and for our Administrative Coordinator, Elki Issa, whose work behind 
the scenes helps make our Conference a success.

We look forward to seeing you at IEMS 2014!

Warm Regards,

Nabeel Yousef, Ph.D.
IEMS Publications Editor  
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An Expert System of Meg Whitman’s Knowledge
 (Current CEO of Hewlett-Packard and Former CEO of Ebay) 

Robert L. Mullen
Southern Connecticut State University

mullenr1@southernct.edu

ABSTRACT

This paper describes the conceptual 
development of an expert system to provide 
advice to women who aspire to top jobs in the 
computer industry. After a successful run as 
CEO of eBay, Meg Whitman was selected to 
lead Hewlett-Packard back to being a player in 
the computer industry. HP had attempted to 
diversify from its strength of producing 
computer printers into the field of personal 
computers by the acquisition of Compac 
Computers and other hardware in the changing 
computer field. Meg Whitman’s focus has been 
on cost cutting and returning the company to a 
more narrow focus so it can become profitable 
again in this highly competitive industry.

1. Introduction

Since the early 1980s expert systems 
have been developed for the purpose of passing 
expertise from those with the knowledge to 
those who need the knowledge in a convenient 
and easily accessed manner. The idea is to tap 
the mind of the expert such that a less expertise 
person can solve problems normally handled by 
the expert without the expert having to be 
present.  In the early 1980s, expert systems were 
crude, self developed by only a few firms that 
saw value in them. By the late 1980s, special 
languages such as VP-Expert and CLIPS 
emerged and software shells developed to 
increase the ease of development of these 
systems. The first decades of the 21st century has 
witnessed the emergence of intelligent expert 
systems which provide access to multiple 
experts within a narrow field of interest.

In the 1990s with the focus on 
downsizing and need to cut costs in all area, 

managers of large corporations had turned to 
expert systems to provide advice when the cost 
of hiring an expert (consultant) or access to a 
previous expert employee who has been 
downsized was gone. The recent interest in the 
first decade of the 21st century on knowledge 
management has caused a renewed interest in 
expert systems as a means to manage knowledge 
for easier and wider distribution. The software 
industry has matured to build “intelligence” into 
software, sometimes known as “learning 
systems” which can adapt themselves based on 
how they are used. Expert Systems continue to 
become more complex but require constant 
upkeep.

This paper returns to the original 
concept of capturing the knowledge of a single 
expert in a limited domain in the computer 
industry. It is developed for student use to 
recognize heroes in the computer industry who 
have made significant contributions.  It is a 
paper by an MIS professor as a continuing series 
of expert systems for a senior elective course in 
expert systems taught at Southern Connecticut 
State University.

This model has been useful in the 
classroom for the “Expert System” course for 
students to select their own expert and design 
such a system for that expert to better 
understand the nature of these complex systems. 
One student, Dana Mares, continued her project 
into an independent study course where she 
coded her work in CLIPS to demonstrate that the 
model be used to build an actual system if an 
appropriate language is used.

2. Additional Background to 
the Paper

Since early 1990s, an elective course in 
the MIS program at SCSU titled “Expert 
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Systems” has been taught periodically. In MIS 
work, expert systems have long been considered 
the most difficult and complex of all information 
system types. They are included in the family of 
applications known as “artificial intelligence”. 
They represent an application attempting to 
mimic the human brain. These applications 
capture the experience of an “expert” in a 
narrow area of expertise in computer form such 
that this vast “knowledge base” can be used to 
produce advice for a non-expert to solve a 
problem to which they have not gained 
appropriate experience as if they were equal to 
the expert. This is quite a challenge. Students 
were having difficulty understanding the nature 
of these systems and how they differ from 
traditional information systems from a design 
standpoint. Figure 1 outlines the components of 
an expert system.

FIGURE 1
COMPONENTS OF AN EXPERT SYSTEM
Dialog Screen – Determine Nature of Problem
Knowledge Base – A collection of “If ...Then” 

statements From Experts
Inference Engine – Software to search 

knowledge base
Presentation – Determine how to display advice 

to system user

For several years in the 1990s, expert 
systems had fallen out of favor in business 
because they had been incorrectly applied to the 
elimination of experts, who were usually the 
highest paid workers in an organization outside 
of the managers. However, with the downsizing 
of the early part of the 21st century, expert 
systems have reappeared as a training tool for 
such businesses.

In support of this course, which was the 
most challenging MIS course to teach, Dr. 
Mullen developed a model of an expert system 
to demonstrate to the students how such a 
system is developed using a language, CLIPS. 
The model involved picking two individuals a 
year who were experts in their field and who 
were living at the time so theoretically they 
could have been interviewed personally to 
capture their expertise. However, these chosen 
individuals were well known enough in their 

field to have had books and later Internet articles 
published about them. This was the source of 
information for these systems. This model has 
been used to organize the expertise of various, 
living well-known experts in several fields. Dr. 
Mullen began presenting his work at various 
conferences for peer comments to improve the 
process more than ten years ago. A list of 
organizations where these papers have been 
presented and published is shown as figure 2. 
References at the end of this paper lists the 
various individuals so recognized at these 
various conferences and examples of use of the 
model to pass on expertise for emerging 
technologies to reduce the risk of implementing 
new technologies into a business that has no 
prior experience with the new technology.

FIGURE 2 - CONFERENCES WHERE 
EXPERT SYSTEM PAPERS WERE 

PRESENTED

Association of Management; Decision Science 
Institute

Industry, Engineering, and Management 
Systems

Information Resource Management Association

Dr. Mullen also began to utilize the 
model to recognize the many contributors to the 
advancement of computer application usage who 
may be seen as heroes or role models to my MIS 
students. Such individuals who have had prior 
models developed of the expertise in the 
computer field include Bill Gates (Microsoft); 
Steven Jobs (Apple Computers); Michael Dell 
(Dell Computers); Lawrence Ellison (Oracle); 
Scott McNealy (Sun Microsystems) and last 
year Mark Zuckerberg, founder of Facebook.  
Added to this list is the subject of this paper – 
Paul Allen (co-founder of Microsoft). A co-
author, Dr. Bassett, was added this year for a 
separate paper on Steve Wozniak (co-founder of 
Apple Computers) to assure that the model does 
not die off with the upcoming retirement of Dr. 
Mullen in 2013.

2
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FIGURE 3 - PARTIAL ACCOMPLISHMENTS  
OF MEG WHITMAN 

 CEO of Ebay, one of successful web 
businesses.

 CEO of Hewlett-Packard, one of 
surviving PC manufacturers.

 Considered a role model for female 
executives by breaking the “glass 
ceiling”.

 Has been mentioned as potential female 
political person. 

3. Specific Development of This Paper

During the Fall 2010 semester at 
Southern Connecticut State University, Dr. 
Mullen offered the course in Expert Systems that 
had not been taught for five years due to lack of 
support from the students. It had now been 
advertised as an elective for both MIS and 
management students. Students were asked to 
work on a term project that required selecting an 
expert in a field of interest to them. Most chose 
sports figures or well-known managers. One 
student selected Mark Zuckerberg with an 
interest toward developing the social network 
system into a target marketing tool. Dr. Mullen 
had planned to do a paper on Mark Zuckerberg 
for the 2011 IEMS conference that year so got 
permission to combine their work into a single 
paper for the IEMS March 2011 conference. 
This also stimulated Dr. Mullen to return to his 
original model of using these papers to 
recognize the many contributors to the highly 
successful computer industry such that future 
students of the course may continue that effort 
rather than focus on various sports heroes. Since 
there are a number of female students in the MIS 
program at Southern Connecticut State 
University, this paper will focus on Meg 
Whitman as the subject of this paper.

In developing an expert system, a 
knowledge engineer asks questions of experts to 
build a knowledge base. Figure 4 contains some 
example questions that would be appropriate to 
ask of Meg Whitman to simulate the collecting 
of her knowledge in the form of advice for 
anyone interested in attempting to become an 
executive in the fast paced computer industry. 

Of course, we did not have an opportunity to 
actually meet with Meg Whitman herself. We 
could uncover such situations and information 
for use in this paper from the vast articles in the 
trade press.

 
FIGURE 4

A SAMPLE LIST OF ADVICE MEG 
WHITMAN WOULD GIVE FEMALES
1. MAKE SURE YOU ARE CONFIDENT 

TO STANDUP FOR YOUR IDEAS.
2. DO NOT BE INTIMIDATED BY THE 

MALES AROUND YOU.
3. RECOGNIZE AND PROMOTE 

OTHER STRONG-WILLED 
FEMALES IN YOUR 
ORGANIZATION.

This paper describes the conceptual 
development of an expert system to capture the 
knowledge of Meg Whitman, an expert female 
executive in the competitive computer industry. 
Figure 5 depicts the conclusions reached from 
the writing of this paper.

In the reference section at the end of this 
paper are other similar papers written and 
presented at earlier conference in the series of 
expert systems on computer professionals 
known to be experts in their field. Although Dr. 
Mullen expects to retire in 2013 and does not 
expect to teach the Expert System course at 
Southern Connecticut University within his time 
remaining, he sees a new value to continue this 
series of papers for IEMS. Dr. Mullen has 
developed the 2012 papers and 2013 papers 
involving other faculty at Southern Connecticut 
State University so they may carry on the model 
for the Expert Systems course should either 
choose to teach it in the future. He also plans to 
continue to honor individuals who have 
contributed to the computer industry so that MIS 
students may have some heroes of their own to 
consider in their work.
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FIGURE 5
CONCLUSIONS

 IT IS POSSIBLE TODAY TO 
CREATE AN EXPERT SYSTEM 
FOCUSED ON A SPECIFIC 
INDIVIDUAL RECOGNIZED AS 
AN EXPERT EXECUTIVE IN 
THE COMPUTER INDUSTRY.

 THE IMPACT THAT MEG 
WHITMAN HAS HAD ON TWO 
VERY DIFFERENT 
COMPOUTER COMPANYS 
ATTESTS TO HER EXECUTIVE 
SKILL. 

 THIS EFFORT WAS AN 
EXAMPLE OF “ADAPTIVE” 
DEVELOPMENT TO PROVIDE A 
HERO FOR FEMALE MIS 
STUDENTS AT SOUTHERN 
CONNECTICUT STATE 
UNIVERSITY.
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An Expert System of Steve Wozniak’s Knowledge
 (Co-Founder of Apple Computer) 

Robert L. Mullen and Richard A. Bassett
Southern Connecticut State University

mullenr1@southernct.edu

ABSTRACT

This paper describes the conceptual 
development of an expert system to advise those 
considering the development of a computer 
hardware company such as Apple Computers 
based on the expertise of Steve Wozniak who 
was co-founder of Apple along with the better 
known Steve Jobs. Although Steve Wozniak left 
Apple as a billionaire, he has never received 
much credit for his contribution to the success of 
that firm. He may now be better remembered for 
his contributions to youth sports and his 
appearance on the “Dancing with the Stars” TV 
program. Steve Wozniak was the actually the 
technical genius behind the original Apple 
computer whereas Steve Jobs was merely the 
popular salesman.

INTRODUCTION

Since the early 1980s expert systems 
have been developed for the purpose of passing 
expertise from those with the knowledge to 
those who need the knowledge in a convenient 
and easily accessed manner. The idea is to tap 
the mind of the expert such that a less expertise 
person can solve problems normally handled by 
the expert without the expert having to be 
present.  In the early 1980s, expert systems were 
crude, self developed by only a few firms that 
saw value in them. By the late 1980s, special 
languages such as VP-Expert and CLIPS 
emerged and software shells developed to 
increase the ease of development of these 
systems. The first decades of the 21st century has 
witnessed the emergence of intelligent expert 
systems which provide access to multiple 
experts within a narrow field of interest.

In the 1990s with the focus on 
downsizing and need to cut costs in all area, 
managers of large corporations had turned to 
expert systems to provide advice when the cost 
of hiring an expert (consultant) or access to a 
previous expert employee who has been 
downsized was gone. The recent interest in the 
first decade of the 21st century on knowledge 
management has caused a renewed interest in 
expert systems as a means to manage knowledge 
for easier and wider distribution. The software 
industry has matured to build “intelligence” into 
software, sometimes known as “learning 
systems” which can adapt themselves based on 
how they are used. Expert Systems continue to 
become more complex but require constant 
upkeep.

This paper returns to the original 
concept of capturing the knowledge of a single 
expert in a limited domain in the computer 
industry. It is developed for student use to 
recognize heroes in the computer industry who 
have made significant contributions.  It is a 
jointly written paper by two MIS professors as a 
continuing series of expert systems for a senior 
elective course in expert systems taught at 
Southern Connecticut State University.

This model has been useful in the 
classroom for the “Expert System” course for 
students to select their own expert and design 
such a system for that expert to better 
understand the nature of these complex systems. 
One student, Dana Mares, continued her project 
into an independent study course where she 
coded her work in CLIPS to demonstrate that the 
model be used to build an actual system if an 
appropriate language is used.

mailto:mullenr1@southernct.edu
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ADDITIONAL BACKGROUND TO PAPER

Since early 1990s, an elective course in 
the MIS program at SCSU titled “Expert 
Systems” has been taught periodically. In MIS 
work, expert systems have long been considered 
the most difficult and complex of all information 
system types. They are included in the family of 
applications known as “artificial intelligence”. 
They represent an application attempting to 
mimic the human brain. These applications 
capture the experience of an “expert” in a 
narrow area of expertise in computer form such 
that this vast “knowledge base” can be used to 
produce advice for a non-expert to solve a 
problem to which they have not gained 
appropriate experience as if they were equal to 
the expert. This is quite a challenge. Students 
were having difficulty understanding the nature 
of these systems and how they differ from 
traditional information systems from a design 
standpoint. Figure 1 outlines the components of 
an expert system.

FIGURE 1
COMPONENTS OF AN EXPERT SYSTEM
Dialog Screen – Determine Nature of Problem
Knowledge Base – A collection of “If ...Then” 

statements From Experts
Inference Engine – Software to search 

knowledge base
Presentation – Determine how to display advice 

to system user

For several years in the 1990s, expert 
systems had fallen out of favor in business 
because they had been incorrectly applied to the 
elimination of experts, who were usually the 
highest paid workers in an organization outside 
of the managers. However, with the downsizing 
of the early part of the 21st century, expert 
systems have reappeared as a training tool for 
such businesses.

In support of this course, which was the 
most challenging MIS course to teach, Dr. 
Mullen developed a model of an expert system 
to demonstrate to the students how such a 
system is developed using a language, CLIPS. 
The model involved picking two individuals a 
year who were experts in their field and who 

were living at the time so theoretically they 
could have been interviewed personally to 
capture their expertise. However, these chosen 
individuals were well known enough in their 
field to have had books and later Internet articles 
published about them. This was the source of 
information for these systems. Dr. Mullen began 
presenting his work at various conferences for 
peer comments to improve the process. A list of 
organizations where these papers have been 
presented and published is shown as figure 2 
below.

FIGURE 2
CONFERENCES WHERE EXPERT SYSTEM 

PAPERS WERE PRESENTED
Association of Management
Decision Science Institute

Industry, Engineering, and Management 
Systems

Information Resource Management Association

Dr. Mullen also began to utilize the 
model to recognize the many contributors to the 
advancement of computer application usage who 
may be seen as heroes or role models to my MIS 
students. Such individuals who have had prior 
models developed of the expertise in the 
computer field include Bill Gates (Microsoft); 
Paul Allen (Microsoft); Steven Jobs (Apple 
Computers); Michael Dell (Dell Computers); 
Lawrence Ellison (Oracle); Scott McNealy (Sun 
Microsystems) and in 2011 Mark Zuckerberg, 
founder of Facebook.  Added to this list is the 
subject of this paper – Steve Wozniak (co-
founder of Apple computers). A co-author, Dr. 
Bassett, was added this year to assure that the 
model does not die off with the upcoming 
retirement of Dr. Mullen in 2013.

Steve Wozniak met Steve Jobs while 
attending high school where they learned to 
build computer gadgets together. They were 
introverts or “geeks” at the time so would get 
along well with each other. Working together, 
they built a gadget to a local geek club as a 
computer that worked. When Steve Jobs learned 
that “Woz” was giving the computer to friends, 
he suggested forming a business and selling 
them as Apple I computers for the “hobby” 
crowd. Steve Wozniak is lesser-known for his 
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role in forming Apple which was originally 
designed for game playing. Because of their 
similar names, Steve Jobs was known as “Jobs” 
and Steve Wozniak as “Woz” in the Apple 
company world. Around 1978, the Apple II 
became a mass marketed computer for use with 
spreadsheet software for business.  Dr. Mullen 
was MIS manager for Rockbestos (a wire and 
cable manufacturing company) at that time and 
purchase several Apple II computers for 
accountants for spreadsheet work to compliment 
the Wang computers bought for “word 
processing” for the secretaries.

In 1985, Jobs hired John Scully to run 
the business side of Apple so he and “Woz” 
could invent new devices. In 1987, Steve Jobs 
left Apple over personality classes with John 
Scully, but he kept his stock in the company. 
“Woz” also left during the same time period 
with a billion dollars in stock. Jobs started Next 
computer and began to invest in the movie and 
communication industry. “Woz” chose to invest 
his time in youth programs and enjoying his 
financial independence as a billionaire.  

All of the original computer geeks went 
on to become billionaires from their 
contributions to the computer industry. All have 
since donated a portion of their wealth to various 
charitable institutions. The focus of this paper is 
to recognize Steve Wozniak’s contribution to the 
computer industry.

FIGURE 3
PARTIAL LIST OF INTERESTS  OF STEVE 

WOZNIAK AFTER APPLE 
1. Actively supported various youth 

programs in his hometown.
2. Sought charities to contribute some of 

his wealth.  
3. Lost all interest in technical stuff. May 

have been burned out by the pressures 
from Steve Jobs to follow his “Jobs” 
vision.

4. Became more outgoing with people but 
remained a “private” person.

5. No interest in consulting.
6. No interest in public speaking.
7. Recently appeared on “Dancing with the 

Stars” as a celebrity. 

SPECIFIC DEVELOPMENT OF THIS 
PAPER

During the Fall 2010 semester at 
Southern Connecticut State University, Dr. 
Mullen offered the course in Expert Systems that 
had not been taught for five years due to lack of 
support from the students. It had now been 
advertised as an elective for both MIS and 
management students. Students were asked to 
work on a term project that required selecting an 
expert in a field of interest to them. Most chose 
sports figures or well-known managers. One 
student selected Mark Zuckerberg with an 
interest toward developing the social network 
system into a target marketing tool. Dr. Mullen 
had planned to do a paper on Mark Zuckerberg 
for the 2011 IEMS conference that year so got 
permission to combine their work into a single 
paper for the IEMS March 2011 conference. 
This also stimulated Dr. Mullen to return to his 
original model of using these papers to 
recognize the many contributors to the highly 
successful computer industry such that future 
students of the course may continue that effort 
rather than focus on well-known sport’s 
millionaires. At 2012 IEMS conference, the 
subject was Paul Allen as co-founder of 
Microsoft. This last year of the series features 
Steve Wozniak, co-founder of Apple. 

In developing an expert system, a 
knowledge engineer asks questions of experts to 
build a knowledge base. Figure 4 contains some 
example questions that would be appropriate to 
ask of Steve Wozniak to simulate the collecting 
of his knowledge in the form of advice for 
anyone interested in attempting to make a 
contribution to the fast paced computer industry. 
Of course, we did not have an opportunity to 
actually meet with Steve Wozniak himself. We 
could uncover such situations from a book when 
Steve Wozniak wrote a memoir, titled “Woz”.

The language of an expert system is 
usually rule-based so that advice is shown as the 
answer to an “IF” question that the expert 
system user might have as a problem. Most of 
the advice from Steve Wozniak is non-technical, 
lessons he has learned from his time at Apple as 
well as other innovations on his own after his 
years at Apple. The main focus of the book was 
more advice regard appropriate use of one’s 
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fortune rather than how to make a fortune in the 
computer industry as Steve Jobs was able to do. 
A hidden message in the writing is that if you 
find yourself no longer needing to work, you are 
free to do whatever makes you happy. You need 
not be like Steve Jobs who left Apple to try and 
form a similar company again – NEXT 
Computers. Steve Jobs returned to Apple with 
new interests in the “iPad” and “iPhone”. He 
stayed in the business whereas “Woz” chose to 
get out. Guess maybe he thought, a billion was 
enough for any one person.

FIGURE 4
STEVE WOZNIAK’S ADVICE TO ON A 

CAREER IN THE COMPUTER INDUSTRY
 If your goal is become wealthy, then the 

computer industry continues to provide 
opportunity to do so.  

 If you are not willing to accept risk and 
have a fear of failure, then the computer 
industry is NOT the right choice for 
you.

 If you do become wealthy due to 
success in whatever you do, then there is 
nothing wrong with spending some of 
your fortune on passions that reward 
you for your success. 

 If you do become wealthy due to 
success in whatever you do, then you 
should spend some of your fortune on 
efforts to improve society and mankind 
in the long run.

 If you do become wealthy due to 
success in whatever you do, then you 
should continue to use your talent in 
new challenges for possible success in 
other areas rather than lead a life of 
leisure just because you can.

This paper describes the conceptual 
development of an expert system to capture the 
knowledge of Steve Wozniak, an expert in the 
development of a computer software firm but 
also an expert in the manner in which he was 
able to leverage that success in a variety of other 
interests to enhance the human mind. Figure 5 
depicts the conclusions reached from the writing 
of this paper.

In the reference section at the end of this 
paper are other similar papers written and 
presented at earlier conference in the series of 
expert systems on computer professionals 
known to be experts in their field. Although Dr. 
Mullen expects to retire in 2013 and does not 
expect to teach the Expert System course at 
Southern Connecticut University within his time 
remaining, he sees a new value to continue this 
series of papers for IEMS. Dr. Mullen will 
develop the 2012 papers and 2013 papers 
involving other faculty at Southern Connecticut 
State University so they may carry on the model 
for the Expert Systems course should either 
choose to teach it in the future. He also plans to 
continue to honor individuals who have 
contributed to the computer industry so that MIS 
students may have some heroes of their own 
upon which to consider.

FIGURE 5
CONCLUSIONS

 IT IS POSSIBLE TODAY TO 
CREATE AN EXPERT SYSTEM 
FOCUSED ON A SPECIFIC 
INDIVIDUAL RECOGNIZED AS 
AN EXPERT IN A VARIETY OF 
INTERESTS.

 CERTAINLY, WITHOUT THE 
MONEY FROM HIS 
PARTICIPATION IN THE 
DEVELOPMENT OF APPLE, 
NONE OF THESE OTHER 
INTERESTS OF STEVE 
WOZNIAK COULD HAVE BEEN 
PURSUED. 

 WHEN YOU HAVE BEEN 
BLESSED WITH A FORTNE 
BEYOND WHAT IS 
REASONABLE FOR A HUMAN 
TO SUPPORT HIMSELF, THE 
MONEY CAN EITHER BE 
DISTRIBUTED TO THE LESS 
FORTUNATE (SUCH AS BILL 
GATES AND HIS WIFE HAVE 
DONE) OR TO SUPPORT 
EFFORTS TO IMPROVE YOUTH 
AND SOCIETY. 
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Abstract 

The 1970s and 1980s were a particularly 
fruitful period for research in the diffusion of 
innovations. Among the more interesting 
pursuits at this time were indices designed to 
ascertain trait innovativeness of a consumer. 
Some of these indices chose to define 
innovativeness as the likelihood to seek out and 
adopt new products, while others chose to define 
innovativeness as the propensity to utilize an 
extant product in new ways unintended by its 
producers. Key demographic differences in 
outcomes of these measures, particularly across 
gender lines, initiated criticism of the former as 
favoring stereotypically-male traits rather than 
innovativeness, per se. The current study 
collects a sample of responses from subjects 
given indices from both of these perspectives, 
compares their findings to those initially 
collected in the previous era, and – given the 
likelihood of social influences perceived roles in 
recent decades -- contrasts the responses by 
gender and other characteristics.

1. Introduction 
While the explosive growth of technology in 

the twentieth and twenty-first centuries has both 
spurred on growth in STEM programs in higher 
education, and in turn those programs 
reciprocally driven further growth in technology, 
still other fields of academic pursuit have been 

impacted by this phenomenon. Disciplines 
ranging from Agriculture to Anthropology, 
Communications to Sociology, to a wide array 
of business subdisciplines including 
Management and Marketing, have focused on 
the behavioral implications of that technology: 
what drives the development of that technology, 
and what drives its adoption?

The Marketing academic field was 
particularly fascinated with the latter 
proposition: what exogenous factors of the 
market environment or innate characteristics of 
the consuming public contributed to the 
successful diffusion of an innovative product? If 
those factors could be explained, then success of 
any new market introduction could be predicted. 

The 1970s and 1980s were a particularly 
fruitful period for marketing research in the 
diffusion of innovations. For example, 
macromarketing researchers developed multiple 
extensions of the fundamental Bass model of 
diffusion (which was the first to model the 
effects of both innovation and imitation in 
predicting the rate of diffusion of an innovative 
product), including parameters reflecting 
marketing actions such as pricing (developed by 
Robinson and Lakhani [1]), personal selling 
(Lilien, Rao and Kalish [2]), as well as 
advertising and promotions (Horsky and Simon 
[3]). 

mailto:apetrosky@csustan.edu
mailto:kwilliams@csustan.edu
mailto:Profess2000@yahoo.com
mailto:pager1@southernct.edu
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Among the more interesting pursuits: the 
creation of indices designed to ascertain trait 
innovativeness of a consumer. Essential for 
market targeting, these indices typically adhered 
to one of two distinct varieties. The first 
mimicked the measurement of employee 
innovativeness in the workplace as developed in 
studies of organizational behavior: namely, the 
willingness to embrace or try new ideas. In the 
creation of indices to measure consumer trait 
innovativeness, items were cultivated to express 
the participant’s propensity to be among the first 
to adopt a product. Under this definition of 
innovativeness, the innovator is a passive 
reactor, choosing to take or not take what is 
provided him on the market. Items on such 
“Acquisition-Oriented” indices would include: 

 I like to try new and different things. 
 When I see a new brand on the shelf, I 

often buy it just to see what it’s like. 
 Buying a new product that has not yet 

been proven is usually a waste of time 
and money. (reverse-coded)

 I like to see what my friends and 
neighbors think of a product before I try 
it. (reverse-coded)

Among the indices introduced following this 
type were Leavitt and Walton[4] and Craig and 
Ginter [5]. 

The other type of indices (e.g. Price and 
Ridgeway [6]) chose to define innovativeness as 
the propensity to utilize an extant product in new 
ways unintended by its producers. No longer 
passive, under this definition the innovator is an 
active participant, using the product in a manner 
that she chooses, engaging with the product, 
asking more of it and its producer; among the 
items in such “Use-Oriented” indices would be: 

 I am very creative when using products. 
 When building something, it is better to 

use things already around the house than 
to buy materials. 

 I enjoy thinking of new ways to use old 
things around the house. 

 I would rather fix something myself than 
take it to someone to fix. 

In application, the two types of measures of 
innovativeness yield conflicting results, as a 
rule: as one may suspect, passive and active 
characteristics are not frequently found in equal 
portions in the same person. For example, 
among participants in studies using acquisition-
oriented innovation indices, males generally 
score higher than females.

Criticism.  The gender imbalance among 
outcomes in acquisition-oriented innovation 
indices has drawn attention, and has led some 
researcher to question the measurement 
instruments themselves as opposed to the traits 
being measured. Beginning with Roger’s[7] early 
generalizations of innovator behavior (including  
greater rationality, a more favorable attitude 
toward change, a more favorable attitude toward 
risk, a more favorable attitude toward science, 
and a less fatalistic outlook) and continuing 
through a number of acquisition-oriented indices 
in both organizational and consumer behavior 
fields, Petrosky [8] draws parallels between items 
included in each of them with well-established 
gender stereo types, as elaborated by Ruble [9] 
(see Table 1). To the degree that men are 
socialized to be aggressive, adventurous, 
competitive, and like math and science, there’s 
little surprise to find that they are judged to be 
“innovative” when the measure – via Rogers -- 
is based on these same qualities.  Similarly, the 
KAI scale, a popular means of innovativeness 
measurement in the organizational behavior 
field, utilizes items such as “has low self-doubt,” 
and “doesn’t need consensus to maintain 
certitude” that conform to Ruble’s male-
stereotypic “self-confident” and “not easily 
influenced.” It’s clear that, at least in some 
proportion, male subjects are being rewarded not 
by their innovative tendencies, but rather for 
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having achieved an immersive state in the 
hunter-gatherer motif of Western gender 
socialization patterns.

Use-innovativeness measures have avoided 
that conundrum, as have “domain-specific” 
innovativeness measurements that sidestep 
descriptive characteristics of the individual in 
favor of items that measure familiarity and 
interaction of the consumer with a specific 
category of goods (Goldsmith and Hofacker[10]). 
Consequently, use-innovativeness scores have 
shown no male score bias – and occasionally 
display female superiority – while domain -
specific innovativeness often favors women in 
ghettoized product categories like fashion.

2.      The Current Study

While gender stereotypes have been shown to be 
strongly persistent throughout successive age 
cohorts despite the changing roles of men and 
women in society[11], there is some limited 
evidence of a commingling of innovative 
response to new product entrants to the market. 

In a study of adoption rates for technological 
product, Morris reveals an emerging unisex 
pattern among younger age cohorts[12].

   There is also evidence of substantial 
movement among environmental covariants 
shaping the interaction between women and 
technology: there is a greater societal awareness 
of gender stereotyping than ever before, women 
seeking higher education in greater numbers, 
women are more likely than men to pursue and 
complete college education, and the difficulties 
experienced in attracting female students into 
science and technology education are slowly 
being eliminated. The old stereotypes are being 
challenged.

     More specifically to the topic at hand, there is 
newer research that suggests that the male 
dominance among scores in some acquisition-
oriented measures of innovativeness is 
diminishing.  Two studies utilizing the KAI 
innovator inventory found that : a) gender score 
differential was disappearing, particularly in 
industrialized nations (Shiomi and Loo [13]); and 
that KAI gender score discrepancy disappears 
completely among participants in senior 
management (Kaufman, Isaksen, and Lauer [14]).

If differences are disappearing in the 
upper echelons of management and in 
more modern industrialized society, and 
gender participation in education and 
technological fields is becoming more 
widespread, perhaps gender differences 
among measures of consumer trait 
innovativeness scores are diminishing as 
well. The most recent published results 
we have to 

Stereotypic men > women Stereotypic women > men

Aggressive Emotional

Ambitious Strong conscience

Active Creative understanding

Dominant Needs approval

Self-confident Home-oriented

Adventurous Enjoys art & music

Competitive Helpful to others 

Forward Creative

Likes math & science Passive

Mechanical aptitude Need for Security

Not easily influenced Doesn’t hide emotions

Excitable in crisis

Table 1. Gender Stereotypes
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rely on are 
decades old, so 
the purpose of 
this study is to 
test the trait 
innovativeness 
construct with a 
contemporary sample. One each of the two types 
of trait innovativeness scales were used: 
representing the consumer-based acquisition-
oriented innovativeness scale, the 25-item Craig-
Ginter scale, and representing the use-
innovativeness scale, the 44- item Price-
Ridgeway.

3. The Sample

The sample used for the present study consisted 
of undergraduate students enrolled at a medium-
sized, semi-rural, public 4-year university in the 
Western United States. Students were 
compensated for their participation in the study 
by a combination of class credit and small 
amounts of credit at the campus bookstore and 
cafeteria outlets.

The student body is comprised largely of 
commuters drawn from a six-county region 
described as one of the poorest and least-
educated in the country: this region contains the 
one county ranked lowest in college attainment 
in the entire United States. Many students are 
the first in their families to attend college. The 
university is recognized nationally for its service 
to the Hispanic community; Latino and Latina 
students constitute the largest minority in 
attendance, fully 38% of the student body. 
Following nationwide trends, female students 
comprise 65% of all students. As most students 
transfer from a two-year college, the median age 
of an undergraduate student is a somewhat-
higher-than-traditional 23.

Given these facts, the bottom line is that these 
are not elite students in any respect, certainly not
the affluent metropolitans Rogers would predict 
as likely innovators. Any conclusions we might 
draw from the present study reflects trends likely 
to be happening in broader society.

Also, given the aforementioned trend toward 
gender neutrality in KAI score among managers 
– and that it would be reasonable to assume that 
novice managers might act in their private life in 
the same manner in which they have been 
socialized in their professional life -- the 
researchers were careful to partition the student 
participants into two pools by major: business 
majors and non-business majors. The breakdown 
of the sample is shown in Table 2.

4. The Results

The resultant scores of the Craig-Ginter and 
Price-Ridgeway scales were correlated in whole 
and by their individual factors (Craig –Ginter 
had seven original factors: “new is wasteful,” 
“social desirability,” “novelty seeking,” “risk 
aversion,” “style consciousness,” “satisfaction 
with status quo,” and “other-directedness:” 
Price-Ridgeway had five: “creativity/curiosity,” 
“risk preferences,” “voluntary simplicity,” 
“creative reuse,” and “multiple use-potential”).

No significant correlations among the 
individual factors of the two scales were found, 
supporting the case that the two constructs, 
while both ostensibly related, are distinct and 
not significantly overlapping. The measures 
taken as a whole, however, did reveal an 

Table 2. Sample
 Male Female Total  
Business Majors 59 55% 67 45% 126 49%
Non-Business Majors 49 45% 83 55% 132 51%
All Majors 108 100% 150 100% 258 100%
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interesting result. While no component 
factors correlated, the two composited scales had 
a mildly significant correlation (p<0.10), and  
after having partitioned the result by gender, the 
entirety of that significance comes from the 
female portion of the sample (see Table 3A). For 
males, there is no discriminatory power between 
the two measures of innovativeness. 

This can be further explained by 
looking at the mean scores of the 
participants for the two indices (see 
Table 3B). While females score higher 
on average than males on each of the 
two indices (which is contrary to the 
result of a quarter century ago in the 
case of Craig –Ginter), the difference is 
only significant in the case of the Price 
Ridgeway scale (p<0.005). While 
females have made up the difference in 
the formerly male-dominated 
acquisition-oriented innovation sphere, 
as similarly suggested from the 
organizational behavior literature,  they 
are still dominant in terms of use 
innovation.

With regards to effects by academic 
major, there are no significant 
differences for either index when 
compared between business and non-
business student participants (see Table 
3C). However, when holding out only 
the female participants in the study (see 
Table 3D), business students scored 
significantly higher than the non-
business students, lending credence to 
the idea of transference of the 
management effect seen in the KAI 
studies to the consumer sphere.

5. Future Considerations

Clearly, some of the same effects 
reported in the organizational behavior 
innovativeness literature are being seen 

in the consumer innovativeness behavior with 
respect to gender.  There is an opportunity to 
follow up on some of the effects reported here in 
more detail, and to explore the means by which 
we measure innovativeness:

1) In the present study, only business and 
non-business categories are explored. These 

Table 3. Statistical Results

  

A. Correlation between Craig-Ginter and Price-Ridgway
  

Sample Pearson's r Sig  

Total sample 0.245 <.01  

Just males 0.191 n.s.  

Just females 0.310 <.01  

  

  

B. Scale Mean Differences by Gender  

  

Measure Gender Mean
T-

value Sig

Craig-Ginter Male 83.79 1.2 n.s.

 Female 85.33  

Price-Ridgeway Male 163.4 3.2 <0.005

 Female 178.2  

  

C. Scale Mean Differences by Major  

  

Measure Major Mean
T-

value Sig

Craig-Ginter Business 85.11 0.6 n.s.

 Non-Bus 84.33  

Price-Ridgeway Business 171.3 0.4 n.s.

 Non-Bus 173  

  

D. Scale Mean Differences by Major, Females only  

  

Measure Major Mean
T-

value Sig

Craig-Ginter Business 86.91 1.66 <0.1

 Non-Bus 84.11  

Price-Ridgeway Business 176.4 0.58 n.s.

 Non-Bus 179.9   
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could be expanded to include other categories of 
worker or academic major more or less involved 
in the technologically-oriented fields, and 
contrasted with those more aesthetically-
oriented fields such as art and music. 

2) In the present study, only one age cohort, 
the college student, is represented; older and 
younger cohorts could be included to test the 
effect of age on the gendered expectations with 
respect to the components of innovativeness. 
Similarly, the sample could be expanded to 
represent more cosmopolite groups.

3) Additional efforts could be made to 
measure across contexts which favor each of the 
genders (e.g. new sports for males, new 
electronic reading devices for females, etc.).

4) Given the distinctiveness of the two types 
of innovativeness measures, the sample size 
could be expanded to tease out potential factors 
in each of the two measures, correlate factors to 
examine the components in agreement, and 
recombine for a composite measure. 
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Abstract 

Technologies to lessen the dependence on 
power from a grid are becoming more desirable 
as energy prices and greenhouse gases are on the 
rise. This project consists of a renewable energy 
source charging a 12 volt battery, a VDC to AC 
inverter, and an automatic power switch that 
allows the home to be run on grid power when 
the batteries are spent and must be recharged. 
An inverter was designed, built, and tested for 
solar energy system to invert an incoming 12 
(VDC) into a sinusoidal output of 120 (VAC) 
for use via a switch for residential use. Since 
most appliances in the USA uses 60 Hz, the 
inverter design has to meet that demand with 
input power safety (fuses and strain guard) 
features. A LCD placed under the case lid 
displays the temperature of the components of 
the inverter box. This feature is useful for 
monitoring the cooling system. The test results 
on the primary/secondary functions of the 
inverter and the modifications proposed for 
future design are presented and discussed.

1. Introduction 
At present, energy prices and greenhouse 

gases are on the rise. There is a need for 
reducing the use of power from grid. Solar and 
wind energies when taped properly will reduce 
the use of power from grid as well as the 
emission of greenhouse gases. One of the   

Mercer University design teams [1], TMG, 
worked in conjunction with two other teams that 
have already completed the first and last portion 
of this project. Both of the previous teams 
designed their portion of this project at Mercer 
University. The goal of these three teams is to 
produce a low cost alternative to the power grid.  
This project consists of: 1. a renewable energy 
source charging a 12 volt battery [2]; 2. a VDC 
to AC Inverter [1]; and 3. an automatic power 
switch [3] that allows the home to be run on grid 
power when the batteries are spent and must be 
recharged.  

The part of the system designated for TMG is 
to design a power inverter to invert the stored 
VDC energy into a usable 120volt sinusoidal 
output. Figure 1 is a high-level diagram that 
demonstrates the idea behind the entire solar 
inversion system.  The inverter section is shown 
just to the right of the solar panel. Though a 
complete solar inversion system, this system 
does not display the battery to store the 
accumulated VDC during inverter-off time. 

Moreover, Figure 1 does show the ability to 
sell energy back to the grid; however, the switch 
was not designed to sell energy back to the 
power company. In addition, the lack of having 
this feature allows the system to be used in areas 
that have laws against systems capable of selling 
energy to the grid, due to possible lineman 
injury.

mailto:juang_jn@mercer.edu
mailto:radharaman_r@mercer.edu
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Figure 1. Solar inversion system

2. Background 
The solar inversion system is being designed 

alongside the renewable source and switch to 
help in rural areas that are looking to have less 
dependence on the power grid. The system is 
also ideal for those looking for ways to help 
society as a whole be greener, by again using 
less power from the grid, thus hopefully helping 
to reduce greenhouse gas emissions. In the end, 
the whole system will also be useful in saving 
money for a home by using less power from the 
grid and more from a source that is virtually 
free. In addition, the inverter, independent of the 
rest of the system, can be modified relatively 
easy for many uses. The theory behind the entire 
solar system is in essence, to completely 
disconnect the home from one source of power 
while simultaneously connecting it to another 
source without anyone in the home knowing.

3.  Methods and Materials  
Key Activities and Decisions: During the 

development of this inverter several issues arose.  
These issues included: power circuit – use of 
bipolar junction transistors (BJTs) or metal–
oxide–semiconductor field-effect transistors 
(MOSFETs) [4]; frequency generation (for 
device switching); and an efficient opto-coupler 
design [5].

In the initial design, the current from the 12 
volt source would enter into the base of the BJTs 
at the presence of a load on the secondary of the 
transformer. However, during the development 
the interest for using a device that was reliable 
for switching high current and fully turning the 
device off arose. If BJTs were to be used to 
provide a maximum of 10 to 15 amps, then 1 to 
1.5 amps had to be instituted at the base.  This 
further complicated the design by calling for an 
extra set of BJTs (with the knowledge that BJTs 
do not have as low a saturation voltage as 
MOSFETs which would greatly increase power 
loss across the BJTs). Therefore MOSFETs were 
introduced, since almost no current is required at 
the gate and only a potential difference.

The method of frequency generation was 
another issue to be reconsidered. Initially, letting 
the inefficiencies in the two identical RC setups 
initiate and control the timing of the switch was 
the original focus. This knowledge was modified 
based on the RC setup that would require current 
flow (now into the gates of the MOSFETs). This 
is impossible because MOSFETs cannot receive 
current from gate to source.  Therefore the new 
design was to use the logic signal from the 
Arduino Uno to drive the gates of the MOSFETs 
since all they required was a potential 
difference.  

Also an option of implementing an opto-
coupler [5] was considered to step up the voltage 
on the gate to 12volts in order to fully saturate 
the MOSFET (the Arduino could only supply 
5volts).  This required a signal from 0 to 12 volts 
on each MOSFET but with inversion in signal 
output from the Arduino, so the MOSFETs 
would not be operating at the same time.  

3.1. Design Successes/Revisions

  This design has been very successful with 
the additional modifications to the original 
design.  First, in place of the RC configuration 
that would control the frequency of the 
switching, the Arduino Uno was inserted in 
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order to facilitate this as well as control the fan 
speed and has proved a success. Additionally, 
the team, after being satisfied with the results, 
called for a nearer-pure sine wave output from 
the Arduino. Moreover, the Arduino input on the 
design allows more efficiency from the battery 
source by varying the frequency thus conserving 
energy. Use of the Arduino also extends life of 
the inverter by doing away with the archaic 
switching components (RC time constant 
devices) that could possibly become overheated 
and breakdown under long use.  

Secondly, the MOSFETs operate very 
efficiently. The inherent diode allows the spike 
from the transformer (during the collapse of the 
magnetic field induced over the windings) to 
discharge timely with nice results. These 
MOSFETs have worked perfectly thus far. As 
stated previously, this allowed minimal-to-no 
current needed to switch the device. It also 
allowed better input resistance of the MOSFET 
and an assured off when the transformer (high-
side) saw no load.  Furthermore, the gates of the 
MOSFETs had to continuously reference the 
ground as they were switching, so a voltage 
divider was placed at the output of the opto-
coupler into the gate of each MOSFET to 
dampen the effect of the switching capacitance 
(resistive build up). This is explained more in 
detail in the construction and testing section of 
this document.  

3.2. Construction and Testing  

The construction of the power inverter is 
defined in a step-by-step procedure with regards 
to testing of critical components in two parts.  
The first part discussed, which enables the 
operation of the physical components, is the 
software. The software was implemented via 
Arduino Uno.  The cooling system was the most 
critical, since the MOSFETs and transformer 
would generate most of the heat inside the box. 
Therefore, the Arduino was implemented with 
code in order to constantly read the temperature 

of the box and display it through LCD (liquid 
crystal display) interfacing (Figure 2) and the 
frequency of the fan (for speed purposes) adjusts 
as well. Methods and procedures for re-
implementation are listed herein. 

Secondly, the hardware side of the 
construction and testing is explained in detail. 
Data from these test, (oscilloscope captures, 
picture of test setups, etc.), were obtained and is 
displayed in the following sections.  
Furthermore, the heat-sink was consolidated to 
one device and was shrunk (relative to the one 
shown later for test purposes). In-line power 
fuses and a switch were also added for 
protection to the sensitive equipment inside the 
box such as the Arduino and MOSFETs. In 
using a 12 gauge wire versus a 14 gauge wire 
(rated for 15 amps), the 14 gauge wire on the 
high current expectancy of the fuse would be 
limited plus an additional 5 amps to assure non-
overheating. Therefore, the 12 gauge wire was 
instituted. Also, the transformer was placed 
closest to the fan, followed by the MOSFETs on 
the heat-sink, and then the printed circuit boards, 
in which (the latter) were stacked to allow for 
maximum heat dispersion. Moreover, holes were 
punctured in front of the casing to allow for 
max-air circulation.  

Figure 2. Sky view of LCD interface with PCB
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3.3. Cooling Circuit and Software 
Implementation  

The four tests that were performed in order to 
ensure the safety of the power inverting product 
were done using the software. The tests that 
were defined, respectively, are Cooling Circuit 
Software with Components, Timer Interrupts to 
Control Frequency, Signal Delaying, and 
Software Verification of the Cooling Circuit 
(with the 60Hz square wave signal). Moreover, 
the Timer Interrupt test will ensure that the 
inverter will obtain the necessary frequency 
needed to drive many household items.

3.4. Hardware: Transformer 

TMG performed two tests on the transformer 
(Figure 3) to obtain internal characteristics -   
open and short circuit tests. As mentioned 
above, the internal characteristics of a 
transformer allow the engineer to best model the 
device (transformer) with software before actual 
institution of it into a circuit.  

Figure 3. Housed transformer 

This process allows some type of expectation 
as well as the working out of “bugs” before 
actual circuit formation (physically). The 
expectations, also, reveal the current draw 
during off time (open-circuit test), and insight 
into what the device is doing while the switch is 
on (short-circuit test). The software PSPICE 
(Personal computer Simulation Program with 
Integrated Circuit Emphasis) was used.  More on 
these internal characteristics will be mentioned 
later as each test is performed.  With that said, 

this process is normally called engineering 
analysis to construct a transformer equivalent 
circuit.  Figure 4 displays the equivalent circuits 
for open and short circuit tests.  

First an open circuit test was performed.  
This test was performed with the secondary 
(low-voltage) side open-circuited and the rated 
voltage (120Vrms) impressed on the primary.  
“Under this condition an exciting current of a 
few percent of full-load current (less on large 
transformers and more on smaller ones) is 
obtained. If the transformer is to be used at other 
than its rated voltage, the test should be done at 
that voltage [6]. This excitation current is 
measured with an amp meter.  The impressed 
voltage is known as the open circuit voltage 
(Voc). Hence, the power is captured with a 
power meter. All measurements are expressed in 
‘rms’ (root mean squared) and the voltage and 
current are related to the measured power by the 
power factor. In mathematics, the root mean 
square (abbreviated RMS or rms), also known as 
the quadratic mean, is a statistical measure of the 
magnitude of a varying quantity. It is especially 
useful when variates are positive and negative, 
e.g., sinusoids. RMS is used in various fields, 
including electrical engineering [7]. Figure 5 
shows the schematic on how the open circuit test 
should be performed.

Figure 4. Equivalent circuits for tests 
(a) Open circuit; (b) Short circuit

http://en.wikipedia.org/wiki/Integrated_Circuit
http://en.wikipedia.org/wiki/Integrated_Circuit
http://en.wikipedia.org/wiki/Integrated_Circuit
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 Figure 5. Design for the open circuit test

The magnetic core resistance and reactance 
for the open circuit test are calculated using the 
relations:

                            
𝑅𝑀 =

𝑉 2
𝑜𝑐

𝑃𝑜𝑐                              (1)
               

                

𝑋𝑀 = 1

( 𝑖𝑜𝑐
𝑉𝑜𝑐)2 ‒  1

𝑅 2
𝑀                        

(2)
where: 
RM (Magnetic Core Resistance) = 1309 ohms; 
XM (Magnetic Core Reactance) = 379ohms; or a 
1 Henry inductor from X = ωL, where ω = 2f.

Secondly, a short circuit test was 
administered - Figure (4b). Figure 6 shows the 
wiring diagram for the short circuit test. 

Figure 6. Design for the short circuit test

This test administers a noticeable amount of 
current by applying from 2 to 20 percent of rated 
voltage (120Vrms) on the primary (high side) 
and shorting the low side. The effect of this 
applied energy is to produce near rated current 
in the low-side or secondary. When probes are 
instituted in the primary, current (displayed on 
oscilloscope as voltage – Figure 7) and voltage 
phase difference can be measured and the power 
factor obtained. With that said, any power 

received is a result of I2*R losses in the windings 
of the transformer. Obtaining this information 
can be very hazardous since such large current is 
harnessed. Nevertheless, this was successfully 
performed and the needed results were obtained.  

Figure 7: Oscilloscope capture of
in-phase current and voltage

However since the design team did not have 
a watt-meter that could operate on such low 
voltage (10V; most plug-in power meters need at 
least 92 to 120 V to operate) a shunt device for 
measuring current was instituted in its place.  
The shunt device was plugged into the 
oscilloscope and displayed the current in terms 
of voltage on the screen. This setup (with 
reference to the shunt) gave the short circuit 
power factor as well as power losses for the 
winding: 10Vrms*Irms*pF = power losses or 
I2*R losses). The results obtained are:  

Vsc =10Vrms
Primary: Isc = 2.14Arms 
Secondary: Isc = 8.7A
pF = unity (±) .05%
Psc (Power Short Circuit) =  
(10Vrms)*(2.14Arms)*(unity) = 21.4 Watts

The short circuit parameters are determined by:

                          
𝑅𝑒𝑞 =

𝑃𝑠𝑐
𝑖 2
𝑠𝑐                                 (3)  

and

              
𝑋𝑒𝑞 = (

𝑉𝑠𝑐
𝑖𝑠𝑐

)2 ‒ 𝑅 2
𝑒𝑞 

                  (4)



Proceedings of the 2013 IEMS Conference

22

where: Req = 4.67 ohms; Xeq = 0.16 ohms
Hence, the minimum and maximum current 

can be interpreted to determine the efficiency.  
Respectively, they are:

   
𝐼𝐹 =  

𝑉𝑜𝑐
𝑅𝑀

 = 120 𝑉𝑟𝑚𝑠
1309 𝑜ℎ𝑚𝑠 = 92 𝑚𝐴𝑟𝑚𝑠

     
(5)
    

             
𝐼𝑀 =  

𝑉𝑜𝑐
𝑅𝑒𝑞

 = 25.7 𝐴𝑟𝑚𝑠
               (6)

Thus, the maximum efficiency can be 
calculated from these extremities:

         

𝑚𝑎𝑥 =
 �(1 ‒

𝐼𝐹
𝐼𝑀�)2

1 ‒  
𝐼𝐹
𝐼𝑀

 = 88.7%  

            (7)

3.5. MOSFETs

The Field Effect Transistors (MOSFETs) that 
the design team selected were the N-channel 
IXFN 180N15P chassis mount MOSFETs. This 
MOSFET is rated to support (if need be) a 
maximum of 150 Amps and can support a drain 
to source biasing voltage of 150V. Therefore 
this device should, if powered well (with respect 
to the datasheet) operate very well under the 
max conditions to deliver the expected-ideal 
amperage value of 10 Amps.   

3.6. Full-Mode Switch Test 

With Transformer Using Light Load
Insert the windings and diode in place of 

the lamp (this allows the power supply to 
see the transformer as the resistive element).  
Make sure to connect the diode in parallel 
with the winding input of each drain (put the 
diode’s cathode to the supply and anode to 

each drain for each side or winding). Wire 
the circuit same as for the saturation test [8] 
as shown in Figure 8 using the lamp. Insert 
ammeter in-line between the Hewlett-
Packard and the center winding on the low-
side of transformer (from positive to 
negative, respectively).

Figure 8. Full test reading with light as load 
and ammeter matching current from the grid 

4. Summary and Conclusions
After completing the Power Inverter, the 

design team (TMG) is pleased to have satisfied 
their client’s basic requirements at most with 
additions that further increase the value of the 
design.  The basic requirements are that a 110 to 
120 VAC signal was to be generated at 60Hz 
and be able to provide at least 120watts of 
power.  The device should have input protection 
and a switch. Figure 9 shows the completed 
inverter with the cover lifted and being powered 
up:

Figure 9. Completed inverter: open top view 
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Furthermore, no hardware that was connected 
negatively impacted in any way. The Arduino 
and PCB boards fit in perfectly according to 
layout designs.  The only drawback was that the 
output signal was not a more pure sine-wave 
than the square pulses which it is currently 
generating. TMG has come up with some coding 
strategies that could take care of that issue and if 
furthered into development the desired signal 
should be able to be generated.  To achieve this 
signal nothing should be administered 
additionally in the form of hardware. This is 
totally a software issue. Therefore, the design 
team has some recommendations for the early 
stage development of the software mentioned in 
the recommendations. Fortunately, the signal 
that is being now generated lights the bulb and 
even operates a volunteer’s laptop - the laptop 
charges successfully from the signal. The purer 
signal is for more sensitive equipment that an 
individual may want to add such as washer or air 
conditioning unit.  

Also, the MOSFETs are high-powered 
devices which can handle over a 100 amps of 
current (150 amps to be exact).  This means with 
the implementation of a higher-powered 
transformer, the output could dramatically 
increase to supply energy for those gigantic 
loads such as those mentioned earlier.
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Abstract

The use of passwords is increasing along 
with rapid growth with social network use 
among individuals, businesses, and 
organizations.   With the increasing daily 
reliance on electronic transactions, it is 
essential to have reliable security practices 
to protect information [7, 8].  The purpose of 
the survey was to determine how the number 
of passwords an individual has to recall 
impacts the security of an information 
system with an emphasis on social 
networking privacy and security. The survey 
results are divided into demographics of the 
survey respondents, work/school password 
results and personal passwords results.  
The survey builds upon previous 
information security surveys to further 
expand the research of identification of 
human password practices impact on 
privacy and security as new systems such as 
social networks emerge [1, 2, 3].  This 
research explores the degree of information 
revealed in social networks that is linked to 
user's passwords and/or security reset 
questions. The world has been 
revolutionized by the amount of information 
that makes its way into the daily lives of 
individuals and ultimately organizations [1].  
It is therefore necessary that research 
continues to identify specific ways that 
assist individuals in handling the abundance 

of information.  Future research in password 
authentication practices should continue to 
explore the human and social factors in 
organizational security.  

1. Introduction 
The use of passwords is increasing along 

with rapid growth with social network use 
among individuals, businesses, and 
organizations.   With the increasing daily 
reliance on electronic transactions, it is essential 
to have reliable security practices to protect 
information [7, 8].  This research explores the 
degree of information revealed in social 
networks that is linked to user's passwords 
and/or security reset questions.  Previous 
research by Carstens et al. (2006) developed 
secure password guidelines that are listed below:

• Passwords must be a combination of 
symbols, numbers and letters. 
• Passwords cannot use the same 
character more than twice. 
• Passwords must not spell out words that 
are found in a dictionary or use a proper 
noun such as a name of a person, pet, place 
or thing. 
• Passwords cannot contain information 
easily accessible to the public which include 
but are not limited to a social security 
number, street address, family members’ 
birthdays and wedding anniversary dates.
• Passwords contain two to four chunks of 
data and are comprised of 10 to 22 
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characters in length which will be dependent 
on the character length capabilities of any 
given system. 

The purpose of the password guideline 
research was in evaluating the impact of 
password demands as a means of authentication 
and to mitigate risks that result when these 
demands exceed human capabilities.  The intent 
was to develop password guidelines that don’t 
exceed human memory limitations yet that 
maintain strength of passwords.  The password 
guidelines developed in the research had 
individuals compose their passwords of relevant 
and meaningful data that aren’t accessible to the 
public. 

2. Literature Review 

A study was conducted by  Teer, Kruck and 
Kruck (2007) on the awareness and importance 
of information security.  The findings suggest 
that student’s usage and implementation of 
different information security software and 
practices include firewalls, antivirus software 
and password security.  Even though students 
know that there are security issues with their 
personal computers, students aren’t necessarily 
likely to alter their practices.  For example, sixty 
percent felt that their home personal computers 
are “somewhat insecure” but still forty percent 
of the students surveyed said that computer 
security is “somewhat unimportant” to a student 
computer user, despite the fact that forty-seven 
percent of the students stated that they had one 
or more viruses over the past year.  Furthermore, 
twenty-eight percent of the participants reported 
that they either do not, or are unsure if they 
regularly install updates to their antivirus 
program.  It is important to understand current 
password practices of different user 
communities as security can’t be improved 
without this knowledge.

Recently, hacking of high profile sites such 
as Yahoo, LinkedIn, Facebook and others has 
brought more attention on the security of 
systems requiring authentication with passwords 
[4].  There are applications that can be used to 
generate random passwords, as well as 
applications for testing the strength of a 
password.  Perhaps the traditional way of 
protecting user accounts isn’t enough.  Pins are 
even easier to hack than full passwords.  For 
example, a simple four-digit pin requires an 
approximate “time to hack” of only 0.024 
seconds. This is due to the fact that with only 
four-digits, there are only 211 permutations 
available for use.  This would be a daunting task 
if it were done by a human with pencil and 
paper, but hacking is done with a computer and 
it is estimated that this kind of brute force attack 
is able to generate 100,000 passwords per 
second. The simple change from an eight-
character to a twelve-character password makes 
a large difference.  

Passwords are generally the first line of 
defense, and in some cases the only line of 
defense as systems may require only one form of 
authentication [9].  The “human factor” is 
generally the biggest threat to information 
security, not necessarily system failure.  Since a 
user will usually choose an easy to remember 
password, this makes the system more 
vulnerable and open to attacks.  Security 
measures that can be taken to mitigate and 
minimize risk consist of organizations having 
best practices, which include password syntax, 
password policy and overall password security.  
Longer passwords are harder to crack especially 
those that include more than one character type. 
Policymakers need to keep abreast of different 
cracking techniques such as scavenging trash, 
social engineering and software-based attacks.

There are techniques that can be used for 
improving password management strategies to 
ensure more secure and safe systems [5]. The 
organization’s systems administrator has a vital 
role to the integrity of all systems. There are 
three primary password formats available to 
system managers consisting of clear-text 
passwords, basic hash encryption and salted 
hash encryption.   
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Clear text passwords reveal the actual user 
password to any person with access to viewing 
the table [5].  It is imperative that employees 
working with the system administrator are 
advised of the security risk in storing passwords 
in clear-text format.  The second password 
format is basic hash encryption which is using 
encrypted passwords prior to before stored in a 
table which typically uses a mathematical 
hashing formula technique to convert a 
password into an encrypted alphanumeric value.  
The benefit of hashing is that only the user will 
actually know their password as employees will 
only have access to the hashed value of the 
user's password.  Therefore, a hacker cannot 
reverse-compute the hashed value.   The third 
format discussed is salted hash encryption which 
consists of a salt string.  This is a random array 
of characters that will be created and attached to 
a password prior to it being hashed.  The 
significance of this extra step is that it 
exponentially increases the difficulty of cracking 
the password.  With unsalted hashing, a hacker 
may be able to identify a match for a password 
in the table.  It greatly reduces the chance of a 
match when a password contains salt and as a 
minimum slows down the hacker and may even 
discourage the hacker altogether.  

Research by Castelluccio (2012) suggests 
making passwords memorable by trying to 
remember something about Otto such as the time 
he chewed up the rug by the door. Therefore, 
Ottoatetherug could be used as a password 
which actually means “Otto ate the rug.”  
However, numbers are also needed so letters 
could be substituted to Otto8therug.  
Additionally, upper and lower case variety 
inside the phrase is helpful creating the new 
password, OttO8theHallRug.  These adjustments 
to a password gives this particular password a 
password strength function calculated through 
use of an application of "fair" rating with an 
impressive 243.8 trillion years to enumerate to 
hack of 121.9 trillion years. 

Password security is of increasing 
importance due to organizations being more 
dependent on their use of information systems 
[10].  Despite the widespread use of passwords 
and the importance of these passwords as a first 

line defense, little attention is sometimes given 
to the characteristics of user generated 
passwords. An empirical study on password 
security was conducted which also described 
incidents where password security was 
compromised producing consequences.  An 
example of a social engineering password 
security incident is of a perpetrator posing as a 
branch manager and used a code to steal $13 
million from a bank.  Another example was of a 
technical hacking where a group of German 
hackers penetrated dozens of military, 
government and commercial computer systems 
of users and system administrators.  Passwords 
should be hard to guess, but easy to remember. 
This is a difficult goal to achieve; many people 
sacrifice security for ease, and use weak 
passwords.  Passwords do need to be long as 
four to seven character length passwords are 
more susceptible to hackers.

Leon (2009) discusses five steps on how to 
implement secure password management within 
an organization.  The five steps consist of the 
following:

• Develop a full understanding of how the 
computer system stores passwords.

• Determine whether the current 
encryption method is sufficient to safeguard the 
system

• Identify improvements if password 
security is inadequate.

• Identify the answers to important 
password security questions such as does it 
encrypt and salt passwords when passwords are 
stored, does it hide passwords with asterisks 
when users login, does it log out users after a 
certain period of inactivity and does it lock out 
users after a small number of login attempts.   

• Conduct a penetration test.  
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3. Methodology 

The purpose of the survey was to determine 
how the number of passwords an individual has 
to recall impacts the security of an information 
system with an emphasis on social networking 
privacy and security.  The survey builds upon 
previous information security surveys to further 
expand the research of  identification of human 
password practices impact on privacy and 
security as new systems such as social networks 
emerge [2, 3].  The following outlines the steps 
taken in conducting the password authentication 
survey research:  

•Survey Design

•Survey Respondent Identification 

•Dissemination of the Survey

•Data Collection

•Interpretation of the Survey Results 

The survey design consisted of three 
sections which were demographics of survey 
respondents, work and school passwords, and 
personal passwords.  Survey respondents were 
identified through recruitment of students on a 
college campus.  Once the respondents were 
identified, the survey was administered.  The 
data collected was interpreted utilizing 
descriptive statistics.

4. Results 
The survey results are divided into 

demographics of the survey respondents, 
work/school password results and personal 
passwords results.  

Demographics
Fifty-one survey respondents participated 

consisting of students on a college campus.  
Survey respondents ranged in age with 89.6% 
were between the age of 18-25 and 10.4% were 
26 years of age or older.  The majors of the 
survey respondents were business, aeronautics, 
engineering and liberal arts.

Work and School Passwords
For the work/school survey section, the range 

of work/school passwords for the fifty-one 
survey respondents was between one to twenty 
passwords with the average being 4.37 
passwords.  Four of the forty-seven survey 
respondents, 8%, write their password down on 
paper for recall purposes.  The remaining 92% 
store their passwords in password protected 
documents or their memory.  Forty-two, 82%, of 
the survey respondents use work or school 
systems that force them to change their 
password on a regular basis.  For the question 
asking survey respondents if they use a 
previously used password when changing their 
password for a system, 21%, of the survey 
respondents responded “Very Likely,” 43%, 
responding “Likely,” 18% responding “Very 
Unlikely,” and 4% responding “Never.”  

For the question asking survey respondents if 
the same password is used for multiple work and 
school accounts, forty of the fifty-one survey 
respondents or 78% answered yes.  Survey 
respondents use meaningful dates, names and 
random characters as their system for creating 
work or school passwords.  Survey respondents 
in the last month have forgotten their passwords 
zero to ten times with the average being 1.06 
passwords forgotten per respondent in the last 
month. 

Personal Passwords
For the personal password section of the 

survey, the range of personal passwords for the 
fifty-one survey respondents was between one to 
twelve passwords with the average being 5.25 
passwords.  Table 1 displays the types of 
personal passwords survey respondents have. 
Survey respondents have a range of one to eight 
personal email accounts with the average being 
2.37 email accounts per survey respondent.  The 
number of social media accounts for the survey 
respondents range from one to six with the 
average being 2.47 social media accounts per 
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survey respondents.  Survey respondents use 
meaningful dates, meaningful things, random 
numbers or phrases that they can recall as their 
system for creating personal passwords.  

Table 1. Types of Personal Passwords
Type of Personal 
Passwords

Percent of Survey 
Respondents

Email 100%
Social Media 98%
Phone Lockscreens 61%
Voicemail 31%
Logins for Personal 
Computers

84%

Phone Applications 43%

     For the question asking survey respondents if 
the same password is used for multiple personal 
accounts, forty of the fifty-one survey 
respondents or 78% answered yes.  For those 
78% of survey respondents that answered yes in 
using the same password for multiple accounts, 
45% or twenty-three survey respondents also use 
the same password for related accounts such as 
using the same password for all email accounts 
or the same password for all social media 
accounts.  For the question asking survey 
respondents if they change their personal 
passwords on a regular basis, ten or 20% of the 
survey respondents do change their personal 
passwords on a regular basis.  When asking each 
of the fifty-one survey respondents for the 
frequency in which they change their personal 
passwords, survey respondents or specifically 
40% change their personal passwords monthly, 
20% quarterly and 40% annually.  Survey 
respondents or specifically 69% link their email 
accounts and social media accounts to just one 
of their email accounts.  The same security 
question is used by 39% of the survey 
respondents for more than one of their personal 
accounts.  Survey respondents or specifically 
41% of survey respondents believe their security 
question can be easily identified by others.  

Table 2 displays how likely survey respondents 
believe that their accounts can be hacked.

Table 2. Potential for a Hacked Account
Response Percent of Survey 

Respondents
Very Likely 4%
Likely 22%
Unlikely 47%
Very Unlikely 22%
Never 4%
No Response 2%

5. Conclusion 
The world has been revolutionized by the 

amount of information that makes its way into 
the daily lives of individuals and ultimately 
organizations [1].  It is therefore necessary that 
research continues to identify specific ways that 
assist individuals in handling the abundance of 
information.  The survey results suggest that the 
survey respondents feel a sense of security from 
using difficult passwords, logging off of systems 
or using a secure URL.   Furthermore, survey 
respondents or specifically 73% believe that it is 
unlikely their account will be hacked.   
Therefore, future research in password 
authentication practices should continue to 
explore the human and social factors in 
organizational security.  

Organizational and individual password 
usage as new technology emerges will likely 
increase the memory demands placed on 
individuals daily.  Research will need to be 
continuously conducted to keep a pulse on the 
password demands being placed on individuals 
to identify techniques that assist humans with 
the management of their passwords.  
Determining the links between password issues 
and other newly identified issues on human 
memory limitations and strategies to reduce the 
potential for vulnerabilities produced will be 
crucial for organizational success. 
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Abstract 

The graduation of the students at the Mercer 
University School of Engineering (MUSE) is of 
great importance to the school.  The guidance of 
students is extremely important and it has been 
suspected that some classes are indicators of 
success in graduating with a degree in 
engineering. In many universities they have 
classes that are commonly referred to as the 
“weed” out classes. The investigation performed 
involved looking at eight different classes and 
how the students performed in these classes 
from fall semester 2000 to fall semester 2006. 
The classes investigated are: Statics and Solid 
Mechanics, Dynamics, Thermodynamics, 
Electrical Fundamentals I, Physics I, Differential 
Equations, Calculus I, and Calculus II.  The data 
were obtained from the Office of the Registrar 
of Mercer University. The data included the 
students identification, start date, grades in the 
requested classes, graduation date (if any), and 
degree earned. 

The ultimate goal of the study is to provide a 
greater insight into how these classes may or 
may not affect student graduation. Various tests 
were done on the data such as Anderson-Darling 
and Ryan-Joiner tests for normality. 
Distributions were also graphed to compare 
graduates and non-graduates alike. The study 
performed showed greater insight into students’ 
performance in class and their likelihood to 

graduate from Mercer with an engineering 
degree. 

1. Introduction 
The purpose of this study is to investigate 

trends in class grades and relate them to success 
in graduating students at MUSE. The focus of 
this study was narrowed due to time and 
resource constraints. One part of the study 
focused only on students who have graduated 
from Mercer. No transfer students were 
considered in this portion of the study and any 
credit that was transferred in for credit in one of 
the requested classes was disregarded in the 
study since there is no way to correlate between 
classes taken at Mercer and classes that were 
taken elsewhere. The graduates from Mercer 
could be in either the school of engineering or 
from the college of liberal arts.  However, all of 
the students that were considered began in the 
school of engineering. Graduating as an engineer 
does not count the Technical Communication 
(TCO) or Industrial Management (IDM) 
degrees, only those that earn a BSE in the 
following six specializations in engineering: 
biomedical, electrical, environmental, computer, 
industrial, and mechanical [1].  

The collected data were analyzed using 
Microsoft Excel and Minitab Solutions and 
various conclusions were reached. The first 
surprising statistic discovered was that students 
have a 54.5% chance of graduating from Mercer 
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given that they enter as an engineer. This 
includes any undergraduate degree earned from 
Mercer not just engineering.  Students that have 
graduated from Mercer and started as an 
engineer have a 70.4% chance of graduating 
with a BSE (Bachelor of Science in 
Engineering). Once these two statistics were 
determined the product between the two yielded 
the probability that a student entering as an 
engineer will graduate with a BSE is 38.4%. 
This information is summarized in Table 1.

Table 1. Graduation probabilities
Group Description Percentage
Chance of graduating from Mercer 
given student enters as an engineer 54.5%
Student enters as an engineer: 
chance of getting a BSE given the 
student graduates from Mercer  

70.4%

Chance of graduating from Mercer 
with a BSE given the student 
enters as an engineer

38.4%

2. Tests for normality 
One critical aspect of the grade data is 

whether or not the grades have a normal 
distribution. Having normally distributed data is 
a very common assumption in statistical testing. 
That is, in order to proceed with broad testing, 
grade data must be normally distributed.

Minitab uses the Anderson-Darling 
Normality test [2-3] by default. Anderson-
Darling tests the null hypothesis (Ho) that the 
data are normally distributed against the 
alternative hypothesis (Ha) that the data are not 
normally distributed. However, every grade 
distribution rejects the null hypothesis at a        
P-Value of 0.005. This conclusion places a 
severe restriction on the type of statistical tests 
one can apply. However, upon further 
investigation, the Anderson-Darling test is 
sensitive to ties [2]. Grade data for individual 
classes are inherently tied; there are only 7 
categories for class grades (A, B+, B, C+, C, D, 
and F). Thus, in order to test for normality in the 

case of tied data, one must employ another test. 
The Shapiro-Wilk test [3] provides a test that is 
not sensitive to tied data. Minitab provides the 
Ryan-Joiner Test, which is similar to the 
Shapiro-Wilk test. The results of this test are 
tabulated in Table 2. 

Table 2. Normality test for individual classes
Ryan-Joiner Normality Test

Class P-Value Normal?
EGR 232: Statics > 0.100 Yes
EGR 233: Dynamics > 0.100 Yes
EGR 235: 
Thermodynamics > 0.100 Yes
EGR 244: Electrical 
Fundamentals I 0.012 No
MAT 191: Calculus I > 0.100 Yes
MAT 192: Calculus II > 0.100 Yes
MAT 330: Differential 
Equations > 0.100 Yes
PHY 161: Physics I > 0.100 Yes

Table 2 shows that nearly all of the grades 
distributions for the classes that are being 
investigated indeed have a normal distribution.  
The only exception to this was the EGR 244 
class which is Electrical Fundamentals I.  Once 
this information was known then various tests 
could be applied to analyze the data which will 
be further discussed in the later sections of this 
study.

Given the character of individual class 
distributions, it is conceivable that the 
graduating GPA distributions may not be 
normal. One expects more normal data in the 
light that there will be fewer ties. It is important 
to investigate the nature of the grade 
distributions; descriptive statistics require 
knowledge of the distribution nature. 

The overall graduation GPA for those who 
receive a BSE, those who do not receive a BSE 
and both groups combined should provide a 
clear view of the nature of the grade 
distributions. According to the Anderson-
Darling test for normality, none of these three 
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distributions are normal. Note that in this case, 
using the student’s overall graduating GPA 
should not hamper the Anderson-Darling test. 
Very few ties exist; the data are more continuous 
than that of individual classes. Ryan-Joiner tests 
were also performed, in case the data do not suit 
the Anderson-Darling tests.

None of the three distributions pass the 
Anderson-Darling test for normality. Further, 
none of the distributions pass the Ryan Joiner 
tests. Table 3 shows the results of the tests. 
Figure 1 shows the probability plot of BSE 
GPA.

Table 3. Final GPA normality tests

Distribution

Anderson- 
Darling
P-value

Ryan- 
Joiner

P-value Normal?
B.S.E. Degree < 0.005 < 0.010 No
Non-B.S.E. 
Degree

0.018 0.044 No

Both Degrees < 0.005 < 0.010 No

Figure 1. Probability plot of BSE GPA

This presents a problem: non-normal data 
require a departure from traditional analysis. 
Before abandoning the assumption of normally 
distributed data, some further investigation is 
prudent. Normal probability plots [2-7] for the 3 
sets of data showed the signs of short tails: plots 
which curve up and down at the ends of the 
plots. For BSE (Figure 1) and non-BSE 
distributions, the data exhibit notable S 
behavior. This is common for short and long 

tails, but does indicate that the data are probably 
not normally distributed. However, the S 
characteristic is not very pronounced and one 
may disregard it [6]. 

Practical interpretation of this data agrees 
with logical conclusions given the restrictions on 
GPA grade distributions. Short tails mean that 
the data may behave normally in the middle, but 
exhibit truncated tails. GPA maxes at 4, which 
explains the upper tail (GPA will never rise 
above 4.0, placing an artificial restriction on the 
distribution). The lower tails for all three 
distributions land around a 2.0, corresponding to 
a C grade. Given that the data inspected included 
only graduates, a minimum 2.0 GPA is to be 
expected; most classes/degrees require a 
minimum grade for credit.  

Given the above observations, while the tests 
for normality suggest the GPA data are not 
normally distributed, the underlying grade data 
may well be. GPA groups a range of possible 
grades, forcing ties in the data. These ties carry 
through final GPA, and will have an effect on 
the Anderson-Darling test. Both the Ryan-Joiner 
test and the Anderson-Darling test are impacted 
by the short tails of the data. If the grade 
distributions were given as a numeric value from 
zero to 100, instead of as a grade point (A, B+, 
B, C+, C, D, and F), the data may well be more 
normal. One expects the tail on the high end to 
extend farther; nearly no student will have 
prefect 100% grades, many more students will 
have grades from 90% to 100%. In conclusion, 
the majority of this study will assume that the 
underlying grade data are normally distributed.

3. Grade investigation

3.1. Physics I (PHY 161)

One of the courses of interest was Physics 
161. The investigation in this case was to 
determine whether or not the physics class has a 
direct impact on graduating with a BSE given 
that the student graduates from Mercer and 
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enters as a declared engineer. The statistical 
analysis that was performed only includes those 
students that took physics at Mercer and does 
not account for transfer students or those who 
took the class at a different institution. Figure 2 
shows the grade distribution for the students in 
the Physics 161 class as well as the distributions 
for BSE and non-BSE students.

Figure 2. Physics 161 grades

It can be seen simply from looking at the 
graphs that those students that graduated with a 
BSE had a grade distribution that is skewed to 
the right. The students who graduated with a 
non-engineering degree had a grade distribution 
that looked somewhat more like a normal 

distribution with a light skew to the left.  This 
shows that those students who were successful 
in graduating with a BSE got a higher grade in 
physics. Table 4 shows the probability of 
graduating with a BSE given that the student 
took the class at Mercer University and is based 
on what letter grade was earned in the class.

Table 4. Probability of graduating with a BSE 
based on performance in Physics I

Student Performance Graduating Probability
A 0.934066

B+ 0.915254
B 0.750000

C+ 0.718310
C 0.423529
D 0.451613
F 0.028571

Table 4 gives some great insight into how a 
student’s performance in the class can impact 
their chances of graduating.  The difference is 
not very significant between an A and a B+ 
however when the grade drops to a B the 
probability of graduating with a BSE also drops 
significantly.  The drop is almost 20% which is a 
significant difference. There is also an area of 
interest between a C+ and a C. The difference in 
probability of graduating given that the student 
earned a C+ rather than a C is nearly 30%.  
Realistically, based on the data given above less 
than half of the students that earn a C in   
Physics I graduate with a BSE.  This information 
can be very useful to both advisors and students 
when counseling or making decisions. An 
analysis was also performed to determine 
whether or not the average grades between BSE 
graduates and non-BSE graduates are the same. 
Minitab results in Table 5 prove that the mean 
grade between a BSE and Non-BSE graduates 
are different. 
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Table 5. Two-sample t-test: 
BSE and non-BSE

Class N Mean StDev. SE Mean
BSE 327  2.974 0.907 0.050
Non-BSE 58 2.078 1.08 0.14

The analysis performed includes various tests 
such as the t-test as well as an ANOVA [8-10].  
Once these were done Tukey’s test [10] was also 
applied in order to conclude upon the differences 
in the grades. It can be seen from the above 
analysis that there is a significant difference in 
the average grades of the students (BSE: 2.974, 
non-BSE: 2.078).

3.2. Electrical fundamentals I (EGR 244)

Figure 3 presents a student’s final graduating 
GPA, with their corresponding EGR 244 grade 
directly above or beneath their graduating GPA. 
One can see rather quickly that of the 338 BSE 
graduates sampled only the bottom 60% 
received a C+ or lower. The corresponding final 
graduating GPA for the bottom 60% of students 
is a 3.32, meaning that historically, receiving a 
grade lower than a B in EGR 244 caps a 
student’s final graduating GPA to a 3.32 or 
lower. On the other hand, relieving B or higher 
in EGR 244 means little in terms for a final 
GPA; final graduating GPAs range from a 4.0 to 
2.3. 

Figure 3. EGR 244 GPA vs graduating GPA

Note the density of A (4.0) grades toward the 
upper 25% of gradating GPAs. This suggests 
that those who graduate within the 25% of their 
class tend to get an A in EGR 244, but that 
getting an A in EGR 244 does not mean that one 
will land in the top 25% of their graduating 
class. Thus, one can make fairly accurate 
predictions about a student’s final graduating 
GPA given they made a low grade in EGR 244. 
Otherwise, one cannot say anything with 
certainty about a student’s final graduating GPA 
given their EGR 244 grade.

The EGR 244 grade distribution is the only 
distribution which rejects normality when 
subject to the Ryan-Joiner test. However, it is 
clear that while the distribution is non-Normal, 
one extract valuable information nonetheless. 
This supports the decision to use EGR 244 data 
as a means for predicting student performance, 
even in a purely descriptive sense.

3.3. Thermodynamics I (EGR 235)

Thermodynamics (EGR 235) was also 
determined to be a key class in students’ paths 
for graduation. An analysis similar to the one 
performed above for Physics was done for 
Thermodynamics. The data that were analyzed 
for this class only deals with students who have 
graduated. The class was taken a total of 334 
times by students over the course of the range of 
data. A graphical representation of the grade 
distributions and outcomes of students who have 
taken the class can be seen in Figure 4.

Eleven students total took Thermodynamics 
and did not graduate from the School of 
Engineering. Seven of the eleven students that 
took the class and graduated with other degrees 
either withdrew or failed the class. The scales of 
the graphs were made as such to see the 
disparities between the two observed graduating 
areas. One conclusion that can be drawn from 
this analysis is that if a student makes it to 
Thermodynamics, and passes the class they will 
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most likely graduate. This can be further 
observed from Table 6.

Table 6 shows that if a student declared 
engineering major, takes Thermodynamics and 
passes, he/she has an extremely high probability 
of graduating as an engineer. Since this class is 
one of the last classes taken (normally at the end 
of sophomore year) out of the classes of interest 
it is basically the “last” major hurdle to 
overcome for most students. An ANOVA and 
Tukey’s test were applied to determine whether 
or not there was any difference in grades 
between the BSE and non-BSE graduates.

Figure 4. Grade distributions for 
Thermodynamics

The output from Minitab showed that there is 
really no difference in grades.  There were only 
eleven data points available for those students 

who took the class and graduated with a degree 
other than a BSE degree.  The small sample size 
can be attributed to this anomaly because there 
is an expected difference but in order to further 
prove or disprove this hypothesis more data will 
need to be acquired for non-BSE students who 
have taken Thermodynamics. 

Table 6. Probability of graduating with BSE 
for Thermodynamics

Student Performance Graduating Probability
A 0.965517

B+ 0.977273
B 1

C+ 1
C 0.978723
D 1
F 0
W 0

3.4. Course withdrawal

Course withdrawals are an interesting area 
for investigation because the student does not 
entirely finish the class. The reasons for a 
student to withdraw from a class vary 
immensely from personal reasons to an 
overwhelming workload as well as a failing 
grade. The area was investigated and some 
interesting statistics were determined through 
the analysis. The analysis was done for all 
students that entered from the Fall 2000 term 
through students that entered in the Fall 2006 
term. The investigation considered all students 
and not simply those that graduated. The goal 
was to determine how much an effect 
withdrawing from a course has on student 
graduation rates. Upon manipulation of the data 
the distribution for each class was compiled in 
Table 7.

Table 7 shows some insight into classes that 
may pose problems for students simply based on 
the amount of withdrawals. Physics 161 and 
Mathematics 191 had the highest and the second 
highest number of withdrawals as well as 
percentage of students that withdrew from the 
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classes respectively. This is a direct indicator 
that the class will have a significant effect on 
students’ performance. This also shows 
deficiencies in students entering these courses, 
and as such their grades are impacted.

Table 7. Distribution of withdrawals by class

Class
No. of 
Students Withdrawals Percentage

PHY 161 385 105 27.3
Math 191 368 93 25.3
Math 192 369 86 23.3
EGR 244 369 72 19.5
Math 330 366 66 18.0
EGR 232 373 65 17.4
EGR 235 314 64 20.4
EGR 233 278 29 10.4

 
The same can be observed with other classes 

from the table as well. Of all of the engineering 
classes that were examined Thermodynamics 
(EGR 235) had the highest percentage of 
students that withdrew from the class also 
indicating that this may be a significant class on 
a student’s path to graduation. A graphical 
representation of the data can be seen in Figure 5 
which further reinforces the facts drawn from 
Table 7.

Withdrawal Analysis
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percentages

The two calculus classes also have a high 
number of withdrawals and may also need to be 
investigated in the future. The number of 
withdrawals for the engineering classes that 
were requested was highest for Electrical 
Fundamentals I (EGR 244). This trend may be 
attributed to the fact that it is one of the earliest 

classes that is taken by engineering students and 
normally little or no background on the subject 
is known prior to taking the class.

3.5.  Five-class GPA vs graduating GPA

The final subject analyzed was the 
correlation between the five-class GPA       
(PHY 161, MAT191, MAT 192, EGR 235, and 
EGR 244) and graduating GPA. The analysis 
was performed to see if there was any 
correlation between the two. An initial ANOVA 
test concluded that there was a significant 
difference in the means.

A p-value less than 0.05 indicates that the 
null hypothesis should be rejected which means 
that the means are not equal. Once this fact was 
known the focus was shifted to what extent they 
are different and how well is the class average a 
predictor of graduating GPA. It can be seen from 
Figure 6 that the means are in fact different.

Figure 6. Five-class average and graduating 
GPA interval plot

Figure 6 is a relatively easy interpretation of 
the differences in the means. Table 8 shows the 
descriptive statistics of 5-class average and 
graduating GPA. Figures 7, 8 and 9 show the   
5-class average, graduating GPA, and the 
graduation GPA vs. 5-class GPA plots 
respectively.

Differences in the two statistics are noticed 
immediately when looking at the statistics above 
such as mean and standard deviation. As shown 
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by the normal probability plot (Figure 10), the 
data are normal for the vast majority of the 
ranges, however, it becomes less normal as you 
reach the extremes of the ranges. Another 
interesting observation is that grade point 
averages tend to become more clustered when 
looking at the students graduating grades. Once 
this was determined it was determined that there 
is a correlation between the average GPA from 
the five classes and the graduating GPA.     
Figure 11 shows the relationship between the 
five-class average and the graduating GPA.

Table 8. Descriptive statistics of 5-class 
average and graduating GPA

GPA N Mean StDev. SE Mean
5-class ave. 206 3.0212 0.6344 0.0442
Grad. GPA 206 3.2227 0.4367 0.0304

Figure 7. 5-class average

Figure 8. Graduating GPA

It can be seen from Figure 11 that there is a 
definite correlation between graduating GPA 
and the average earned in the selected classes.  
The extent of the correlation was investigated 
using the Pearson correlation coefficient [11]. 
The 0.835 correlation coefficient from the test 
suggests that there is a correlation between most 
of the data points. That is, the 5-class GPA 
seems to be related to the final graduating GPA.

Figure 9. Graduation GPA vs 5-class GPA

Figure 10. Probability plot: graduation GPA 
vs 5-class GPA
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Figure 11. 5-class average and graduating 
GPA relationship

However, the correlation does not appear to 
be one to one. In order to prove this, a test of 
differences was applied and the results are 
displayed in Figures 12 and 13. Figure 12 shows 
the histogram and Figure 13 shows the Box-plot 
of differences between 5-class GPA and 
graduation GPA.

Figure 12. Histogram of differences: 
5-class GPA vs graduation GPA

Figure13. Box-plot of differences: 
5-class GPA vs graduation GPA

Numerically, it can be shown that the 
medians are also different by the lack of overlap 
in the Wilcoxon Signed Rank test as shown in 
Table 9 [12].

Table 9. Wilcoxon signed rank CI: 5-class 
average, graduating GPA

95% CI
GPA N Median Lower Upper

5-class ave. 206 3.044 2.950 3.135
Grad. GPA 206 3.226 3.161 3.290
                                    

Given that a student’s five class average 
correlates with their final GPA by some shifted 
amount, a prediction graph was created that 
gives an estimated range (+25% > GPA > -15%) 
of what a student’s graduating GPA may be 
based on the five class average. This is shown in 
Figure 14.

Figure 14. Grade predictions based on 
5-class average

4. Conclusions
The classes that were investigated gave great 

insight into their effects on student graduation. 
Physics I performance is definitely one good 
indicator that can be used when advising and 
making degree choices and decisions. 
Thermodynamics is a great predictor of how a 
student will finish after completion. Since this 
class is normally taken during sophomore year 
nearly all engineers who take this class and pass 
will graduate as engineers. 



Proceedings of the 2013 IEMS Conference

39

It is to be noted that incoming students are 
underprepared and are not calculus ready to take 
PHY161 (prerequisite MAT 191) and MAT 191 
(Prerequisite MAT 133: Precalculus). Mercer 
admission office can use good placement 
examination to improve student grades in the 
above courses. 

Many engineering programs have Calculus 
III before Differential Equations (MAT 330). 
Mercer engineering programs do not offer 
Calculus III to the engineering students. This has 
direct impact on student performance as well as 
course withdrawal (18%) in Differential 
Equations (MAT 330).

Each course analyzed in this paper had 
multiple sections and were taught by different 
professors.  Standard final exams were not given 
to all students in each of these courses. This also 
had direct impact on student grades in these 
courses.

There is an immense amount of analysis that 
could further be performed on this subject and 
hopefully future study can build off of the work 
that was done over the course of this statistical 
analysis.
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Abstract

The design of Dvorak keyboards offers 
greater ergonomic benefits over traditional 
QWERTY keyboards, which remain dominant 
in workplace and everyday life.  This can be 
attributed to the prevalent concern in users and 
the management at workplace over the impact of 
adopting the new keyboard on the short-term 
productivity, especially within the population of 
proficient QWERTY typists.  Quantification of 
such impact can help alleviate these concerns.  
The goal of this study is to investigate the effects 
of individuals’ QWERTY skills on learning 
percentages and error rates as they learn to type 
with a Dvorak keyboard.  Twenty-one subjects 
with no prior Dvorak typing experience were 
recruited and divided into three groups 
according to their QWERTY typing speeds.  
Each subject typed a three-sentence passage ten 
times each on a QWERTY and a Dvorak 
keyboard with the presentation order of the 
keyboards randomized.  The results showed that 
fast and average typists suffered steeper drop in 
typing speed (91.8% and 89.1% respectively) 
when switching from a QWERTY keyboard to 
the first trial on a Dvorak keyboard than slow 
typists (80.4%).  Although no statistical 
significance was found, the results show that fast 
and average typists tend to learn faster in 
adapting to the Dvorak keyboard (with an 
average learning percentage of 0.801 and 0.804 
respectively) than slow typists (0.847).  The 
average error rates during the following three 

experimental phases were also examined: the 
second half of the QWERTY trials (Q), the first 
half of the Dvorak trials (D1), and the second 
half of the Dvorak trials (D2).  The results show 
that fast typists made more errors as they 
transitioned from QWERTY to Dvorak (with an 
average error rate of 3.10% for Q compared with 
6.03% and 5.53% for D1 and D2 respectively), 
whereas average and slow typists made fewer 
errors as the transition occurred.  For average 
typists, the average error rates were 5.63%, 
5.42% and 3.94% for Q, D1 and D2 
respectively.  For slow typists, the average error 
rates were 4.61%, 3.18% and 3.04% for Q, D1 
and D2 respectively.   

1. Introduction
Since the birth of the mechanical typewriters, 

the traditional QWERTY layout has been the 
standard for keyboard design.  Even after the 
mechanical typewriters have long been replaced 
by personal computers, QWERTY still shows its 
unwavering dominance within and beyond the 
office environment despite the fact that 
nowadays alternative keyboard layouts can be 
easily configured within the operating system of 
a personal computer.  Recent ergonomic studies 
examined the prevalence of work-related 
musculoskeletal disorders (MSDs) of the upper-
extremity in computer users (e.g. [1, 2]).  Such 
findings have driven the development and 
evaluation of alternative keyboard designs such 
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as the split, contoured, chord-style, and Dvorak 
keyboards.  

Unlike most alternative keyboard designs 
such as the split, contoured or chord designs, 
which completely alter the physical appearance 
and shape of a traditional QWERTY keyboard, 
the Dvorak keyboard design only changes the 
locations of the alphabets and certain symbols 
without altering the overall appearance of a 
QWERTY keyboard.  Such changes have been 
shown ergonomic benefits in the favor of the 
Dvorak design.  For example, the Dvorak 
keyboard makes better use of the dominant 
fingers (2nd and 3rd digits); about 70% of the 
typing on a Dvorak keyboard is performed on 
the home row thereby minimizing the 
movements of the fingers; the right-hand does 
56% of the typing on a Dvorak keyboard versus 
43% on a QWERTY keyboard.

Due to the prevailing popularity of the 
traditional QWERTY design, a major hindrance 
to the general acceptance of the Dvorak 
keyboard, or any alternative keyboard for that 
matter, is the notion of the potential negative 
impact on a user’s productivity during typing 
tasks.  Some studies attempted to quantify such 
an impact on productivity and how it changes as 
a function of the training time (e.g. [3-8]).  Most 
recently, Anderson et al. [9] applied the learning 
curve method to provide standardized measures 
for comparison across the different alternative 
keyboards. The learning curve theory offers a 
structured, mathematical approach to predicting 
how task time decreases with repetition of the 
same task. It can be used to predict how long it 
will take for a person to reach a given level of 
performance on a task. As tasks become more 
complex, learning time increases. The standard 
equations used to compute the learning 
percentage for a task is as follows, where YX is  
the production time for the X-th unit in 
sequence,  K is the time required for the first 
unit, X is the number of production units, and N 
is the slope of the line describing the change in 

completion time (y) as a function of repetition 
number (x) in log-log space: 

YX = KXN (1) 
or N = log (YX / K) / log (X) (2) 
and Learning Percentage = 100*2N (3)

In addition to the general concern over the 
impact of an alternative keyboard on the 
productivity, the knowledge of how such an 
impact may vary across different user 
populations associated with different QWERTY 
typing proficiencies may be of even greater 
interest to the management. The quantification 
of such an impact on users with different levels 
of QWERTY typing skills can help alleviate of 
concerns and uncertainties from the perspectives 
of both the management level and the workers 
themselves.  This study aims to investigate the 
effect of the QWERTY typing proficiency on 
the learning percentage and error rate in 
individuals learning to type on a Dvorak 
keyboard.

2. Methods

2.1. Subjects

Twelve female and nine male subjects were 
recruited from the university community to 
participate in this study. The average (and 
standard deviation) in age is 31.4 (14.4) years. 
All subjects had 20/20 or corrected to 20/20 
vision at the time of the experiment.  None of 
the participants had any current or chronic back, 
shoulder, neck, or wrist pain or injury. 
Participants were required to be able to read in 
English. All participants provided written 
informed consent prior to the start of the 
experiment.

2.2. Apparatus

Typing was performed on two types of 
keyboards in this experiment: a traditional 
QWERTY keyboard and a Dvorak keyboard 
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(Figure 1). The computer workstation was setup 
according to ANSI/HFS standards [10].  The 
TypingMaster Typing Test software was 
installed on the computer workstation and was 
used to measure and quantify subjects’ 
QWERTY typing proficiencies.  The typing 
trials were performed on the same computer 
using the freeware typing program Stamina 
Typing Tutor 2.5.  The software recorded 
completion time (in seconds), error percentage 
and typing speed (characters per minute or cpm), 
and provided this information upon the 
completion of each trial.  The passage moved 
across the screen in a horizontal line.  If an error 
was made, the passage halted until the correct 
key was pressed. The trial passage contained 
225 characters including spaces and contained 
all letters of the alphabet, two commas, and 
three periods (according to common frequency 
of use data presented in [11]).

Figure 1. QWERTY keyboard layout (top) and 
Dvorak keyboard layout (bottom)

2.3. Experimental design

Three dependent variables were considered 
in this study: (1) percent decrease in typing 
speed between QWERTY and the first Dvorak 
trial, (2) learning percentage and (3) error rate.  
For dependent variables (1) and (2), the 
QWERTY proficiency level or QLEVEL is the 

only independent variable, which has three 
levels: high, median and low.  For the dependent 
variable (3), independent variables include 
QLEVEL and experimental stage (or STAGE).  
STAGE has three levels: the second half of the 
QWERTY trials (Q), the first half of the Dvorak 
trials (D1), and the second half of the Dvorak 
trials (D2).  

2.4. Experimental procedures

Before the start of the experiment, the 
participant was allowed to adjust the seat height 
and location of the height-adjustable chair so 
that neutral postures were observed in knees, 
low back and elbows.  This was to prevent any 
fatigue that may occur during the experiment.  
The subject first took a five-minute typing 
proficiency test on a traditional QWERTY 
keyboard. Upon completion, the Typing Test 
software calculated and displayed the subject’s 
QWERTY typing speed in words per minute 
(wpm).  Based on this number, the participant 
was categorized into one of the 3 QWERTY 
proficiency levels (or QLEVELs): low (or slow 
typist) (40 wpm and below), median (or average 
typist) (above 40 wpm and below 60 wpm) and 
high (fast typist) (60 wpm and above).  
Participants from all three levels followed the 
same procedures as described below.

After a five-minute break, the participant was 
allowed one minute to read a three-sentence 
passage to be typed.  Once this was completed, 
the participant typed ten practice trials of the 
passage into the Stamina Typing Tutor 2.5 
software using the QWERTY keyboard.  This 
was to familiarize the participant with the 
passage as well as the software.  After a one-
minute break, the participant typed ten trials of 
the same passage on either a QWERTY 
keyboard or a Dvorak keyboard.  Once this set 
of ten trials was complete the participants typed 
another ten trials of the same passage using the 
other keyboard.  The order of the presentation of 
the two keyboards was randomized.  Therefore, 
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for the whole experiment, the subject typed a 
total of 30 trials of the same passage with the 
first ten trials being for practice purpose and the 
next 20 trials for data collection and analysis.  
The participant was provided with 30 seconds of 
resting period between two consecutive trials.

2.5. Data processing and analysis

Learning percentages were calculated using 
the standard equations (Equations 2 and 3), 
where the time for Trial 1 (K) and time for Trial 
10 (Y10) were used to generate the learning 
percentage (X=10). The percent decrease in 
typing speed between the average speed of the 
last five QWERTY trials and the speed of the 
first Dvorak trial was computed for each subject. 
The STAGE-specific error rate measures were 
calculated for each subject by averaging the 
error rate measurements associated with the five 
trials during each STAGE level. A repeated 
measures analysis of variance (ANOVA) was 
used to evaluate the effect of QLEVEL on 
learning percentage and percent decrease in 
typing speed.  A factorial ANOVA was used to 
assess the effects of QLEVEL, STAGE and their 
interaction on the average error rate. All of the 
analyses were performed in SAS 9.0. A p-value 
of less than 0.05 was set as the criterion for 
statistical significance.  

3. Results
The results show that QLEVEL has a 

significant effect on the percent decrease in 
typing speed when switching from QWERTY to 
the first Dvorak trial (p<0.05).  Figure 2 shows 
that fast and average typists suffered steeper 
drop in typing speed during this transition 
(91.8% and 89.1% respectively) than slow 
typists (80.4%).  However, the statistical 
analysis revealed no significant effect from 
QLEVEL on the learning percentage although 
fast and average typists had overall lower 
learning percentages (0.801 and 0.804 
respectively) than slow typists (0.847) (Figure 

3).  For the average error rate, the results showed 
significant QLEVEL effect as well as interaction 
between QLEVEL and STAGE (p<0.05).  As 
shown in Figure 4, fast typists made more errors 
as they transitioned from QWERTY to Dvorak 
(with an average error rate of 3.10% for Q 
compared with 6.03% and 5.53% for D1 and D2 
respectively), whereas average and slow typists 
made less errors as the transition occurred.  For 
average typists, the average error rates were 
5.63%, 5.42% and 3.94% for Q, D1 and D2 
respectively.  For slow typists, the average error 
rates were 4.61%, 3.18% and 3.04% for Q, D1 
and D2 respectively.
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4. Discussion
The Dvorak keyboard, unlike many other 

kinds of alternative keyboards, bears minimal 
requirement for additional hardware besides a 
traditional QWERTY keyboard, making it much 
more economical to apply than most other 
alternative designs.  Studies have found the 
Dvorak keyboard design to have ergonomic 
benefits over the traditional QWERTY design. 
What is also evident is that there is some 
immediate negative impact on productivity and 
productivity levels change as a function of 
repetition.  Ergonomists often face these kinds 
of challenges when it seems that the ergonomic 
interventions they introduce to the workplace 
may possibly have negative impact on the 
immediate and short-term productivity.  At times 
changes in work methods or tools may require 
significant relearning of a task, especially when 
the operator has already reached certain level of 
proficiency with the old methods or tools. Being 
able to predict how productivity levels might 
change with repetition of the new task and how 
this process might be affected by the person’s 
proficiency level with the old method can be a 
valuable tool to alleviate worker and 
management concerns in this regard. The basic 
approach of learning curve theory provides a 

sound foundation for building such predictive 
models. 

As expected, because of the higher level of 
proficiency on the QWERTY keyboard, fast 
typists suffer steeper percent decrease in typing 
speed when switching from the QWERTY to the 
Dvorak keyboard.  Although on average the 
learning percentages of fast and average typists 
are lower than slow typists (meaning that the 
former tend to learn faster than the latter), no 
statistical significance was found.  However, 
adding more subjects to the study could 
strengthen the power of ANOVA and potentially 
change this result. Another interesting result 
with regard to the Dvorak layout is that fast 
typists made more errors as they switch from 
QWERTY to Dvorak whereas average and slow 
typists made fewer errors.  In general, all 
participants were constantly struggling to find 
the physical location of keys on the Dvorak 
keyboard. However, fast typists seemed to be 
struggling harder because they automatically 
tried to type with the memorized QWERTY 
layout without verifying the keys to be pressed 
and consequently slowing down the typing 
process.  On the other hand, slower typists were 
more likely to use a “hunt and peck” typing style 
on the Dvorak keyboard, thus gaining advantage 
in avoiding typing errors since such a typing 
strategy increases their chances of finding the 
correct key at the first try.

5. Conclusions 
Effects of QWERTY typing proficiency on 

the learning percentage, short-term impact on 
productivity, and average error rate associated 
with the Dvorak keyboard were investigated in 
this study. Fast and average typists endured 
greater percent decrease in typing speed when 
switching from a QWERTY keyboard to the first 
trial on a Dvorak keyboard than slow typists.  
On average fast and average typists tend to learn 
faster in adapting to the Dvorak keyboard than 
slower typists.  Fast typists made more errors as 
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they switched from QWERTY to Dvorak 
whereas average and slow typists made fewer 
errors. 
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                    ABSTRACT

Engineering degree programs and Engineering 
Technology degree programs have a fine line 
that differentiates between the two programs. 
Some Engineers have Bachelor of Engineering 
degrees. Mathematics seems to be one of the 
critical areas that differentiate the two degree 
programs. Engineering degree programs tend to 
have few more mathematics courses than the 
Engineering Technology degree programs. 
However, this paper talks about how the State 
University of New York at Canton’s Bachelor of 
Electrical Engineering Technology program 
provides an opportunity for students to receive 
minor in mathematics, and how that bridges the 
gap between the two degrees and skills needed 
in graduates level engineering education, or a 
competitive engineering industry. The 
professional engineering license (PE) 
requirement for both Engineering and 
Engineering Technology graduates in New York 
State.

The Electrical Engineering Technology B. Tech 
degree was developed in 2010 after over fifty 
years of a very successful offering of AAS 
(ABET) degree. The program is in the 
department of Engineering Science and 
Electrical Engineering Technology. The 
program is currently undergoing ABET self-
study for accreditation for the fall 2013. The 
Engineering Science and Electrical Engineering 
Technology department is a small department 
with four full-time faculty, two adjuncts and a 
full-time laboratory technician. The department 
has the following programs:

 Electrical Engineering Technology 
(B. Tech)

 Electrical Engineering Technology 
(AAS)

 Engineering Science Transfer (AAS)
 General Engineering Technology (AAS)

Table -1 is comparing the mathematics courses 
required for the B. Tech degree at SUNY Canton 
without mathematics minor to other institutions 
with engineering degree programs.

Table-2 is comparing the mathematics courses 
required for the B. Tech degree with 
mathematics minor to other institutions with 
engineering degree programs.

Table-2 shows that the B. Tech graduates from 
SUNY Canton with minor in mathematics have 
comparable strength as compared to traditional 
Electrical Engineering degree mathematics 
requirements. 

Table-3 comparing the mathematics courses 
required for the B. Tech degree at SUNY Canton 
without mathematics minor to other institutions 
with engineering degree programs.

mailto:frempongs@canton.edu
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In table -3, we see that SUNY Canton graduates 
with B. Tech without mathematics minor have 
less strength in mathematics as compared to 
graduates in Electrical Engineering from the 
other four institutions.

Table-4 is comparing the mathematics courses 
required for the B. Tech degree with 
mathematics minor at SUNY Canton to the 
mathematics requirements of the other four 
institutions with engineering degree programs.

Table -5 shows that in New York State, graduate 
with B.S, B.E.T, or AAS has the equal 
opportunity to become a professional engineer 
(PE), and as such, close the bridge. The 
difference as indicated in the table is time that 
each graduate is qualified in experience to take 
the PE license exam.

Here again in table-4 we see that the B. Tech 
graduates from SUNY Canton with minor in 
mathematics have comparable strength as 
compared to the mathematics requirements for 
Electrical Engineering degree (B.S. EE) in the 
other four institutions.

The flexibility in elective courses for the B. 
Tech (EET) program at SUNY Canton allow 
students with minor in Mathematics to take 
upper level mathematics courses as program 
electives to satisfy the graduation requirements.

Education and Experience Credit for New York 
State Engineering Professional Licensure

Conclusion
Most engineering technology degree programs 
have less mathematics than the traditional 
engineering degree programs. However, the 
State University of New York at Canton has a 
new Electrical Engineering Technology degree 
with minor in mathematics that bridges the gap 
between the Engineering and 
Engineering Technology graduates in terms of 
mathematical abilities.
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Table -1
 SUNY Canton B. Tech EE University

Of Maryland
B.S. EE

University of 
Hawaii
Manoa
B.S. EE

University of 
Central Florida 
B.S. EE

University of 
North Carolina 
Charlotte B.S.EE

Without Math Minor Math 
Required

Math Required Math Required Math Required

Math 123
Pre-Cal

Math 140
Cal (I)

Math 241
Cal (I)

MAC2311
Cal(I)

Math1241
Cal (I)

Math 161 Cal (I) Math 141
Cal (II)

Math 242
Cal (II)

MAC2312
Cal (II)

Math 1242
Cal (II)

Math 162
Cal (II)

Math 241
Cal (III)

Math 243
Cal (III)

MAC2313
Cal (III)

Math 2241
Cal (III)

Math 364
Diff Equations

Math 246
Diff Equations

Math 244
Cal (IV)

MAC2302
Diff Equations

Math 2171
Diff Equations

STA3032
Prob & Statistics

STAT3128
Prob & Statistics

Table-2
SUNY Canton B. Tech. EE R.I.T.

Rochester Inst. of 
Tech. B.S. EE

Virginia Tech 
B.S. EE

City College of 
New York
B.S. EE

Tennessee
Tech. University
B.S. EE

With Math Minor Math Required Math Required Math Required Math Required
Math 123
Pre-Cal

Math 181
Cal (I)

Math 1114
Linear Algebra

Math20100
Cal (I)

Math1910
Cal (I)

Math 161 Cal (I) Math 182
Cal (II)

Math 1205
Cal (I)

Math20200
Cal (II)

Math1920
Cal (II)

Math 162
Cal (II)

Math 221
Cal (III)

Math 1224
Vector Geometry

Math20300
Cal (III)

Math2010
Matrix Algebra

Math 141 
Statistics

Math 231
Diff Equations

Math 1206
Cal (II)

Math39100
Diff Equations

Math2120
Diff Equations

Math 263
Cal (III)

Math 2214
Diff Equations

Math39200
Linear Algebra

Math2110
Cal (III)

Math 364
Diff Equations

Math 2224
Multivariable Cal

Math3470
Statistics

Math 361
Linear Algebra
or Math 371 Graph Theory

Math 3414 
Advanced Cal
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Table-3
SUNY Canton B. Tech. 
EE

R.I.T.
Rochester Inst. of 
Tech. B.S. EE

Virginia Tech 
B.S. EE

City College 
of New York
B.S. EE

Tennessee
Tech. University
B.S. EE

Without Math Minor Math Required Math Required Math Required Math Required
Math 123
Pre-Cal

Math 181
Cal (I)

Math 1114
Linear Algebra

Math20100
Cal (I)

Math1910
Cal (I)

Math 161 Cal (I) Math 182
Cal (II)

Math 1205
Cal (I)

Math20200
Cal (II)

Math1920
Cal (II)

Math 162
Cal (II)

Math 221
Cal (III)

Math 1224
Vector Geometry

Math20300
Cal (III)

Math2010
Matrix Algebra

Math 364 
Diff Equation

Math 231
Diff Equations

Math 1206
Cal (II)

Math39100
Diff Equations

Math2120
Diff Equations

Math 2214
Diff Equations

Math39200
Linear Algebra

Math2110
Cal (III)

Math 2224
Multivariable Cal

Math3470
Statistics

Math 3414 
Advanced Cal

Table -4
SUNY Canton B. Tech 
EE

University
Of Maryland
B.S. EE

University of 
Hawaii
Manoa
B.S. EE

University of 
Central Florida 
B.S. EE

University of North 
Carolina Charlotte 
B.S.EE

With Math Minor Math 
Required

Math Required Math Required Math Required

Math 123
Pre-Cal

Math 140
Cal (I)

Math 241
Cal (I)

MAC2311
Cal(I)

Math1241
Cal (I)

Math 161 Cal (I) Math 141
Cal (II)

Math 242
Cal (II)

MAC2312
Cal (II)

Math 1242
Cal (II)

Math 162
Cal (II)

Math 241
Cal (III)

Math 243
Cal (III)

MAC2313
Cal (III)

Math 2241
Cal (III)

Math 364
Diff Equations

Math 246
Diff Equations

Math 244
Cal (IV)

MAC2302
Diff Equations

Math 2171
Diff Equations

Math 263
Cal (III)

STA3032
Prob & Statistics

STAT3128
Prob & Statistics

Math 141
Statistics
Math 361 Linear Algebra 
or Math371 Graph Theory

Table-5
Degree Field of 

Study
Accreditation Credit Based

on Education
Work Experience
Credits for Part (A) 
Fundamentals Exam

Additional work experience 
credit required for part 
(B) Exam 

B.S Engr. ABET/
EAC

8 0 4

B.T Engr.
Tech.

ABET/
ETAC

6 0 6

B.S Engr. Regional 6 0 6
AAS Engr. 

Tech
ABET/
ETAC

3 3 6
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Engineering Management Creating Individuals with a Mind for Business and 
a Heart for Engineering

Saeed Foroudastan and Brigette Prater Thompson
Middle Tennessee State University

Saeed.Foroudastan@mtsu.edu, Bep2w@mtmail.mtsu.edu 

Abstract

The Professional Science Masters 
(PSM) is an interdisciplinary degree that 
educates students in Science, Technology, 
Engineering, and Mathematics (STEM) while 
introducing them to the logistics of the business 
industry. At MTSU this degree takes form as the 
Masters of Science in Professional Science 
(MSPS) program; at its inception the program 
housed concentrations in biotechnology and 
biostatistics. Due to the great success of the 
program and its graduate’s additional 
concentrations such as actuarial sciences, health 
care informatics, geosciences, and engineering 
management have been included to further 
promote the program.

The Engineering Management 
concentration is designed to reinforce the ideal 
of the symbiotic relationship between science 
and industry. The Engineering Management 
degree is oriented to Engineering Systems 
students and those with related degrees. 
Engineering Management, as an integration of 
two colleges and teaches students the 
interpersonal, leadership, management, and 
engineering skills needed for success in 
manufacturing, industry, and business. The 
program requires students to take courses 
focusing on project management, safety 
planning, research methods, and technology 
trends. Additionally the students gain credit 
towards their Project Management Institute 
(PMI) and gain full certification in both Lean 
and Six-Sigma methodologies. 

The goal of the Engineering 
Management program is to create individuals 
with a mind for business and a heart for science. 
At the heart of the MSPS degree is the 250-hour 

internship which allows students to gain real-
world working experience in an industry setting. 
The MSPS program and the internship process 
have garnered recognition both at the local and 
national level.

1. Introduction

Increasingly there has been a significant 
demand for those concentrated in the Science, 
Technology, Engineering, and Mathematics 
(STEM) disciplines. However, with the ever 
changing needs of today’s job market being fully 
capable in one particular skill set does not 
measure up anymore. Those applicants that are 
versatile in their capabilities are more likely to 
earn higher paying jobs. Therefore, 
interdisciplinary research and development has 
been deemed necessary by the Council of 
Graduate Schools[1]. Individuals able to work 
cross disciplinarily will be able to best face 
complex problems in an innovative and 
productive way. The multifaceted nature of the 
problems facing today’s society demand 
individuals that can work outside their comfort 
zone and though collaboration continue to gain 
knowledge. 

Over the past several years universities have 
been implementing the Professional Science 
Master (PSM). This particular program is an 
innovative graduate degree that is designed to 
provide advanced training in science without a 
Ph.D., as well as training in business without an 
MBA[2]. The PSM degree is a newly advancing 
two-year interdisciplinary degree that is now 
nationally recognized. The PSM degree offers 
advanced course work in science, technology, 
engineering, and mathematics (STEM) while 
simultaneously introducing the students to a 

mailto:Saeed.Foroudastan@mtsu.edu
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subset of core business courses. By combining 
STEM and business courses the PSM degree 
prepares students for a scientific career in an 
industry setting. The students will also have a 
capable skill set for a career in academia, 
business, government, or non-profit 
organizations. To make the students wholly 
prepared for their future career paths the PSM 
program culminates in a 250 hour internship 
with a business or public sector enterprise. 
During this internship the students will be able 
to apply what they have learned in the classroom 
to a real-world scientific industry project.  

The PMS program takes form as the Masters 
of Science in Professional Science (MSPS) at 
Middle Tennessee State University (MTSU). At 
MTSU the program was established in 2005 and 
due to its renowned success is now used as the 
national model for PSM degrees and is the 
single fastest growing program at the university. 
When the program first began at MTSU it 
housed concentrations in Biotechnology and 
Biostatistics. Due to its immense success at the 
university the program has now grown to 
encompass Actuarial Sciences, Engineering 
Management, Geosciences, and Health Care 
Informatics. The goal of the MSPS degree is to 
enhance the interface between science and 
business by providing strong degrees which 
emphasize expertise in areas of both[3].  

The MSPS degree is an exemplary program 
designed to promote the professional 
development of students through its 
interdisciplinary education. The program is a 
partnership among the College of Basic and 
Applied Sciences, College of Behavioral and 
Health Sciences, and the Jennings A. Jones 
College of Business.  As part of the business 
core students are introduced to highly valued 
skills through courses in Probabilistic & 
Statistical Reasoning, Business Law: Legal 
Issues for Managers, Accounting, Management 
and Leadership, and Managerial 
Communications.

The collaborative nature of the MSPS 
program fills a niche in industry management by 
bridging the gap between two cultures that rarely 
communicated before. By gaining valuable 

knowledge and experience in both business and 
the science concentrations, students involved in 
the MSPS program broaden their career 
prospects by two fold. This program provides an 
essential stepping stone for those students 
pursuing a high-level career in a science-related 
industry or even academia. The course work of 
the program offers classes involving advanced 
knowledge in scientific principals and research 
experience to ensure a solid educational 
foundation. Through their business courses the 
students are also exposed to common managerial 
situations preparing them for political 
atmosphere of the work place. By being able to 
analyze, understand, and present scientific data 
in a business setting the MSPS graduates will 
provide a valuable asset unlike any other to the 
professional scientific community. 

Apart from the course work requirements of 
the MSPS program the students are also asked to 
complete an internship. This internship is 
performed in place of the typical thesis work 
done during a graduate program but provides an 
opportunity for students to polish their 
professional preparation as well as make 
connections with potential employers. The 
students must complete a 250-hour internship at 
an industry in his or her chosen field. The 
internship is essentially the heart of the MSPS 
degree because it provides the students with 
real-world experiences that help them grasp the 
full understanding of the knowledge they gained 
in the classroom. During the entirety of the 
internship the students are responsible for 
completing assignments allocated to them by 
their employer. 

At the culmination of their internship, the 
students compile a portfolio and give a 
professional presentation of their experience at 
the company. The whole of the internship allows 
students to experience scientific issues in an 
industrial setting. It also allows students to 
translate classroom lessons into real world 
settings; an educational tool they will continue 
to benefit from throughout their lives. 

The MTSU MSPS program has been 
recognized both at the local and national level. 
In 2010 the program received the Tennessee 
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Board of Regents’ (TBR) Academic Excellence 
Award for its promotion of both math and 
science and for its unique contributions to the 
community and state. Moreover, the Council of 
Graduate Schools in Washington, D.C. 
recognizes MTSU as a signature program and 
uses MTSU as a model for traditional PSM 
programs. Currently the program has a 95% 
retention and graduation rate; and as a further 
testament to the strength of the program 
approximately 75% of MSPS students have 
gained employment from their place of 
internship. 

2. Engineering management

The bridge between Engineering and 
Management has been a successful one with 
long standing Masters in Engineering 
Management degrees being offered by such 
universities as Duke University, George 
Washington University, Cornell, and many 
others. MTSU hopes to continue this success 
with the introduction of the Masters of Science 
in Professional Science: Engineering 
Management (EM) concentration. The EM 
degree at MTSU is designed to reinforce the 
ideal of the symbiotic relationship between 
science and industry. 

Engineering Management, as an integration 
of two colleges, the Jennings A Business 
College and the College of Basic and Applied 
Sciences, teaching students the interpersonal, 
leadership, management, and engineering skills 
needed for success in manufacturing, industry, 
and business. The program requires students to 
take courses focusing on project management, 
safety planning, research methods, and 
technology trends. The MSPS Engineering 
Management degree is oriented to Engineering 
Systems students and those with a related 
undergraduate degree.

The main propose of combining two such 
vastly different programs are to benefit the 
students involved. Once completing their 
graduate course work and 250 hour internship 
the students will have a much more complete 
understanding of the basic business operations 
involved in industry as well as their chosen field. 

Throughout the program the students are 
continually challenged by a curriculum that asks 
them to consider both the financial aspects as 
well as the scientific needs of a particular 
project. These types of issues are faced daily in 
large corporations as well as academia. Students 
will learn to understand the complicated 
balancing act between science and business in 
order to maintain an efficient establishment 
while harboring research and development 
teams. Learning how to handle such intricate 
situations will help the students in which ever 
job path they eventually embark upon. By taking 
MBA level business classes students will also 
get used to the vernacular of the business 
industry making it easier to communicate ideas 
and strategies once in a management position. 
Learning such valuable skills provides students 
with an unprecedented skill set that is much 
needed in today’s job market. These graduates 
will be highly sought after in regards to their 
versatile traits.    

Furthermore, as part of the program students 
are trained in Project Management gaining 
thirty-nine hours from PMI allowing them to sit 
for their PMP exam upon completion of the 
course. As a supplementary part of MTSU EM 
degree graduate students also have the ability to 
gain certifications in both Lean and SIX SIGMA 
methodologies. Due to the restricted time 
available in a semester MTSU is not able to 
provide the students with means for achieving an 
American Society of Quality (ASQ) Black Belt 
certification. However the institution is able to 
provide the education and skillsets needed to 
pass the exam and further provides the support 
for completing these projects outside the 
auspices of MTSU. While MTSU is not able to 
provide the Black Belt certification, students are 
able to perform projects through their 
coursework that achieve them the lower 
Greenbelt certification.

The goal of the Engineering Management 
program is to create individuals with a mind for 
business and a heart of a scientist. The 
concentration requires students to take core 
business courses such as Managerial 
Communications, Leadership and Motivation, 
and Accounting and Legal Issues for Mangers. 
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In addition, at the heart of the PSM degree is the 
250-hour internship which allows students to 
gain real-world working experience in an 
industry setting. 

The Engineering Management concentration 
at MTSU prepares students for careers in the 
management of technology and engineering in 
such diverse occupations as: Technology 
Managers for Manufacturing Operations in 
assembly & fabrication, Healthcare, Food 
Production, and Governmental research 
initiatives. Additionally EM students will 
prepare to work as Project Managers for the 
Concrete and Construction Industries, Process 
Control Companies, and Automotive Industries. 

3. Other MSPS Concentrations

In addition to the Engineering Management 
concentration the MSPS program also offers 
degrees in Actuarial Sciences, Biostatistics, 
Biotechnology, Geosciences, and Health Care 
Informatics. It is also the programs hope to add a 
further concentration, Forensic Science, in the 
near future. 

The Actuarial Sciences concentration trains 
students to make practical use of probability 
theory and statistical analysis for managing risks 
and solving problems in insurance business. 
Graduates are positioned to fill the growing need 
for individuals with this highly specialized 
training in the financial services and consulting 
industries in addition to the traditional insurance 
and health care industries.

The Biostatistics concentration provides 
training in statistical methods that can be applied 
to biomedical and health-related fields. These 
methods involve using mathematics and 
statistics to solve real-world problems that 
influence health. Statistical areas of study 
include clinical trials, experimental design, 
categorical and longitudinal data analysis, and 
survival analysis. Graduates are prepared to 
work in health care agencies, governmental 
agencies such as the National Institutes of 
Health, the Centers for Disease Control and 
Prevention, and the Environmental Protection 
Agency, and the pharmaceutical industry.

Biotechnology studies prepare students for 
careers in the management of bioscience firms 
and organizations. Graduates have opportunities 
as research scientist in laboratories applying 
biotechnology to problems in medicine, industry 
and agriculture and management positions in the 
biotechnology and pharmaceutical industries. 
With the growth of positions in the 
biotechnology industry nationwide, the demand 
for persons with training in both biological 
science and management is expected to grow 
significantly.

The Geosciences concentration provides the 
knowledge, skills, and experiences for students 
seeking careers as geoscientists in private 
industry and government agencies, as well as 
working professionals seeking advanced training 
in the geosciences. There is a high demand for 
well-trained and experienced geoscientists in 
areas such as geographic information systems 
and environmental geology. Students in this 
concentration elect to complete specializations 
in either Geographic Information Systems 
or Environmental Geosystems, or may elect to 
complete a general Geoscience program of 
studies.

The Health Care Informatics discipline 
combines computer science, information 
science, and the healthcare sciences in order to 
manage and communicate data, information, and 
knowledge in the healthcare environment. The 
Health Care Informatics concentration is aimed 
at healthcare professionals who have strong 
computer skills and an interest in technology 
integration within the healthcare environment. 
Graduates of this concentration fill the growing 
need for healthcare leaders with training in the 
application and design of information 
technology to health care to continue to improve 
patient care delivery.

4. Conclusion

At MTSU, the MSPS program gives students 
an advanced scientific background in 
Biostatistics, Biotechnology, Geosciences, 
Healthcare Informatics, Actuarial Science, and 
Engineering Management while introducing 
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them to the backbone of business. The programs 
goal is to train graduates to serve dual 
competencies within the same job, which is an 
increasingly advantageous quality for career 
placement. Perhaps most importantly, MSPS 
addresses the current national need to develop a 
workforce with more master’s level students that 
are highly skilled and well-educated in the 
critical areas of science and engineering. The 
MSPS program at MTSU serves as a national 
model, as it is not only the fastest growing 
degree program at the university but also the 
fastest growing PSM program in the nation.
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Abstract

In industrial manufacturing and service 
environments, it is a challenge to maintain 
consistency in process performance, especially 
in the case of multiple performance objectives, 
which tend to be in conflict. This paper utilizes 
an innovative Six Sigma multiobjective 
optimization (SSMO) approach for online 
inventory management. The SSMO approach 
provides automated feedback for out-of-control 
events while attempting to balance two common, 
relevant and conflicting objectives, i.e., 
minimization of inventory holding cost and 
minimization of inventory ordering cost.

1. Introduction
In the process of managing service inventory, 

in-process inventory, and finished goods 
inventory within organizations, it is important to 
achieve satisfactory service levels for both 
internal and external customers while keeping 
the associated inventory costs within reasonable 
bounds. The well-known challenge in managing 
inventory is to provide inventory specialists with 
a mechanism for correcting the differences 
between random customer demand and on-hand 
inventory in real-time.  Effective inventory 
management involves simultaneously satisfying 
random customer demand and minimizing on-
hand inventory, often viewed as conflicting 
performance objectives [1, 2].

Over the past two decades, the Six Sigma 
Define-Measure-Analyze-Improve-Control 
(DMAIC) framework and a host of statistical 
tools have been brought to bear on process 

improvement efforts, including the process of 
managing inventory. The traditional way to 
control and improve a process is by analyzing its 
historical performance offline and then 
generating future process control plans based on 
that analysis. For online process management, 
where process monitoring and process changes 
are performed online in real-time, process 
performance feedback in terms of the specific 
process performance objectives is necessary. As 
a result, researchers have pursued non-
traditional approaches to improve the process 
performance of inventory control in real-time. 
These approaches offer significant benefits over 
the traditional process control techniques, where 
the main benefit is improved process control and 
decision-making resulting in reduced and 
balanced inventory costs. This paper explores 
the integration of multiobjective optimization 
within the DMAIC framework for online 
inventory process control.

2. Previous Related Work
In the past, researchers have studied the 

integration of the Six Sigma methodology with 
numerical optimization approaches. However, 
limited work exists that integrates multiobjective 
optimization with the Six Sigma methodology 
[e.g., 3, 6]. Existing work includes case studies 
that seek to: optimize the design of liquid 
packaging pump in order to provide a flow rate 
within the specification limits so that minimal 
defects are produced, which in turn leads to the 
minimization of the cost per pump part [7]; 
select projects for a portfolio from a set of 
candidate projects to implement Lean and Six 
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Sigma concepts [8]; design the airfoil for a Mars 
aircraft [9]; and design a welded beam in order 
to carry a certain load with minimum total 
fabricating cost [10, 11].

Other studies seek to improve decision-
making in manufacturing operations in order to 
improve the quality of products and reduce 
associated cost [12], improve the process of 
penicillin drug production [13], minimize the 
material flow between intra- and inter-loops and 
minimization of the maximum amount of inter-
cell flow for tandem automated guided vehicle 
considering the limitation of work loading [14], 
minimize the total cost involved in supply chain 
processes while ensuring high delivery 
probability within customer-specific delivery 
windows [15], optimize the process parameters 
of the deep drawing operations [16], optimize 
the design parameters of a sliding rack to 
achieve the maximum performance with 
minimum weight [17], and generally find 
solutions that are moderately good in terms of 
optimality and robustness against small 
perturbations of values [18].

Additionally, existing research using 
multiobjective optimization techniques to 
improve process control has been used to 
optimize exponentially-weighted moving 
average (EWMA) parameters to improve the 
detection of magnitude shifts in process 
performance and reduce process control cost 
[19, 20], determine the optimal sample size for 
control charts [21], enhance the testing power of 
�̅� and 𝑅 control charts to minimize Type I errors 
[22], determine the economic design of the 
�̅� control charts with a realistic embedded error 
monitoring model [23], design a multivariate 
control scheme consisting of two or three �̅� 
charts to optimize chart parameters [24], and 
optimize the performance of attribute control 
charts using genetic algorithms [25]. However, 
none of these studies are neither conducted 
within the Six Sigma DMAIC or Define-
Measure-Analyze-Design-Verify (DMADV) 
methodological frameworks, nor are 6σ levels of 
process control considered during the 
optimization process.

Although recent studies integrate advanced 
statistical techniques to improve the quality of 

the solutions generated through the application 
of the Six Sigma methodology, there is limited 
work that addresses the use of multiobjective 
optimization techniques to maintain process 
quality at 6σ levels. Furthermore, existing work 
that integrates multiobjective optimization with 
Six Sigma converts the set of multiple objectives 
into a single objective using a vector of user-
specified weights. The selection of the weights 
is subjective and often based on one’s 
experience, which could lead to errors in 
optimization if the weights are not carefully 
selected.

3. Proposed Framework for Online 
Process Control

In this research, a Six Sigma multiobjective 
optimization (SSMO) approach is proposed to 
optimize online process performance (see Figure 
1). This study implements the first three phases 
of DMAIC (i.e., Define-Measure-Analyze) as in 
traditional Six Sigma implementations. It begins 
with the Define phase by defining the existing 
process with its current sigma level and the 
critical-to-quality characteristics (CTQs) from 
the customers. Then, during the Measure phase, 
evaluation of the current performance of the 
process is performed. After performing root 
cause analysis during the Analyze phase of the 
DMAIC and implementing the improvement 
plan during the Improve phase, the proposed 
SSMO approach commences. The output data 
and parameters from the Define, Measure and 
Analyze phases, such as the performance 
objective functions, process constraints, and 
process design variables and associated values, 
are the input used for online process monitoring 
of the SSMO approach.

After the online monitoring starts in the 
Control phase of the DMAIC, the SSMO 
approach detects undesirable process behavior, 
such as unnatural patterns in the periodic 
performance of the process and mean shifts in 
the average of at least one of the process 
performance objectives. 
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Input Settings 

 Identify CTQ’s, Sigma Level, Input 
Data:{Objective Functions, constraints, Design 
Variables and Initial Values, Optimizing 
Procedure Control Values}.

 Set unnatural conditions and mean shift 
threshold.

 Select optimization algorithm.

 Set optimization parameters.

Set/Update process decision 
variable values  

Improve

Set control chart parameters

Initial run?

Control

Generate a set of candidate 
decision variable values

Optimize  

No

Yes No

 Online process control 

Select new decision variable 
values 

Compute Objective 
function values

Mean shift?
Unnatural 
pattern?

Process in 
control?

Yes

No

Yes

Figure 1: Proposed Six Sigma multiobjective 
optimization (SSMO) framework for online 

process control

When a mean shift is detected, that shift 
triggers an optimization procedure in the 
proposed approach and provides the decision-
maker with a set of Pareto optima (i.e., 
compromise solutions) that includes new values 
for the set of the decision variables at the 
Improve phase. After the Improve phase is 
updated with the new decision variable values, 
online monitoring starts again in the Control 
phase until undesirable process behavior is, 
again, encountered. Then, it re-optimizes the set 
of performance objective functions subject to all 
relevant constraints. This cycle continues until 

significant changes to the process are desired 
and the set of objective functions, constraints, 
and design variables are changed. The 
subsequent sections provide the details of the 
proposed procedure and components therein.

4. Case Study – An Inventory 
Management Problem
This section presents the implementation of 

the proposed SSMO approach for online 
inventory management.

4.1. Problem Variables and Parameters

Q is the decision variable, and it is the 
number of units in an order that is placed to 
meet a random demand D. As such, the value of 
Q can vary over the planning horizon for the 
process. The range of values of D for this study 
is approximated from empirical results published 
in the existing research literature [28]. The range 
of demand, and the holding and ordering unit 
cost values are listed in Table 1 and Table 2, 
respectively.

Table 1. Range of number units required to 
satisfy customer demand

Parameter Lower 
Bound

Upper 
Bound

Demand D (units) 70 160

Table 2.  Associated inventory costs in the 
inventory problem

Parameter Value

Holding Cost per unit 𝑐ℎ $10

Ordering Cost per unit 𝑐𝑜 $70

4.2. Problem Objectives

It is common knowledge that a surplus of 
inventory increases the inventory holding cost. 
On the other hand, a shortage of inventory 
causes loss in revenue, which can be considered 
a cost to the organization. In this study, two 
conflicting inventory management objectives are 
considered – minimizing holding cost and 
minimizing unit ordering cost.

The objective functions represent the desired 
CTQs that are monitored and improved during 
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the performance of the subject inventory 
process. The objective functions are functions of 
the quantity Q that is used to replenish items in 
inventory. A larger order quantity Q to meet a 
random demand D results in holding a large 
amount of inventory, which increases inventory 
holding cost. On the other hand, a smaller order 
quantity Q to meet a random demand D 
eventually reduces the average amount of 
inventory thereby increasing unit ordering cost 
in order to meet demand.

The value of the decision variable Q is varied 
to find tradeoff solutions. Managing this tradeoff 
between holding cost and unit ordering cost 
makes the model useful for management 
decision-making, even if the decision variable Q 
is known to be within a range of possible values 
[27, 28].

The two objective functions considered are:

1. Minimize average holding cost H. This cost 
refers to the cost of storing inventory over a 
period of time. For this study, the definition 
of the average holding cost is [27], i.e.,

𝐻 = 𝑐ℎ
𝑄
2, (1)

where ch is the unit holding cost when available 
inventory exceeds demand D, and Q is the order 
quantity to meet random demand D.

2. Minimize ordering cost per unit. Unit 
ordering cost (O) refers to the amortized 
cost of the ordered units when on-hand 
inventory does not meet demand, i.e.,

𝑂 =
𝑐𝑜
𝑄 , (2)

where co is the fixed ordering cost for an order 
quantity Q.

4.3. Process Control Parameters

Control charts, which are commonly used for 
monitoring the behavior of a process, help 
identify process variation. Specifically, control 
charts are used to detect simultaneously 
assignable causes of variations and if shifts in 
the mean performance values occur. Control 
charts are integral in the proposed methodology, 
in that, two 3 control charts are used, one for 
each of the two inventory cost functions. Table 3 

lists the control chart parameters, which are 
determined based on a previous study [28].

Table 3. Initial 3 control chart parameters 
values for the inventory cost problem

Control Chart 
Parameter

Average 
Holding 
Cost (H)

Ordering 
Cost per 
unit (O)

Center Line (CL) $85.00 $10.57
Upper Control 
Limit (UCL)

$231.21 $30.10

Lower Control 
Limit (LCL)

$0.00 $0.00

During process monitoring, change-point 
tests are used to determine whether a change in 
the mean process performance has occurred. 
Since the ordering and holding cost functions 
averages are likely to shift over the long run, the 
Six Sigma DMAIC framework accounts for this 
mean shift by assuming a 1.5 shift. Therefore, 
detecting shifts in the inventory control process 
is important not only for monitoring changes but 
also to ensure that the cost functions operate at 
or close to the desired sigma level. For proof of 
concept, in solving the inventory problem, the 
bootstrap method is used to maintain objective 
functions within a 3 quality level by detecting 
shifts in mean over time for both the H and O 
inventory cost objectives. The theoretical 
formulation of the bootstrap method is shown in 
Eqs. 3 through 5

𝐶𝐿% = 
100𝑋

𝑁% (3)

𝑆 𝑖
𝑑𝑖𝑓𝑓 = 𝑆 𝑖

𝑚𝑎𝑥 ‒ 𝑆 𝑖
𝑚𝑖𝑛 (4)

𝑆𝑖 = 𝑆𝑖 ‒ 1 + (𝑥𝑖 ‒ �̅�) for 𝑖 = 0,….𝑁, (5)
where CL% represents the percentage of mean 
shift occurrences in the observed objective 
function values, N is the number of bootstrap 
samples performed, x is the number of 
bootstraps for which 𝑆

𝑖
𝑑𝑖𝑓𝑓 <  𝑆𝑑𝑖𝑓𝑓 where, 𝑆

𝑖
𝑑𝑖𝑓𝑓 is 

the difference of the reordering of the objective 
values, 𝑆𝑑𝑖𝑓𝑓 is the difference of the original 
order for the observed objective function values, 
𝑆𝑚𝑎𝑥 is the maximum value calculated from 𝑆𝑖 
where, 𝑆𝑖 is the cumulative sums of the straps, 
𝑆𝑚𝑖𝑛 is the minimum value calculated from 𝑆𝑖, 
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and �̅� is the average of the observed objective 
function values.

4.4. Optimizer Control Parameters

In solving multiobjective optimization 
problems, there are several approaches. 
However, the most two common approaches are 
classical methods and evolutionary algorithms 
(EAs). In the classical methods, the problem 
with multiple objective functions is converted 
into a single objective function problem. This 
approach lacks the ability to optimize multiple 
equally-weighted objectives simultaneously. The 
advantage of using EAs over classical methods 
is the ability to find multiple compromise 
solutions. For the purpose of this research, the 
second generation Non-dominated Sorting 
Genetic Algorithm (NSGA II) is used in the 
proposed SSMO approach. The search control 
parameter settings of NSGA II are selected 
based on a previous study that uses the 
optimization algorithm [29]. The set of 
optimization parameter values for this 
computational study is summarized in Table 4.

Table 4. NSGA II search control parameters
Optimization Parameter Value
Population Size (P) 100
Generations (G) 100
Crossover Probability (Pc) 85%
Mutation Probability (Pm) 5%

4.5. Results and Discussion

Computational experiments are performed 
using the search control and optimization 
parameters settings in order to evaluate the 
proposed online process control methodology. 
Initial solutions when the online process control 
is started are shown in Figure 2(a) and Figure 
2(b). These figures represent real-time daily 
values for the unit ordering cost and holding cost 
objective functions at each daily demand 
realization, respectively. Figure 2(a) illustrates 
the first few daily demand periods of online 
monitoring the inventory control process after 
38 daily realizations of demand D. This occurs 
during the Control phase of the DMAIC. At this 
early stage of process monitoring, both objective 

functions are in control and no shifts in the mean 
are observed during the series demand 
realizations. After 40 observations of demand, 
outlier events are detected when both objective 
functions values exceed their respective upper 
control limits (UCLs). At this point, when an 
out-of-control event is detected, re-optimization 
is initiated.

Figure 2. Results of online observations for 
inventory cost problem

Figure 3 and Figure 4 show the process after 
70 observations of daily demand when an 
unnatural pattern and a shift in the mean 
performance appear. Figure 3 illustrates the 
appearance of an unnatural pattern while 
monitoring the unit ordering and holding costs. 
This happens when six points decrease 
continuously for both objective functions 
starting from sample observation 60. 
Furthermore, at the same sample observation, as 
shown in Figure 4, shifts in the mean 
performance value for both objective functions 
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are found with an 86% confidence level (CL%). 
Figure 4 illustrates the cumulative sum 
bootstraps for the original order of the sample 
observations Si drawn (in bold) and compared 
with the other cumulative sum bootstraps after 
the observations are reordered. Thus, this aids 
the decision-maker in detecting shifts in the 
mean value of both inventory cost functions. A 
mean shift automatically invokes the re-
optimization of the inventory cost functions.

Figure 3. Results of online process control 
and detection for unnatural patterns.

Figure 4. Results of online process control 
and cumulative sum bootstraps for shifts in 

the mean performance value.

Figure 5(a) and Figure 5(b) show pictorially 
a sample of the optimization results using NSGA 
II. Figure 5(a) shows the Pareto frontier of 
compromise solutions at the initial generation of 
NSGA II, and Figure 5(b) shows the Pareto 
frontier of compromise solutions after 100 
generations. From the figures, it can be seen that 
solutions converge fairly quickly, and Pareto 
front is somewhat smooth, especially in Figure 
5(b). After generating the set of compromise 
solutions, the decision-maker selects a new 
value for order quantity Q from the set of 
solutions, and the out-of-control process returns 
to an in-control state and completes the Improve 
phase of the DMAIC, and monitoring of the 
inventory process begins again in the Control 
phase.

Figure 5. Sample of optimization results for 
the inventory management problem.

5. Summary and Future Work
Multiobjective optimization is a viable 

approach for managing the tradeoffs involved 
with improving online process performance, 
including using it to enhance the Six Sigma 
DMAIC framework. Although several 
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researchers integrate multiobjective optimization 
to improve the quality of solutions of the Six 
Sigma methodology, there is limited work that 
addresses the use of multiobjective optimization 
techniques to sustain improvement after 
implementing the DMAIC framework [30, 31]. 
The main objective of this study is to present 
and implement a framework that has the ability 
to provide an online feedback from the Control 
phase to the Improve phase of the Six Sigma 
DMAIC framework for multiple objectives. 
When a process is out of control, the proposed 
approach generates a set of tradeoff decision 
variable values to assist the decision-maker in 
maintaining the process improvement after Six 
Sigma project implementation. This study 
demonstrates the implementation of the 
proposed online process control multiobjective 
optimization approach within an inventory 
management process. 

Future work seeks to expand the proposed 
methodology implementation and experimental 
design investigation. Performing online process 
control based on a 6 quality level has not, yet, 
been conducted in the current study.
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Abstract 

This paper introduces a methodology to 
select, among different government incentives, 
the best one in the development of solar energy 
projects. Generally, there is greater demand than 
available resources to undertake projects such as 
these. An analysis of different options and their 
interactions, such as private-public partnerships, 
tax incentives, and carbon emission taxes 
follows. Solar energy projects are hard to assess 
because of multiple unknowns in the nascent 
technology coupled with uncertainty in 
government regulations over current and future 
carbon emission rules, the long life of the 
projects, and others. Because of the conditions 
of uncertainty, traditional ways to value the 
projects such as net present value do not provide 
the best information to make decisions. The 
paper introduces a framework to analyze the 
different alternatives through the use of real 
options analysis (ROA) to select where 
government incentives should be provided to 
both make solar energy projects profitable and 
deliver an increase in value to society in general. 

1. Introduction
Organizations usually have more 

opportunities for investment than available 
capital, so it becomes necessary to rank the 
possible investments based on their financial 
attractiveness [1]. Dissimilar projects can be 
ranked based on their values. Projects can be 

valued using multiple methods. The most 
common method used is the net present value 
(NPV), which is the difference between the 
present value of all future cash inflows and 
outflows discounted at a risk-adjusted factor [2]. 
Traditionally managers have selected projects 
based on their NPVs: if the NPV is positive 
(meaning the expected present value of the 
benefits is greater than the expected present 
value of the costs), the project is undertaken [3].

NPV analysis is not perfect: among many 
problems, it does not consider intangible 
benefits, provides no flexibility to delay 
decisions, cannot deal with uncertainty, and can 
use only a single discount rate for all cash flows 
regardless of their different risk levels [3–5]. 
Monte Carlo Simulation (MCS) can be used to 
deal with uncertainty. MCS is a simulation of 
thousands of possible project scenarios, where 
the NPV of each scenario is calculated, and the 
results are analyzed using probability 
distributions [6]. The results can be represented 
in a histogram and are used to estimate the 
probability of success of the project, and the 
variances are explored using sensitivity analysis 
to rank the project variables [7,8].

Real options analysis (ROA) is a technique to 
support decision making in high complexity and 
uncertainty systems. It integrates both NPV and 
MCS, and increases to make a sophisticated 
framework that provides more meaningful 
information [6]. ROA provides future outcomes, 
management consequences in different 
scenarios, risk probability and volatility of future 
business development [9]. 
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2. Government incentives in 
energy generation 

Energy generation projects are usually 
incentivized by the government in one of many 
forms. Some are direct incentives, as in the form 
of a monopoly, where the government gives an 
energy generation company the right to be the 
sole seller of electricity in a given market; in the 
form of direct subsidies to the energy generator; 
by agreeing to buy a minimum or all electricity 
generated at a fixed price for several years [10]; 
or by direct tax incentives, such as tax breaks. 
Some are indirect incentives, as in carbon 
emission taxes, where the company is pushed to 
reduce its greenhouse gas emissions to reduce its 
taxes.

These and other forms of incentives can be 
used separately or combined. Subsidies and 
incentives are typically provided in the 
construction and early operating years [11]. 
Figure 1 shows some of the interactions between 
governments, users, producers, and distributors 
of energy. 

3. Energy projects 
Governments need to aid nascent 

technologies achieve scale. It has been done 
before. In the U.S., the Department of Defense 
and NASA bought almost half of all computer 
chips produced by Silicon Valley in the 1950s 
until the industry could sufficiently lower its 
costs to be commercially viable [12]. Solar 
panels have been traditionally subsidized by the 
governments of the countries where solar energy 
is demanded [13].

In the power sector, revenue comes from the 
price paid by the electricity consumer for a unit 
of energy, or from government subsidies [13]. 
As mentioned before, subsidies tend to be in the 
form of governments agreeing to buy the 
electricity generated at a fixed price for several 
years [10].

Clean energy systems are expected to play a 
role in decarbonizing the energy sector and 
reducing greenhouse gas emissions [14]. 
Renewable energy provides unending supply, 
low price, and almost no environmental damage. 
However, it is worth noting that constant large 
amounts of energy with zero carbon emission 

can only be found currently by nuclear energy 
[12].

Governments are interested in renewable 
energy. Renewable energy (in this paper) means 
electric power generated by energy sources that 
are without input fuel costs, such as wind, solar, 
geothermal, tidal, and hydroelectric power [11]. 
In the U.S., both 2012 presidential candidates 
had a goal of making the country more energy 
independent [12]. The Obama administration is 
committed to solar power, and has approved 17 
major solar projects on approximately 19 million 
acres of public lands in six western states [15–
17]. Solar energy has been labeled as expensive 
and unwieldy, but it is not [18]. 

The U.S. is not the only region interested in 
renewable energy: based on existing regulation, 
the European Union (EU) must cut their CO2 
emission 20% by 2020 compared to 1990 levels 
[19]; Japan has plans to increase its supply of 
renewable energy to 35% by 2030 [20]; and 
India has a goal of producing 20 GW of solar 
energy by 2020 [10], to name a few. Renewable 
energy has been growing due to economic 
efficiencies and technological breakthroughs in 
renewable power production; due to favorable 
government support due to environmental 
concerns such as diminishing material resources 
and increasing levels of pollution; as well as 
higher oil and gas prices [11,21]. 

Changing to renewable energy sources will 
take some time, and it is not going to be cheap. 
The world is likely to continue its heavy 
dependence on fossil fuels in the short-term 
future [14]. A European Commission’s energy 
department estimated in 2010 that a 20% cut in 
emissions would cost €48 billion a year [19]. 
The U.S. greenhouse-gas emissions in 2011 
decreased 9% compared to 2007. One of the 
main reasons is that natural gas is replacing coal 
as an energy source, and gas emits half as much 
carbon dioxide as carbon. However, if fracking 
is shut down, and energy cannot be acquired 
from shale gas, then the energy will be acquired 
by burning coal, which would increase the 
greenhouse-gas emissions [12].

4. Solar energy 
The world consumed more than 20,000 TWh 

of electricity in 2008, with the U.S. and China 
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consuming over 21% and 17% respectively [13]. 
The market opportunity for renewable energy is 
large: the world is expected to invest more than 
$5 trillion between 2010 and 2035 to build 
renewable energy generation sources [13]. The 
world demand for electricity and renewable 
energy will continue to increase as emerging 
markets continue to develop and increase their 
demand for electricity [13]. Between 2006 and 
2010 34.15 GW of solar capacity were installed 
worldwide [13]. The demand for solar panels 
has been driven primarily by Germany, Spain, 
Italy, and Japan. As of 2010, these countries 
accounted for 70% of the total installed 
worldwide solar capacity [13].

Affordable solar energy is quickly becoming 
a reality by solar panels prices falling over 30% 
by a massive expansion of solar panels 
manufacturing in China. Most American 
manufacturers can no longer compete with 
China’s prices, but the solar infrastructure has 
become more accessible [10]. A recent article in 
the Wall Street Journal stated that currently there 
is a global oversupply of solar panels and that 
prices have been falling [22].

5. Public-private partnerships 
(PPPs) 

Due to social and economic growth many 
countries are experiencing a considerable 
demand for investment in infrastructure. 
Conventional infrastructure projects funded by 
governments have led to inefficacies, and the 
projects are subjected to the availability of 
governmental funds [23]. The private sector, 
governments, and nonprofits are combining their 
skills and resources to address problems each 
group cannot solve on its own [18].  One way in 
which it is happening is through the use of 
public-private partnerships (PPPs).

On PPPs the local authority arranges for a 
long-term contract with a private firm for 
building, maintaining, and operating a building 
infrastructure for a fixed period, after which the 
government owns the facilities [24]. PPPs are 
frequently used for complex, innovative projects 
requiring large upfront investments, such as the 
financing and construction of bridges, seaports, 
airports, energy facilities, highways, and 
hospitals [25]. PPPs are rapidly becoming the 

favored way to provide these services; 
governments are regarded as having the 
responsibility for operating these facilities, but 
because of tighter budgets, governments face 
pressure on lowering infrastructure spending 
[23,24].

A critical aspect of PPPs is the allocation of 
risks between governments and the private 
firms. The private firms bear a substantial risk 
because of the length of time over which they 
take responsibility for the facilities, usually over 
20 years, with the government guaranteeing a 
minimum demand [24]. The transfer of risk to 
the private sector, who is supposed to be better 
capable of managing those risks is one of the 
core principles of PPPs [23]. A contract 
spanning multiple years raises uncertainty about 
future contracts and revenues [26].

Public-private partnerships have many 
detractors. In 2011 solar company Solyndra 
went bankrupt after receiving $535 million in 
federal aid [27]. This reignited the debate over 
whether the federal government should be 
subsidizing clean-energy research and 
development [27]. 

6. Analyzing government 
incentives framework 

The first step of the framework is to identify 
the objectives of the project. These objectives 
must include political aims, such as reducing 
dependencies on foreign oil; possible 
environmental regulations and infrastructure 
needs; economic aims such as growth and 
inflation rates; and legal aims such as existing 
environmental regulations.

The second step requires coming up with 
viable alternatives to achieve the objectives, 
such as a government’s agency building and 
maintaining a solar energy plant, the private 
sector building and maintaining it, or a hybrid 
between the government and the private sector; 
setting in place tax incentives; tax increases such 
as carbon emission taxes; etc.

The third step involves calculating costs and 
benefits for the life of the project for all 
alternatives, and for all players (both 
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governments and private sector). If all 
information is known, NPV can be used to select 
an alternative. Most of the time all precise 
information will not be currently available due 
to uncertainties such as future carbon emission 
regulations; to a lesser extent the costs of a solar 
energy plant, that due to its nascent nature are 
constantly changing; and other unknowns. 

The fourth step is the hardest. It involves 
building cumulative probability distributions for 
all unknowns. It requires research and analysis, 
including interviewing experts. The probability 
distributions don’t have to be perfect. Factors 
can be derived following processes such as the 
analytical hierarchy process by comparing pairs 
of factors [28]. Commonly used distributions 
include the triangular probability distribution 
(which require a minimum, maximum, and most 
likely result) and the normal distribution (which 
requires a mean and standard deviation). 

Having set probability distributions for all 
unknowns, the next step is to run a Monte Carlo 
Simulation (MCS) for each alternative, with 
multiple runs and calculating the yearly cash 
flows for each run. The NPV should be 
calculated for each run as well. These NPV are 
then used to estimate the volatility factor of the 
simulation runs. A process such as the 
logarithmic cash flow return approach explained 
by Kodukula and Papudesu can be used [6].

Having estimated the volatility factor for 
each alternative, the sixth step is to perform a 
real options analysis (ROA) of each alternative 
using the information from the MCS base line 
(most likely and/or mean values). The 
recommended ROA is to use binomial lattices, 
where the optimal solution to each alternative is 
obtained by optimizing the future decisions at 
various points, and folding them back in a 
backward recursive fashion into the current 
decision to calculate the option values.

The seventh and final step is to compare the 
alternatives’ option values and select the 
alternative with the best outcome.

Figure 1: Interactions between government, 
users, producers and distributors [adapted 

from 21]
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Abstract 

Rapid change in business environment and 
an increase market pressure have significantly 
driven the need of developing innovations. 
Leadership transition has become one of factors 
of innovative growth in many leading companies 
such as Apple. However, leadership transition is 
difficult to accomplish due to various aspects. 
The following research studies the potential 
impact of leadership transition on innovations at 
Apple. We use the iPad as a case study to 
represent and explain innovation development 
while monitoring changes in Apple’s supply 
chain, specifically after the transition from Steve 
Jobs to Timothy D. Cook. First, we map the 
supply chain including the organizational chain 
map, technology chain map, and capability chain 
map, respectively. Then, we conduct an analysis 
on the clockspeed to explain the rationale of 
changes in supply chain design based on two 
laws of supply chain dynamics: the clockspeed 
and the double helix. Finally, we build a system 
dynamics model to determine the effect of the 
supply chain design on the iPad's innovation 
development, which is the key capability for 
Apple against future competitors. 

1. Introduction 
The San Francisco Chronicle reported 

recently that, according to the tech research firm 
IDC, tablet sales, led by Apple’s iPad, will 
increase beyond 282.7 million in the next four 
years, which is more than double the current 

sales [1]. Tablets have enjoyed increasing 
popularity since the first iPad tablet was 
introduced in 2010. So far, Apple has introduced 
five iPads already.  One has to wonder if Apple 
is going to release a newer version at any 
moment while the general public is still holding 
their latest iPad? According to Apple’s library 
[2], a timeline of five iPad models is generated 
and displayed in Figure 1, showing that there is 
less and less time between the launch of the 
newer iPad model and the older one. Is there any 
reason for the shorter product life cycle as well 
as the faster clockspeed of iPad? 

On the other hand, the iPad is no longer the 
dominant company in the Tablet industry. More 
and more competitors join the industry every 
day. One of the most prominent and successful 
competitors is Google. How should Apple react 
to remain competitive? Also, the news is still 
fresh that Apple didn't renew its license with 
Google. When iOS 6 was introduced, the iPad 
with Retina display introduced Apple map 
service instead of, once again, using Google map 
service [3]. Does this reveal to us something 
about Apple’s development strategy in the 
future? Do these changes relate to the leadership 
transition? 

This paper explores the answers for the 
iPad’s case study with regards to the impact of 
leadership transition and supply chain design for 
innovation development.  It uses the Matrix of 
Change, the laws of supply chain dynamics, and 
system dynamics modeling to develop a 
conclusive assessment. These applications can 
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help innovative companies such as Apple sustain 
their competitive advantage in such a fast 
moving market.

2. Background

2.1. Supply chain management

Supply chain management is a system in 
which organizations and people get involved to 
transform raw materials, information, and/or 
technologies into final products or services, and 
to move the products, information and/or 
services along a network process from suppliers 
to the end users. 

In this system, technology plays an important 
role which supports production activities, 
development activities and all other activities or 
processes. 

2.2. The concept of the double helix

The double helix explains the structural 
dynamics of supply chain management. Both 
vertical/integral structures and 
horizontal/modular structures are unstable. 
Supply chain management evolves along a 
double helix mechanism between integral and 
modular structures because of its advantageous 
temporary nature.

The double helix highlights how these 
vertical and horizontal epochs determine the fate 
of companies, industries, and sometimes the 
economic fortunes of nations. 

The business double helix illuminates how 
these vertical and horizontal epochs determine 
the fate of companies, industries, and sometimes 
the economic fortunes of nations. The business 
double helix model is shown in Figure 2 [4]. 

Challenges a vertically integrated company 
may encounter include the occurrence of niche 
competitors, the increase of high-dimensional 
complexity in technology and markets, and 
organizational rigidities. These internal and 
external forces drive vertically integrated 
companies toward disintegration and a 

horizontal industry structure by outsourcing 
some of capabilities. 

On the other hand, when the company has a 
horizontal structure, it may face increasing 
pressure from the companies located in the 
downstream in its supply chain system. They 
may seize the technical advances and exploit it 
to pursue more market power. To be able to do 
so, they may integrate with other companies to 
expand vertically to become more competitive in 
cost, profit and technology and etc. After they 
become integrated companies, they will face 
disintegration pressures again, which leads to a 
cycling evolving process.

2.3. The capability chain

The capability chain of a company is its 
chain of continually evolving capabilities – that 
is, its own capabilities plus the capabilities of 
everyone it does business with in its supply 
chain, from the final consumer all the way 
upstream to the sources of raw materials and 
new technological concepts [5].  The capability 
of a company is determined by the weakest 
subsystem. Thus, the capability chain design is 
very important for a company in order to 
determine its most valuable capabilities. 

2.4. The matrix of change

The Matrix of Change was a joint research 
project developed by the Massachusetts Institute 
of Technology’s Center for Coordination 
Science and the Center for eBusiness@MIT, and 
it was predominantly funded by Intel 
Corporation and British Telecom.

The Matrix of Change (MOC – See Figure 3) 
is a method developed to model change 
management. The MOC works by identifying 
complimentary and interfering work practices 
and is made up of three matrices that are all 
interconnected; the existing practices, the target 
practices, and a transitional matrix connecting 
the first two.
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The first matrix is that of an organization’s 
existing practices.  It allows stakeholders to 
visualize the practices which make up where an 
organization currently stands and gives them 
weight to rank their importance.  It provides the 
stakeholders with an understanding of whether 
these practices have a positive impact or a 
negative impact on the organization as a whole.  
It will also look at the relationship between these 
practices and determine whether they interfere 
or complement one another 
(http://ccs.mit.edu/moc/). 

The second matrix is that of an 
organization’s target practices and it represents 
where an organizations wants to be in the future.  
It may or may not contain practices that were 
already displayed in the existing practices, and 
more often than not will display newly 
introduced practices, depending on what the 
organization’s objectives are.  Like the existing 
practices, the target practices will also be given a 
ranking and compared with one another to 
identify their relationship dynamics.

Finally, the third matrix is a transitional area, 
identifying the relationships between the 
existing practices and the target practices, and 
showing whether they interfere or complement 
each other.  Generally, if there is a large amount 
of interference between the existing practices 
and the target practices, this usually indicates 
that the transition may be a difficult one.  But in 
contrast, if the majority of practices complement 
each other than this is usually indicative of an 
easier transition.

One great advantage of using the Matrix of 
Change is that it opens up room for discussion 
amongst stakeholders.  Once they see what 
practices are important to them and how they 
impact the organization as a whole they’ll also 
start to appreciate those practices that do not 
pertain to them and it may help them make more 
sound decisions.

3. Methodology
This study attempts to answer these 

questions: 
 Why does the clockspeed of the iPad model 

increase?
  What are Apple’s most valuable capabilities 

as the competition gets tougher?
 What to make? What to buy? (Outsourcing 

Strategy)
First, Apple’s supply chain is analyzed. 

Second, the purpose of the faster clockspeed 
regarding the iPad model and based on the two 
laws of supply chain dynamics, clockspeed, and 
the double helix are discussed and demonstrated. 

The user mental model is conducted to 
address the most important usability goals of the 
iPad. The most valuable capabilities related to 
the selected usability goal are represented. Three 
chain maps including the organizational chain 
map, the technology chain map, and the 
capability chain map are illustrated, followed by 
the clockspeed analysis which is used to conduct 
the supply chain model for the iPad. 

The matrix of change is also used to 
analyze the potential impact of leadership 
transition on innovations in Apple. Finally, the 
dependency of the supply chain for the iPad’s 
case is developed using the system dynamics 
model to determine the supply chain’s impact on 
the development of key capabilities. 

4. Analysis 

4.1. The clockspeed analysis

Clockspeeds are to business genetics what 
lifecycles are to human genetics. Apple launches 
newer iPad models faster and faster at every new 
release. The life cycles of the older models get 
shorter and range from one year to few months. 
Apple is a fast clockspeed company, but it is 
now moving even faster. What is the reason for 
this?

There are two types of drivers behind a 
company like Apple: technology innovation and 

http://ccs.mit.edu/moc/
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competitive intensity. When Apple develops its 
multi-touch finger-sensitive touchscreen 
interface as well as its iOS mobile operating 
system, Apple’s clockspeed is propelled upward. 
Also, as Apple gains experience, new 
innovations end up taking less time. As a result, 
the clockspeed is going up. On the other hand, as 
more and more companies join the tablet 
industry, competitive intensity increases, this 
triggers an uptick in Apple’s clockspeed. Since 
all advantages are temporary, in this business 
environment, Apple must either evolve faster 
than its competitors or fall behind. 

The supply chain also has an impact on the 
iPad’s clockspeed. Based on the second law of 
supply chain dynamics, the clockspeed of an 
organization will increase as the organization 
location gets closer to the end customer in the 
supply chain. Figure 4 shows the iPad supply 
chain model. From the left side, display, 
processor and other suppliers would provide 
subassemblies for Apple to assemble the iPad. 
Then Apple would develop and update their 
operating system. The app developers would 
design new apps supported by the current 
operating system. Lastly, by using an iPad, 
customers can have access to all kinds of apps. 
It’s clear that clockspeed tend to be amplified 
along this supply chain towards the final 
customers. As the competition get more and 
more intense in the App development industry, 
the clockspeed tends to increase, which may 
influence the whole supply chain. As a result, 
the iPad’s clockspeed increases as well.

4.2. The supply chain map

Considering the fact that there are many 
organizations, information, people, and activities 
that get involved in tablet supply chain, we 
narrow down to the most important component 
or usability for the iPad. 

Imagine an individual using the iPad, he/she 
may use it as a display to show others pictures, 
he/she may use it as a communication tool to 

chat, he/she may use it as a tool for the creation 
of music, or he/she may use it as a smaller 
personal computer to work on office tasks. The 
different tasks, organization, technology and 
capabilities involved vary with each user. 
Display technology and graphic processing 
technology, for example, are key components 
for the visual aspect. For communication tasks, 
the audio system and camera are important 
components. 

However, users need to have access to all of 
those functions through their apps, which are 
essential for the iPad’s performance, and for 
user satisfaction. Thus, we narrow down our 
discussion into apps as a means to find out what 
the key capabilities are that Apple should focus 
on in the future. 

First, we conduct three supply chain 
analyses. Figure 5 demonstrates the 
organizational supply chain, the technology 
supply chain and capability chain, respectively. 
The Organizational supply chain consists of 
Apple, App Developers and Customer Input 
Database Providers. The Technology supply 
chain consists of the Interface Operating system, 
the App store/iTunes, and app development. The 
Capability chain consists of Operating system 
management, App implementation control, App 
development, Customization management, and 
Customer information database management.  In 
the capability chain, customer information 
database management supports capturing 
customer information and pulling out user 
inputs, such as user requirements or other user-
related information, which are essential to 
understanding users and supporting app 
customization. For example, after capturing the 
user’s habits regarding Google Maps, Google 
would store certain information such as the 
users’ favorite restaurants. Yelp, a restaurant 
recommendation app may use this data to 
generate a customized recommendation system 
for that user. Lastly, the iPad’s operating system 
is important to support this kind of app 



Proceedings of the 2013 IEMS Conference

73

customization and deliver the apps to the end 
users. If the apps are designed, developed and 
implemented on the iPad with customization for 
the particular user, the user’s experience is likely 
to improve dramatically, reaching high 
satisfaction.  It’s clear that the key capabilities in 
the chain include customer input database 
management, customization management, and 
operating system management.

Next, we generate a causal loop model [8] for 
the key capabilities. This model, shown in 
Figure 6, indicates the suppliers’ relationship’s 
impact on the development of the iPad’s three 
key capabilities, customer input database 
management, customization management, and 
operating system management. 

By outsourcing the maps service to Google, 
Apple planted the seeds for various 
competencies that grew under their own power 
and eventually beyond the ability of Apple’s 
control. Apple’s outsourcing would give Google 
opportunities to capture iPad users’ geographical 
information, social behavior information, and 
other user-related information, which then 
increases Google’s knowledge and capability on 
user information management. Lastly, Google 
could use this information to better customize 
Android apps and to improve the Android 
operating system.   This in turn, has a positive 
impact on Android’s performance and as a 
result, Android will begin to attract more 
customers. On the opposite end of the spectrum, 
fewer opportunities to capture user information 
slow down the customization process and 
weaken the performance of Apple’s operating 
system. As a result, Apple’s customer popularity 
may shrink.

4.3. The matrix of change analysis

We design the Matrix of change for any 
situation, in which we transition from a certain 
set of practices, to a new state of more desired 
practices.  

To develop this Matrix of Change we must 
first observe the organization’s current practices.  
We begin by listing these practices and deciding 
how they would be divided into groups or 
categories and we begin to put them down as the 
starting point for the first matrix.

 Next these practices are given a level of 
importance, highlighted to the right of the listed 
practices as, +1 or +2, indicating that these are 
valued practices which the organization would 
still like to see still there after the transition, -1 
or -2, indicating that these are problematic 
practices which need to be eliminated when the 
transition takes place, or 0, indicating that there 
is not real preference regarding this practice 
during the transition.  On the right side of the 
listed practices, we begin to compare these 
practices to one another observing whether they 
complement each other, indicated by a “+” sign, 
interfere with each other, indicated by a “-“ sign, 
or whether the organization is unsure how a 
certain practice impacts another one, in which a 
“?” is assigned.

The same procedure is then applied to 
develop the future state.  All the desired 
practices are listed on the upper right side of the 
matrix and they are also organized into general 
groups.

As was done for the list of current practices, 
the desired practices will be ranked and the level 
of their importance will be noted.  We will also 
begin to compare all the desired practices to one 
another in order to determine whether they 
interfere with each other or whether they 
complement each other, and their status will be 
highlight by either a positive or negative sign.

 At this point we can see the full list of the 
current practices of our organization and how 
they interact with one another, and we also see 
the desired practices of how we want the 
organization to be at the end of the designated 
transition time.  What is now missing is how the 
current state affects the future state.    Each of 
the practices from the current state are compared 
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to every single practice in the future state and 
studied to understand whether they interfere or 
compliment the future state.  As was done with 
the practices in their respective states, a positive 
or negative sign is placed in the center matrix to 
represent the interaction between the practices. 

The completed Matrix of Change displays a 
list for the current practices of an organization.  
It also displays a list of all the practices that we 
desire in the future.  These practices are 
compared to one another in their respective 
states, and then compared once again to each 
other across states.  The Matrix of Change in its 
completed form is a tool that can be used to 
determine the scope of such a transition project.  
If the center Matrix, where the present state and 
the future state are compared, is filled with a 
large amount of negative signs, this indicates 
that the transition procedure will be a 
complicated one.  When the future state differs 
greatly from the way things are being done 
today, then an organization will be faced with a 
very big learning curve which it will have to 
overcome, this will take a greater deal of 
planning, will include many more compromises, 
and will be a greater undertaking that will 
require all affected parties to be on board and 
dedicated to reaching the desired goal.

On the opposite end of the spectrum, if the 
center Matrix appears to be flooded with many 
positive signs, then this indicates that the future 
state is not very different from the current state.  
The organization is not very far from where it 
wants to be, as a result there will be fewer risks, 
and the transition will be manageable.

It is important to remember that the Matrix of 
Change does not actually provide a solution to 
problems in transitional management, rather it 
paints a picture of what the transition process 
may be like and allows stakeholders to better 
understand the sort of undertaking that will be 
required for a successful transition.  The Matrix 
of Change can be considered the first step of the 
planning processes for change management.

In Apple’s case, they no longer want 
Google Maps to be the default Maps service on 
its mobile products.  How does this look in the 
Matrix of Change?

Looking at this Matrix of Change Figure 7, 
we can already see that the transition from using 
Google Maps to Apple Maps will not be an easy 
one.  The categories are split into two different 
ones, items that lie on the corporate end and 
ones that lie on the consumer end, both of which 
will bring with them different challenges when 
making certain changes.  Apple wants to keep 
their customer base happy while at the same 
time maintaining a strong sense of control over 
the Maps app and finding better ways to 
integrate it with both the actual device and the 
other apps also installed.

4.4. Dependency dynamics of iPad’s 
development

The dependency loop is developed based on 
system dynamics modeling. System dynamics 
modeling is an approach for a policy-based 
methodology that assesses the consequences of 
changes in a system.  It illustrates the “cause” 
and “effect” relationship between variables and 
captures them for complex systems. The changes 
in one variable can provide various alternatives 
and the best alternative is selected according to 
the goals. The benefit of system dynamics is to 
provide holistic point of view and a better 
understanding of the complexity and dynamics 
of the systems [8]. It has been used as a tool for 
supply chain management for more than four 
decades.

Apple did a great job using a three-
dimensional concurrent engineering design. 
They realized that in the future, apps will play 
an important role for tablets and mobile devices. 
Outsourcing the maps service to Google is 
outsourcing the knowledge and capability.  
.Considering outsourcing related to the key 
capacities, which are the advantages against 
future competition, this decision may lead Apple 
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to the same deadly destiny faced by IBM after it 
outsourced microprocessor components to Intel. 
Now Apple started to change the link between 
process and supply chain and put a more integral 
focus on app development, it begins developing 
Apple’s map services which is necessary for the 
next generation of app development processes. 
As a result, Apple may have a new integrated 
supply chain system to support the development 
of those new processes, which, in turn, will 
increase Apple’s competency on the key 
capacities and therefore help Apple maintain 
sustainable success in the future. 

5. Conclusion 
 We have learned that there is no access to 

permanent success since all advantage is 
temporary. A company must keep moving 
forward to find/develop its new capabilities or it 
will fall behind. On the other hand, since a 
company locates its supply chain system, its 
capability is determined by its subsystems and 
everyone else in its supply chain, including end 
customers, suppliers, technology concepts and 
its competitors. As a result, it’s certain that 
Apple’s products have shorter life cycles not 
only because of its capabilities evolving along 
with  leadership transitions, but also the 
increasing in market competition, technology 
innovation, competition intensity and 
amplification in clockspeed. 

The introduction of Apple map services was 
not a reckless decision but a careful movement 
towards Apple’s new capability target. Future 
competition is likely to focus on customized 
apps and customized services. Map services are 
a platform to collect user data and this makes it 
one of the keys to develop personal customized 
apps and services. To remain successful, Apple 
is moving towards new practices, including 
developing their own map services, customized 
development or customized service to users, 
easy synchronization and integration between 
personal computers and other mobile devices, 

and relative concurrent supply chain design. 
This transition won’t be easy but will be 
necessary to continue advancing in the industry.

Leadership transition has significant impact 
on innovation development for both the product 
and the supply chain development. 

Finally, we recommend the methods 
introduced in this research for decision makers 
to monitor leadership transition and to 
understand its impact on capability evolvement, 
including clockspeed analysis, supply chain 
mapping, causal loops, and the MOC. The first 
three tools can help decision makers determine 
new goals and formulate strategic methods to 
achieve these goals. First, the causal loops 
(system dynamics) encourage an understanding 
of the product’s life cycle and the company’s 
organizational and technological structure. 
Second, causal loop analysis can help decision 
makers determine where the company should be 
headed in the future. In other words, it is 
beneficial for a company to identify the essential 
capabilities in order to remain competitive. 
Third, causal loop analysis can help decision 
makers formulate strategies to accomplish their 
new goals.   

Finally the MOC can help decision makers 
monitor and evaluate transitions and practices 
from an operational point of view. Combining 
these tools together, decision makers can better 
understand all factors of leadership and 
capability transition, leaving them with more 
confidence regarding their decisions on how to 
operate the respective transitions.  

Figure 1. Timeline of iPad models
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Figure 2. Business Double Helix Model

Figure 3. The matrix of change.  Adapted 
from introducing the matrix of change 

(http://ccs.mit.edu/moc/howtouse.html)

Figure 4. Clockspeed amplification in iPad 
model

Figure 5. Multiple dimensions of supply 
chain related to iPad apps

Figure 6. iPad’s apps development 
dependency dynamics

Figure 7. Matrix of change of the transition 
from using Google maps to Apple maps.
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Abstract

Higher learning institutions face new challenges 
posed by an increasingly diversified population 
of students. Larger percentage of adult students 
than in the past attends universities today. The 
diversified population of students has new 
expectations that are different than that of a 
more homogeneous population of students of the 
past with respect to academic processes 
including delivery methods. Consequently, in 
order to meet the new expectations, the higher 
learning institutions are impelled to offer more 
flexibility in realization of their academic 
functions, which includes content delivery. The 
paper offers instructor's experiences of teaching 
industrial automation course in a hybrid format.

Modern University 

Modern higher learning institutions have been 
invented, essentially, in medieval Europe. 
Naturally, the earlier models of higher learning 
institutions such as Athenian Platonic Academy, 
contributed to the developing of the medieval 
model, which was emulated during the 
Renaissance in Europe and later throughout the 
world, including North America. The higher 
learning institutions of the European model 
while evolving through past centuries essentially 
preserved their core administrative and academic 
framework.1 
Twenty first century brings new challenges to 
higher education institutions, which were 
introduced, among other factors, by changing 
socioeconomic profile of students. Namely 
colleges & universities enroll currently a much 

more diversified student body than in the past. 
Another fact the higher education has to 
embrace is the technology of modern digital era. 
With the advent of e-learning which includes 
online education, for the first time the higher 
learning institutions are facing technology 
inspired challenges to conventional method of 
university’s modus operandi. New 
socioeconomic challenges presented by a more 
than ever diversified students body and progress 
in technology force university to undergo more 
dramatic changes than in past centuries with 
respect to delivery methods.2  

Content Delivery Methods

Classic teaching environment requires a face-to-
face presence of a student and a teacher. This 
canon of learning changed with e-learning, 
where variety of electronic based tools and 
methods are used currently to facilitate learning 
without face-to-face presence of both parties. To 
accommodate present day expectations of 
diversified student body that includes non-
traditional students who often work either part-
time or even full time, higher learning 
institutions introduced blended or hybrid format 
of content delivery. To a great degree the higher 
learning institutions have not witnessed the same 
level of severity of problems as encountered by 
the secondary education, i.e., high schools 
system. This lead to a situation where higher 
learning institutions are offering new ways of 
teaching & learning and often play catching-up 
game to secondary education.

mailto:ajg2@psu.edu
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Education – Current Challenges & Attempts 
of Solutions

Today, educational institutions and especially 
high school education face unprecedented 
challenges and they take active measures to 
address them. High School (HS) education 
nationwide experiences very high drop-out rates. 
As nationwide “1.2 million high school students 
drop out every year3” there is no accident that 
high school education is at the forefront of new 
initiatives that intend to change this bleak 
scenarios. Consequently, HS level education 
undertakes initiatives and measures to address 
this dangerous trend. One example is the 
University of Southern California USC Hybrid 
High. As HS drop-out rate in USC’s backyard 
was 45 percent, the University designed a new 
model for a school in Los Angeles that: 
“considers the responsibilities and struggles that 
adolescents bear, reflected in increased access, 
more opportunities to learn, customized learning 
path, and flexible schedules for students.3” The 
USC Hybrid High is open longer hours than 
typical one - 12 hours a day, all days of the week 
- 7 days a week, and 310 days a year. Setting up 
a high school which offers much more 
scheduling flexibility and availability was a 
major factor behind USC initiative since they 
realized that “fixed school schedules and the 
very nature of “school” might be part of the 
problem.3” Realizing that “social-emotional 
growth and academic growth are inextricably 
linked3”, USC model lets a student to select an 
advisor-mentor, who provides crucial continuous 
guidance through high school years. Students 
take more responsibility for their educational 
success by managing their own schedule and 
more importantly the pace of their learning and 
setting up their own expectations. Hybrid format 
of content delivery is offered to meet students’ 
needs. Standard exams are often replaced by 
project work where students have to demonstrate 
a mastery of subject in front of peers, parents, 
and teachers. The USC objective is to “empower 
students, engage them in their learning, and 
provide them with constant support.” USC 
works currently on scalable and replicable 
operational model so that system can be 
replicated elsewhere.3

USC Hybrid High initiative to find solution is 
not the only one. Across the nation there are 
serious attempts to offer new alternatives to 
traditional high school education. Pennsylvania 
PA Hybrid Learning Initiative (PA HLI) is a 
coalition (central-east PA region) which works 
to build support infrastructure for hybrid 
schools, which offer hybrid learning. Another 
example could be Palisades Cyber Academy 
which is an online and hybrid learning program 
blending the traditional and the digital learning 
that is fully integrated into the Palisades School 
District.3,4,5 

These initiatives offer dramatic departure from 
traditional school environment by empowering 
students, providing mentorship, and making 
students more responsible for their own 
educational success. The experience of high 
school level education provides vital lessons to 
higher learning institutions, since the challenges 
faced by high schools were and still are much 
more severe and deeper than those encountered 
by academia.3,4,5,6   

Hybrid Format of Content Delivery

E-learning encompasses a variety of methods 
based on IT & digital technologies. These 
technologies offer an alternative to classic face-
to-face content delivery. A hybrid learning 
defined as “the integration of digital content 
with traditional teaching in the school building”2 

offers at least in perfect world the best of the 
two worlds. As described above one of the major 
motivation for offering classes in hybrid format 
was to overcome rigidity of scheduling and to 
give students more flexibility. Significant 
portion of PSU Electrical Engineering 
Technology students work either part time or 
full time, which does require maximum possible 
flexibility in scheduling. Consequently the major 
motivation was to offer EET program courses in 
a way so that students could take them in a 
complementary way to work schedule. 
Significant portion of EET students work in 
adjacent to university campus industrial park 
and to meet their scheduling needs was an 
important factor of the scheduling process 
performed by the campus’ EET program head. 
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PLC Class Hybrid Taught - course

The PLC hybrid taught course, EET 275 
Introduction to Programmable Logic Controllers 
is a standard EET course devoted to subject of 
programmable logic controllers. Subjects 
covered include:  

 Programmable Logic Controllers: 
Overview

 PLC System Hardware Components
 PLC Programming
 Hard-Wired Relay Control Diagrams 

and PLC Programming
 PLC: Timers & Counters
 PLC Sequencers: Time-Driven & Event-

Driven, SQI & SQO
 PLC: Analog & Digital, Process Control
 PLC Installation Practices, 

Troubleshooting.
The PLC Hardware used in the course includes:

 EET PLC course uses families of Allen-
Bradley PLCs:

 AB SLC 100/150 training stations
 AB MicroLogix 1000 stations 

w/RSLogix500
 AB CompactLogix  stations 

w/RSLogix5000
 and additional hardware components 

such as relays, switches, variety of 
sensors, etc. 

The mixture of older and newer PLC platforms 
allows students to get familiar with both 
programming & hardware platforms and 
naturally progress from simpler to a more 
complex programming environment. Thus the 
practicum allows students first hand to 
experience progress in technology and 
seamlessly transition between environments. 
AB SLC 100/150 are LABVolt training stations, 
stations hosting AB MicroLogix 1000 and AB 
CompactLogix are in-house built units. Stations 
for MicroLogix 1000 and AB CompactLogix are 
light portable units which allow for easy 
allocation. Author was facing budgetary 
constraints and decided to build training stations 
himself - see reference 8 for details. 

Content Delivery Methodology

Hybrid Format: In Class and Online Sessions
PSU-Fayette campus EET program traditionally 
took into account students opinions to 
accommodate various time constraints of 
working students. Conventional engineering 
technology courses due to heavy laboratory 
component were always delivered in face-to-
face campus sessions. Recent progress in 
electronic technologies made it possible to break 
away from the necessity of having every session 
as a hands-on campus laboratory activity. New 
IT technologies/software technologies which 
include teleconferencing tools such as Adobe 
Connect – “Breeze” allowed the campus to 
respond to students & graduates continuous 
requests for greater flexibility in scheduling and 
start to offer classes in a hybrid format. 
Currently PSU-Fayette EET program offers 
several core EET Program courses in hybrid 
formats starting in 2011 academic year. EET 
275 Programmable Logic Controllers course is 
one of them. The EET 275 course is 3-credit 
course with four hours of sessions per week in a 
15 weeks long semester. There are bi-weekly 
sessions, the first session discusses selected 
topic via the Adobe video-conferencing tool, 
“Breeze,” and second one is a hands-on oriented 
session at campus laboratory. Online sessions 
are synchronous sessions at either predetermined 
time slot at the same time as campus session but 
on different day or at mutually agreeable time 
slot based on communication with students at 
the first week of classes.
Adobe conferencing tool, Adobe Connect 
“Breeze”, is used to facilitate two-way 
communication in which students have access to 
“whiteboard screen,” which is used to present 
visual material. An audio channel – one way – is 
used by instructor to deliver the lecture part of 
the material. The chat textbox is used for 
question/answer correspondence between the 
instructor and students. 
The course has an extensive amount of material 
posted at class management software, Angel, 
web site including MS Power Point slides, 
interactive quizzes, additional material related to 
PLC platforms. The Angel web site provides 
material on what students need to know to be 
successful in online learning. The critical factors 
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such as time management, self-discipline, etc. 
are discussed in class. 
The course includes two projects: one is the 
middle- of -semester individual project, which 
focuses on basic hardware and essentials of PLC 
programming, and the other is a final team based 
capstone projects9. Final projects usually 
consists of designing and implementing overall 
control systems to control electrical machinery 
type of which is selected by students themselves. 
Students chose any one of the three possible 
types of electrical machinery: 3-phase, 1-phase, 
or DC motor. The time table for final projects 
consists usually of four weeks. During that time 
an instructor serves essentially as a technical 
advisor to mentor students through designing 
and implementation stages and to point students 
in the right direction if needed. Students have to 
solve all project problems and aspects by 
themselves. Naturally students have access to 
laboratory facilities beyond time allotment of 
class sessions. This is an important aspect 
especially during project work including final 
project period.      
Collected anonymous feedback from students 
indicated overall high level of satisfaction in 
meeting scheduling needs of students and good 
or satisfactory level of material comprehension 
using the hybrid format. Instructor has not 
noticed any adverse results with respect to 
material comprehension and learning progress 
on student body due to changing content 
delivery from standard face-to-face previous to 
newer hybrid format. The new method of class 
delivery requires from an instructor, though, a 
better time scheduling of specific lessons / 
content delivery, good pre-planning of each 
session, content synchronization between in-
class and online sessions, and more productive 
time in in-class laboratory sessions comparing to 
traditional way of teaching class.   

EET students enter this class after taking other 
EET program courses in hybrid format in 
previous semesters so they are not novices to 
this format of class delivery. The PLC course 
traditionally was delivered in a very hands-on 
oriented way and a new method of delivery 

necessitates very good planning and efficient 
execution by an instructor since face-to-face 
sessions are limited. To be successful in material 
delivery an instructor needs to design a proper 
pedagogical methodology. The hybrid format 
necessitates for both parties, students and 
instructor, to step out of comfort zone in order to 
accomplish course objectives and outcomes.  

Conclusions

Progress in technology and especially current 
modern solutions based on Internet accessibility 
allow for the education institutions at all levels 
to meet challenges of today. Higher learning 
institutions respond to new expectations of a 
more diversified that ever student population by 
changing the delivery methods. New available 
technologies enable higher learning institutions 
to meet students’ expectations for flexibility in 
scheduling and delivery methods. Instructors 
and students alike have to step out of their 
comfort zones to be successful. Planning, 
devising new pedagogical methodologies and 
more importantly becoming a facilitator / mentor 
are required actions to be taken by a successful 
instructor.    
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Abstract

Business process mapping has been heralded as 
a key method for improving Business Process 
Management, thereby enhancing the efficiency 
and effectiveness of business operations. There 
are a number of critical success factors however 
that need to be in place in order to attain this. 
One of them is the method or technique to be 
used for the capture, documentation, modeling, 
communication and improvement of business 
processes. There exist a wide plethora of 
methods, each of them with a particular area of 
focus. This paper aims to select two of the 
common systems; Flow chart and IDEF0 and 
consider a hybrid model of process modeling 
that can avail complementary strengths and 
address gaps that exist within each of the 
approaches. The proposed model was tested 
against the scenario of manufacturing business 
process activities in order to assess and 
demonstrate its capabilities. A hybrid approach 
was developed and implemented against this 
scenario. It was found that the hybrid approach 
did manage to address gaps effectively. The new 
system offered greater precision, smoothness of 
activity flow and improved sequencing 
meanwhile retaining a level of simplicity that 
maintained the usability of the method. 
Nonetheless, the challenges that bear upon the 
success of process mapping continue to be 
relevant. process mapping focuses on the aspect 
of process change. Where insufficient attention 

is given to organizational change, process 
mapping projects will not reap the expected 
benefits.

1. Introduction

Business processes may be considered as the 
heartbeat of the organization. They encompass 
the end-to-end activities that enable an 
organization to fulfill its objectives. Processes 
span across the organization, they enable the 
organization to produce the intended 
deliverables consistently and to a planned level 
of quality. Meanwhile products, services, 
information and communication networks 
provide the veins that connect these processes 
within the organization or with external entities 
(such as suppliers or customers). However the 
engine that delivers these outcomes are business 
processes. A process very simply put therefore is 
a set of coordinated activities that transform 
defined inputs into outputs. 

Elzinga et al. (1995) define Business Process 
Management (BPM) as follows;

A systematic, structured approach to analyze, 
improve, control, and manage processes with the 
aim of improving the quality of products and 
services.

BPM initiatives vary in success however. Zairi 
(1997) define the following conditions that need 

mailto:alturky@kacst.edu.sa
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to be in place in order to achieve desired 
objectives from BPM:

 The Major activities in the process flow 
must be properly mapped and 
documented.

 BPM creates a focus on customers and 
relies upon horizontal linkages between 
the defined key activities.

 BPM relies on systems and documented 
procedures to ensure discipline, 
consistency and repeatability of quality 
performance.

 BPM relies on measurement activity to 
assess the performance of each 
individual process, set targets and 
deliver output levels which can meet 
corporate objectives.

 BPM has to be based on a continuous 
approach to optimization through 
problem solving and extracting 
additional benefits.

 BPM has to be referenced back to best 
practices to ensure that superior 
competitiveness advantage is achieved.

 BPM is an approach for culture change 
and does not result simply through 
having good systems and the right 
structure in place.

Therefore, it can be seen that the efficiency of 
processes at an organization cannot be 
ascertained until and unless a business process 
map is first planned and constructed.

2. Literature Review

Catamesaa and Paolucci (1998) thoroughly 
discussed the strengths and weaknesses of 
IDEF0 modeling. They stated amongst the 
advantages of IDEF0 was its expressive power, 
the intuitiveness of its use and the widespread 
enterprises applications. Amongst the weakness 
of IDEF0 are: its dependence on the rigour of 
the analysis performed; IDEF0 is approximate 

and informal by nature and therefore can be 
misleading; the people involved in developing 
the model can be subjectively biased; IDEF0 is 
developed using top-down decomposition and 
most likely the detailed activities receive less 
attention due to tight time constraints. The 
author’s recommended 'golden rule' is that of 
constructing the model and then having multiple 
iterations of review to correct and align the final 
version. In addition they proposed developing 
IDEF0 but from the bottom to the top.

Reengineering is closely associated with 
business processes because an organization is 
only as effective as its processes. Grover and 
Malhotra (1997) indicated that reengineering is 
the number one initiative taken by companies to 
achieve its strategic goals. While Aldowaisan 
and Gaafar (1997) emphasized that process 
reengineering is one of the most popular work 
system improvement concepts used in industry 
today. Love and Gunasekaran (1997) reported 
that process reengineering is not about fixing 
current processes, but rebuilding them with the 
aim of process improvement. They suggested a 
combination of information technology, 
organizational and human resource enablers and 
a total quality management based philosophy are 
requisite for effective redesign of business 
processes. Sara and Aguilar (2004) emphasized 
the importance of creating a business process 
model to understand, analyze and integrate its 
processes.

3. Analysis of Business Process 
Mapping Flow Charts and IDEF0 
Model

Figure 1 illustrates an example business process 
mapping using flow charts while figure 2 
illustrates the same using IDEF0. The flow 
demonstrated is that of a typical manufacturing 
process, beginning with a design activity and 
ending with an activity for the actual 
manufacture of Product M.
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As can be seen from figure 1, the activities in the 
flow charts are presented in chronological order, 
the first activity, followed by the second and so 
on. Therefore, there is no confusion as to the 
sequence or as to which will be a trigger for the 
next and so on. The emphasis is on simplicity. 
Adding or removing an activity can be easily 
done. Thus flow charts can be used to identify 
areas of improvement in the flow. The flow 
chart assists in finding the key elements of a 
process, while drawing clear lines between 
where one process ends and the subsequent 
starts. Flow charts are flexible and can be used 
to examine the flow of information, materials 
and combinations of these. They are extensible 
and can support icon sets to facilitate process 
mapping within various contexts. Flow chart 
provides strong support for decision making as 
the example illustrates.

However, the flow chart does not by itself 
clearly define the control, input, mechanism and 
outputs. It is not explicit in terms of ‘who does 
what’ in this model. Nor it is established as to 
what specification or policies (the mechanism or 
resources) are used to convert the inputs into the 
specified outputs. It is therefore clear that the 
main weakness of business process mapping 
flow charts is the absence of support for the 
input, control, output and mechanisms (ICOM) 
detail.

As can be seen from figure 2, IDEF0 is this 
respect the reverse of the flow chart model. It 
explicitly supports ICOM (Inputs, Controls, 
Output, Mechanism) information. It is clear as to 
the conditions required to perform the activity 
and ‘who does what’ for each functional activity. 
IDEF0 gives detail in a simple and hierarchical 
manner. 

However IDEF0 does not support decision 
making in the flow. Sequencing is not explicitly 
defined and this can lead to misinterpretation of 
the process flow.

Therefore it may be seen that each of these 
methods when used independently (as they are) 
has with it a number of gaps or concerns that 
cause problems with utilizing them for process 
mapping analysis and improvement. 
Flowcharting-alone can cause a loss of important 
detail. IDEF0-alone does not provide 
sequencing.

Common drawbacks of using IDEF0 
or the Flow chart method for BPM

There are some drawbacks that are shared by 
both the IDEF0 and Flow chart method:

 The initial effort of development of business 
processes and Flow chart relies upon 
assistance from expert consultants. This 
dependence results all the often in BPM 
projects being side-lined altogether thus 
leaving the organization open to risks.

 Visible top management support is vital for 
the success of any process enhancement 
effort. Without this employee engagement 
tends to decline during operation.

 Organizations are dynamic; if there is no 
link that maintains the relevance of business 
processes, they become irrelevant over time.

 Without adequate monitoring and evaluation 
of processes, people may bypass the process 
thus causing them to lose their effectiveness.

 Both of the methods focus on the process 
flow aspect. Implementing new flows is 
however introducing change and although 
these methods provide a tool to guide, they 
are not in as themselves sufficient for 
dealing with organizational change.
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Figure 1: Flow chart model    

             Figure 2: IDEF0 Model
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Table 1 contrasts flow chart with IDEF0 against a number of parameters. This is helpful in 
clarifying the key distinguishing factors between the two.

Table 1: Comparison between IDEF0 and the Flow Chart method

Parameter Flow chart IDEF0
The ability of the method to
 provide precise sequencing of 
workflow or activities

Key attribute of flow chart 
indicated by means of arrows

Sequencing  is not part of IDEF0 

Use of additional graphical 
representation, e.g. data 
storage

Flexible is terms of 
accommodating icons as needed

As a proprietary system, the syntax 
does not permit use of bespoke 
icons that are outside the provided 
set.

Decision making representation
in workflow

Boolean logic flow is provided is 
provided as standard with a yes/no 
option

Since this is absent from IDEF0, an 
improvisation is offered by cross-
reference to another activity as a 
control indicator

Definition of process actors 
or resources

The method does not allow for 
explicitly stipulating who does 
what

A strength of IDEF0 is in defining 
the resources involves in doing the 
respective activity.

Activity Controls Absent from Flow chart (except 
for limited control through the 
decision activity)

Also a benefit of IDEF0, the 
Control is provided (i.e. prerequisite 
condition to be satisfied for 
implementing the activity).
Each activity within IDEF0 is 
mandated to have a minimum of 
one control.

Defining of Inputs Flow chart describes activities 
working on the assumption that the 
required inputs are provided.

IDEF0 facilitates an explicit 
definition of Inputs to Activities. 
The Inputs (e.g. raw materials) can 
be named and briefly described
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Both methods are dependent on the level of rigor 
employed during analysis. There is a danger of 
the modeling being too concise, such that only 
domain experts are then able to understand them 
accurately.

4. Integrating Flow chart and IDEF0

Note that the exemplar provided is illustrative 
and therefore does not capture the complex 
number of steps that the actual process would 
have in reality. The model supports layered 
abstraction of process mapping as follows; the 
left-hand side represents the top layer of the 
business process. If further activity detailing is 
required, then a hyperlink may be provided from 
the left to right, i.e. from the flowchart layer to 
the corresponding IDEF0 layer.

The flow chart layer is the backbone therefore is 
one level. The vertical arrow on the left hand 
side illustrates the sequencing of the activities 
that occur at the flow chart level of the model. 
However, depending on the need, the IDEF0 can 
support decomposition across multiple levels. 
The preceding IDEF0 activity boxes are shown 
as dashed lines as they are simple activities for 
which no further detailing is required. 
Meanwhile Activity N: Manufacture Product M. 
is a complex activity for which further detailing 
using IDEF0 will be needed,

In the example provided, Microsoft Visio was 
used for the construction of the hybrid model 
with a source hyperlink at the flow chart layer 
and a destination hyperlink at the IDEF0 layer.

The hybrid model provides a structured 
framework that avails benefits from both the 
flow chart and IDEF0 methods and facilitates an 
extensible approach to process mapping.

5.  Conclusion and further study

This study has proposed an integration of flow 
chart with IDEF0 in order to avail strengths of 
each of the methods and address gaps that were 
present within them. Further analysis and testing 
of the proposed model needs to be carried out in 
order to assess the flexibility and breadth of the 
hybrid model. 

Also, development of software that integrates 
both flow chart and IDEF0 is another application 
for further research.

The hybrid model can be used for distributing 
the work of process mapping since the IDEF0 
detailing can be assigned independently before 
being integrated back into the overall process 
framework. For example, the detailing of Design 
can be assigned to a team and the detailing of 
Manufacture Product M can be assigned to 
another team.

It is established therefore that usage of either of 
these models independently (as they are 
commonly used today) has gaps and problems. 
This paper proposes a seminal approach to 
merging the methods into a unified or hybrid 
model. One that incorporates the level of 
detailing that IDEF0 mandates. Meanwhile 
provide the sequencing and decision making 
capabilities of the flow chart method.
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Figure 3: The Hybrid Model
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Abstract

New communication technologies and high-
speed Internet have removed all the hardware 
obstacles of working from home. While it brings 
notable benefits to the organization, such as cost 
reduction and increased employee satisfaction, 
the new work style poses some challenges to 
management at the same time. It is hypothesized 
in this study that there are two major 
disadvantages of working from home: lack of 
face-to-face interaction may lead to less 
effective work communication, and the weak 
work-family boundary may result in lower 
efficiency. Survey is distributed to 
telecommuters in a software company to collect 
their views on these two issues. The result shows 
that although majority of subjects respond that 
they can communicate as well as that in person, 
and they do believe occasional face-to-face 
meetings are helpful for better formal 
communication. On the work-family boundary, 
it is shown that most participants are able to set 
a distinct boundary when they work from home. 
The disturbances at workplace, on the contrary, 
have become a key factor for them to work from 
home.

1. Introduction 
The motivation of this study was triggered by 

an internship experience by a friend of the 
author. While working as a software engineer 
for a well-known database corporation, a friend 
of the author was amazed by the large 
percentage of employees working from home at 

least several days a week. On a typical work day 
about half of the cubicles/offices were not 
occupied. Different people came to office on 
different days of the week. The team, which the 
friend of the author was working at, consists of 
11 members scattered at three continents of the 
world. Most of the team members work from 
home full time. Even though the evolution of the 
technology has offered the capability of working 
remotely, whereas seldom to see people work 
from home on such a regular base. The purpose 
of this study is to explore why and how this is 
working. 

A lot of research has been done on the 
benefits and challenges of working from home. 
From the employer point of view, the main 
benefits include reduced operation cost, 
increased productivity resulting from fewer 
distraction and willingness to work longer hours, 
improved employee morale and motivation, and 
increased recruitment options. Employees 
benefit from the new working style by having 
more control over the work-family balance, 
saving time and money in commuting, fewer 
distraction, and more employment opportunities 
for home-bound individuals [1]. Bennett’s study 
quotes some of the responses from the 
telecommuters: “You have all the comforts of 
home at your fingertips...There's no commuting 
time or commuting stress…Big Brother is not 
watching you…you can make your own 
hours…You can run out to do errands when 
most places are actually open. And when the 
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store says that it will deliver your new furniture 
between 8 and 2, no problem” [2].

On the other hand, the limitations of 
telecommuting are also well documented. The 
major concerns of organizations are difficulties 
in measuring performance of employees, impact 
on development of a strong sense of teamwork, 
sufficiency and provision of technology, security 
of information, and selection of eligible 
employees to work from home. Disadvantages 
on employee side include the feeling of 
isolation, fear of losing career opportunities due 
to “invisibility”, and the requirement of more 
self-discipline due to less work structure [1], [2]. 

Communication efficiency is another 
important concern for both employers and 
employees. An article from American Salesman 
shows that words can deliver only 7% of the 
messages in the communications while 38% is 
depending on the speech inflection, and the rest 
of it (55%) comes from the sender’s motions and 
signals of the body language [3]. Social, or non-
task-related interaction among employees is also 
important for authority, power, role definition, 
as well as interpersonal attraction and 
compatibility to be constructed [4].

At the same time, more recent studies start to 
challenge the “seemingly elusive work-life 
balance.” It is argued that the integration of 
work and non-work (flextime, telecommuting, 
on-site daycare, etc) is intended to help 
employees manage multiple roles, but the 
consequent weakening of boundaries between 
work and life can result in different life domains 
interfering with one another [5], [6]. Especially, 
the boundary at home is found to be weaker than 
that at workplace [7]. Telecommuters may have 
more difficulties to identify different roles while 
working at home, which may negatively impact 
their work productivity.

This study is particularly concerned about 
communication efficiency and work-family 
boundary issue in terms of their impact on work 
performance. Specifically, the study is trying to 

answer the following questions: To what extent 
does the absence of face-to-face communication 
affect work performance? What can be done to 
compensate the influence? Are there any 
advantages of remote communication at all? 
How the work-family boundary at home is 
perceived and handled? To what extend does it 
impact work performance? What can 
organizations and managers do on these issues, 
if they can help at all? Previous studies approach 
these issues more from theoretical point of view. 
This study aims to achieve some empirical 
results.

2. Methodology 
To fulfill the research objective a designed 

survey was considered to gain feedback from 
employees who have experience of working 
from home. The survey was posted on a 
professional survey website 
(SurveyMonkey.com) and the URL link of the 
survey was sent to the participants through three 
contact persons at the company which a friend 
of the author worked as an intern. Two of the 
contacts worked at the same team with friend of 
the author at the company. The third contact is 
another friend of the author who works at 
another branch of the same company. All 
contacts were asked to forward the survey link 
to other employees inside the company who 
work from home at least part time. 

The survey includes 21 multiple-choice 
questions and takes 5-10 minutes to complete. 
The first eight questions ask for demographic 
information including age, gender, geographic 
distance between work and home, family 
members, total hours of work, hours working 
from home, whether they are managers or not, 
and the percentage of the team members 
working from home. 

The next six questions are designed to gain 
insight of communication effectiveness while 
working from home. Participants were asked 
about the technologies used for communication, 
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their perceived effectiveness compared to the in-
person communication, percentage of non-work-
related content in remote communication, 
frequency they meet in person with co-workers, 
frequency they think they should meet in person, 
and what management can do to improve the 
situation. 

The following five questions intend to get 
feedback on the issue of work-family boundary 
at home. Participants were asked about the 
working schedule at home, the settings of their 
working space, the distraction level compared to 
that at office, how they handle the distraction, as 
well as how the company can help them if they 
have related issues. 

In the last two questions, participants were 
asked to rate the reasons of working from home 
and from office respectively, in terms of each 
reason’s importance for them to go for particular 
way of working. The questions were intended to 
get ideas about responders’ overall opinions on 
pros and cons of working from home and office. 
Figure 1 is a screenshot of the survey.

Figure 1. Survey Interface

All survey questions have open-ended 
options for the responders to provide free 
comments. In order to get additional information 
about the company’s policy and the overall 
situation of working from home.

3. Results 
Sixty-three employees completed the 

survey. Twenty-eight of them are males (44.4%) 

and 35 are females (55.6%). Fifteen of them are 
managers (23.8%). Figure 2 illustrates other 
demographic information. Several facts worth 
mentioning are: 1. over half of the responders 
are over 40 years old; 2. over half of them work 
more than 30 hours from home weekly; 3. 
majority of responders’ team-mates also spend 
substantial amount of time (over 60%) working 
from home.
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Figure 2.  Demographic Information

Communication Effectiveness
When asked about the means of remote 

communication, over 95% participants respond 
that they use a combination of instant 
messenger, telephone/teleconference, and email 
to keep connected with their colleagues. Some 
additional means mentioned include desktop 
sharing, web conference and chat room for 
instant messengers. 
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In terms of their perception about the remote 
communication effectiveness compared to that at 
office, 11 of them (12%) believe they actually 
do better remotely than they do in person. 
Another 55% of them think they can do equally 
effectively. Eight people (13%) respond that 
remote communication is not as good as in 
office but it does not affect the overall 
performance. The other 15% think meeting in 
person really helps and wish they could see each 
other more often. Asked about the percentage of 
non-work-related communication during a 
typical remote communication session, 86% say 
that the off-topic content only accounts for 0% 
or less than 10% of the communication. Another 
11% responders say that 10%-20% of their 
conversation is non-work-related.

Questions about the frequency they see each 
other in person achieve the responses shown in 
Figure 3. More than half of the responders 
(54%) see their co-workers only once in several 
years. Comparing the frequency of what they 
currently practice with what they think they 
should do, a significant desire for more frequent 
face-to-face meetings can be concluded. 
“Several times a year” is considered by more 
than half of the responders as the frequency 
which would better benefit their work. Some 
additional comments about the frequency 
include: “That (the frequency) is more linked to 
tasks. There are a few tasks that are much more 
efficient face to face.” “It’s hard to connect 
personally or feel involved if you do not have 
daily interaction.” “(The frequency should be) 
just enough to better understand their 
communication style to avoid any 
misunderstandings that can occur with more 
formal communications.”

Several
times a
week
Several
times a
month
Several
times a
year

How often do you see your colleagues (those
who work with you on a daily base) in person?

Several
times a
week

Several
times a
month

How often do you think you SHOULD see your
colleagues (those working with you on a daily base)
in person to benefit your work?

Figure 3. Frequencies of Face-to-face 
Meetings

When asked about what management 
can do to improve the situation, 66% advise that 
more work-related get-togethers (meetings, 
training etc) would help, 24% ask for more non-
work-related social events (dinners, parties etc). 
However, some responders expressed some 
realistic concerns, saying that the tight budget 
and/or the fact that many of them work in a 
global virtual team might make any suggestion 
hard to be put into action.

Work-life Boundary at Home
The second half of the survey show that 

70% participants follow the similar work hours 
as they do at office. In terms of the working 
environment at home, 56% have a shielded area 
protecting them from all kinds of distraction, 
and another 31% have dedicated working area 
but claim that they can work anywhere in the 
house. 

In response to the question about the 
disturbance level at home compared to that at 
office, majority of them responded “much less” 
(59%) or “slightly less” (16%) at home, as 
shown in Figure 4 above. A hypothetical 
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scenario was given to the participants to further 
explore how they handle particular situations. 
They were asked whether they would watch a 
critical football game during the work hour 
(Figure 4 below). About half of them (53%) 
choose not to watch it, 25% say they will watch 
it while working, 12% would watch it and 
reschedule the work, and another 10% say they 
will watch part of them. 

In terms of what management can do to 
help them work more productively at home, 
86% of them do not think it is an issue for them, 
3% of them think some training would help 
them better manage the distractions at home. 
Other comments include “expense (of) office 
equipment like desks and chairs,” “Higher 
salary, so that I can buy a bigger flat with a 
separate study.” “It is an issue, but he 
(manager) can do not much really.” 

Yes, much
more.
Yes, slightly
more.
No, slightly
less.
No, much less.

Do you find more disturbances working at
home than at office?

Yes I
will
watch
it and
reschedule
the
work.

While working from home, there is a critical football match of
your favorite team (or any other event of the same nature)
that starts on TV during your working hours. Would you watch
it if there is no urgent issue at work?

Figure 4. Disturbances at home

Reasons of Working from Home/Office
Figure 5 and 6 shows the result of the 

importance ranking of various reasons of 
telecommuting and on-site working. “Saving 
commuting cost” and “taking better care of the 
family” are rated the top two reasons of working 

from home, followed by “less disturbances”, 
which about 60% participants consider as “very 
important” or “important”. “No direct 
supervision” seems the least important 
motivation of working remotely. Additional 
reasons collected include company policy, 
saving division cost, and working in a global 
team. 

In comparison, the reasons for working at 
office are not distinctively perceived by the 
participants. “Social needs”, “better work 
communication” and “distinct boundary between 
work and family” are all considered by majority 
(over 60%) of participants as “very important” 
or “important”, with “social needs” rated slightly 
higher than the other two reasons. “Fewer 
disturbances” is considered important by only 
about 20% of the participants. Supplementary 
comments include “I usually work from the 
office specially because there are people there to 
interact with.” “There are many more 
distractions at office; noise, light, smell -- and 
people tend to want to socialize a lot.”
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Figure 6. Reasons Working at Office

Phone interview with one of the contact 
person suggests that the practice of working 
from home varies from team to team. Typically, 
team having members largely dispersed 
geographically tend to work from home more 
often. Team members living far from the local 
office are also allowed to work from home more 
often. Manager preference is also a factor to 
decide what pattern to follow. In the contact 
person’s team, members living close to the 
office are mandated to work at the office, but 
they are allowed to work from home when they 
have to deal with some family issues, such as 
during children’s school break, etc.

4. Discussion 
The survey result shows that while a large 

portion (75%) of responders believe that 
working from home does not impact their work 
communication, they do wish for more frequent 
face-to-face meetings, whether in business form 
or for pure social purpose. This can be explained 
from several perspectives: Firstly, the 
participants are all IT professionals and are 
experts in utilizing all sorts of advanced 
communication tools, so technically they can 
achieve optimal communication efficiency. 

Secondly, over 70% participants work at least 20 
hours from home each week. Most likely they 
have adapted themselves to the new way of 
communication and have overcome most 
obstacles in the way. However, this does not 
mean that they can absolutely communicate 
better than they do face-to-face communication. 
The response that they can “communicate as 
effectively as in person” may be just an indicator 
that they have gained adequate communication 
skills to work remotely. In fact, one participant 
comments that “the communication can be 
equally effective. It just takes more time in 
chatting and emailing,” meaning that it cost 
more effort to make up the communication 
incapability. Another two responders say that 
specific types of issues would be better 
communicated in person than remotely. In 
summary, the disadvantages of remote 
communication have not affected the work 
efficiency in a noticeable way among the 
surveyed population, but more frequent face-to-
face meetings are deemed as necessary to 
improve the communication effectiveness.

There is no direct evidence to support the 
assumed impact on working caused by the weak 
work-life boundary at home. Beyond the 
expectation, the survey shows evidently that the 
frequent out-of-control distraction at workplace 
outweighs the disturbances at home. In fact, 
being able to focus better has become one of the 
advantages of working from home. One 
responder comments in the survey that “working 
at the office there is always someone coming by 
just to say 'Hi'. 20 minutes later they are still 
there.” Another says: “actually it's about the 
SAME distraction factor, if you think about how 
many people you stop and talk to at work on 
your way to get coffee 3-4 times, or to the 
bathroom 2-3- times, or on the way to a meeting, 
etc.” By taking a closer look at the survey 
response, it found that people working more 
hours from home tend to be disturbed less than 
those working only occasionally from home. 
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This suggests that experienced home workers 
may have established more work-friendly 
environment at home (such as a shielded work 
area, good time management skills, etc) 
allowing them to focus better on work. People 
who do not work from home regularly may have 
more problems in handling the disturbances. 
Since the survey show that over half of the 
participants working full-time from home, the 
extent to which they are bothered by family 
issues is mostly likely less than the average 
population working from home. 

As to how the organizations can help to 
address the issues, it is suggested by the survey 
result that regular in-person meetings would 
help for team members communicate more 
effectively on work issues. Considering a very 
low percentage of non-wok communication 
between telecommuters revealed in the survey, 
organizations have to encourage team members 
to exchange more non-work experiences even 
when they are not face to face. A case study in 
Employee Benefit Magazine reported that a 
company named BT tackles the problem of 
employees’ isolated feelings by setting up a chat 
room to let the employees communicate each 
other [8]. Although the effectiveness of such 
practice is not yet confirmed, this is definitely an 
economic way of enhancing informal 
communication among employees and worth the 
effort of trying it out. 

5. Conclusion 
Advancement of communication 

technologies and proper use of them compensate 
the insufficiency of remote communication to a 
considerable amount of degree. By setting up a 
working environment similar to the workplace, 
the boundary between work and family at home 
can be strengthened. Due to the fact that 
distractions at workplace are more random and 
uncontrollable, the distraction at home is 
considered relatively less. For full-time 
telecommuters, management can facilitate 

regular face-to-face meetings to help team 
member to understand each other’s 
communication style. Some training on dealing 
with home distractions are helpful to improve 
productivity working at home.

6. Limitation and future research 
This study is limited mainly by the resource 

reached to fulfill the survey. In addition to the 
difficulty to have a larger sample and to select 
participants on a more diversified base. The 
homogeneity of the subjects (mostly software 
engineers and their managers) prevents the result 
from being generalized to other domain areas. 
Furthermore, the fact that some participants 
work in a global team may inject some issues 
involved in the research of virtual team 
communication or inter-cultural communication. 
In spite of these, this study provides insights 
about how the disadvantages of working from 
home are perceived by telecommuters and can 
well serve as a pilot study for better 
understanding of the related issues. However, 
the weak work-life boundary at home can be a 
challenge for average telecommuters. Future 
research can approach this issue by gathering 
more detailed information about their activities 
while working at home, in order to gain more 
insights on the related issues.
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Abstract

Custom molds were used to fabricate acrylic 
bone cement specimens that were tested in an 
MTS 858 to analyze fatigue properties. 
Subsequent studies will determine cement mixer 
and cement cure time effect on fatigue life. This 
paper details the mold development to increase 
specimen yield and initial test results.

1.0 Introduction

Bone cement is a common material used for 
fixation of orthopedic implants to the bone 
surface for joint replacement surgeries.  Bone 
cement is a thermoset biomaterial made mixing 
a liquid and powder constituents to form  poly 
methylmethacrylate, or PMMA [1]; PMMA is 
most commonly known as acrylic glass.   Most 
bone cements have pre-polymerized beads in the 
powder component that have been shown to act 
as fatigue crack propagation barriers [2].

The preparation of bone cement takes place in 
the surgical room at the time of joint 
replacement.  The liquid and powder 
constituents are combined and mixed by one of 
three common methods: hand mixing, 
centrifugal mixing, or vacuum mixing, the latter 
being the preferred choice due to its ability to 
remove entrapped air during the mixing process.  
Once mixed, the thermoset is molded by hand 
into the prepared bone cavity or injected using a 

custom injection gun.  While in its dough-like 
state, the cement is used as a grout between bone 
and prosthetic. The cement has a working time 
of 6 to 10 minutes before it cures and secures the 
prosthetic in place. 

Though bone cement has proven to be the most 
popular means of implant fixation, mechanical 
failure of the thermoset is a leading cause for 
revision surgery [3].  Therefore, much research 
has been dedicated to the failure modes of bone 
cement.  Studies have shown that implant 
loosening is most commonly due to fatigue 
failure of the bone cement.  In one study by 
Topoleski and Ducheyne [4], in vivo failure 
mechanisms of bone cement were concluded to 
result from fatigue crack growth due to micro-
craze damage zone.  

Pores (entrapped air) are resultant from the 
mixing process of the liquid and powder 
components of acrylic bone cement. This 
porosity has been considered the primary failure 
mode in many fatigue studies of bone cement 
due to the pores acting as a stress riser [2-7, 12, 15].  
Advancements in bone cement technologies 
have centered around controlling or reducing the 
presence of pores in efforts to improve fatigue 
life.  

Considering the widely documented effect of 
pores on fatigue life of bone cement, mixer 
design with respect to porosity is of particular 
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interest.  It has been shown that vacuum mixing 
is the most effective method to increase fatigue 
life to date.  Some studies [8-9] theorize that 
vacuum mixer design and its ability to 
thoroughly stir the cement as it becomes more 
viscous could have an effect on porosity and, 
thus, on the cements fatigue life.    

It is reasonable to assume that a mixer designed 
specifically for a particular cement would 
maximize the performance.  In a study by 
Barletta et al [1], however, performance of 
mechanical properties did not correlate with 
proprietary mixer / cement combinations.  
Rather, in most instances, cements had increased 
mechanical properties in other mixing systems.  

The current study will expand the static 
mechanical property study of Barletta et al and 
the study on the effect of cement mixer on 
mechanical properties by Schonning et al [13] to 
fatigue-life properties.  In particular, one bone 
cement will be prepared using two different 
vacuum mixing systems (one specifically 
designed for the cement and another designed by 
a different manufacturer) and then tested to 
fatigue failure.  The data will be compared to 
determine if there is a statistical difference in the 
mixers’ effect on fatigue life of the cement.  It is 
hypothesized that the mixer that consistently 
minimizes the number and size of pores will 
result in increased fatigue life of the cement.  
This paper will review the initial stages of this 
study with particular focus on the techniques 
used in the creation of fatigue specimens.  

2.0 Mold Creation

Custom molds were created in which bone 
cement specimens could be prepared to meet the 
requirements of ASTM F2118-03 [10]. ASTM 
F2118-03 is the standard test method for 
constant amplitude of force controlled fatigue 
testing of acrylic bone cement materials. It 
details a recommended procedure for creating 
molds that includes encapsulating machined 
blanks in a silicone material.

A flask was fabricated to yield a 13cm × 6cm 
× 3.5cm mold.  The bottom and sides were 
constructed from Polyvinyl chloride (PVC) 
boards and the top was exposed to atmosphere, 
as shown in Figure 1.  Six aluminum blanks, 
machined to the dimensions specified in ASTM 
F2118-03, were suspended mid flask by ~1/8 
deep holes in the inside face of the long PVC 
sides. 

Figure 1: Flask with aluminum blanks.

The mold material was Smooth-Sil 935, a 
two-part (100B:10A) silicone rubber compound.  
The two parts were mixed per manufacturer’s 
instructions and the compound was put under 30 
mmHg vacuum in a large container for several 
minutes to allow for degassing prior to casting. 
A thin layer of silicone was then applied to the 
aluminum blanks and the flask was placed into 
the vacuum chamber for several minutes until 
degassing was no longer evident from the 
material on the blanks.  Silicone material was 
then added to the fill the remainder of the flask, 
as shown in Figure 2.  Molds were allowed to set 
for 24 hours prior to removing blanks.  The final 
silicone mold was shown in Figure 3.

3.0 Specimen Creation

The primary objective of this study is to 
determine the effects of vacuum mixer on 
fatigue properties of acrylic bone cement. The 
cement used in this study was Surgical 
Simplex® P manufactured, by Stryker 
Orthopedics, which consisted of one part powder 
and one part liquid. Powder composition was 
Polymethyl methacrylate (15%w/w), Methyl 
methacrylate-Styrene-copolymer (75%w/w), and 
Barium sulfate (10%w/w) and the liquid 
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composition was Methyl methacrylate 
(97.4%v/v), N,N-dimethyl-para-toluidine 
(2.6%v/v), and 75 ppm of hydroquinone.  The 
two mixers used in this study were the ACM 
Bone Cement Mixer manufactured by Stryker® 
Instruments and the Optivac® Kit manufactured 
by Biomet Orthopedics.  

Figure 2: Silicone mold creation using a 
vacuum chamber.

Figure 3: Final silicone mold.

The liquid and powder constituents were 
combined in the mixing chambers of each 
respective mixer (Figure 4) and tops were 
secured in place.  When the mixing chamber was 
placed under vacuum via vacuum pedal, the 
cement was stirred per manufacturer instructions 
for approximately 1-2 minutes until parts were 
thoroughly mixed into a doughy state.   The 
Optivac mixer’s handle was twisted in a back 
and forth motion while lifting it up and down.  
This motion allowed the “blender-like” blade to 
mix the cement radially along the length of the 
cylindrical chamber, as shown in Figure 5.  The 
ACM mixer consisted of a hopper at the top of a 
cylindrical chamber.  The cement was blended 
in the hopper by twisting a handle that was 
connected to two paddle blades, one smaller 
solid paddle and one larger hollow paddle that 
allowed cement to pass through its center.  After 
the cement was thoroughly mixed, vacuum was 
released and a valve at the bottom of the mixer 
was opened to allow the cement to flow into the 
lower cylinder with a final turn of the paddles, 
as shown in Figure 5.

Figure 4: Combining liquid and powder 
components of bone cement (left) Optivac 
mixer[11]  (right)  ACM Mixer.

Once the cement was mixed, the cylindrical 
portions of each mixer, containing the cement, 
was removed and assembled with a custom 
injection gun specifically designed for each 
mixer.  A nylon hose barb adapter was (3/8” 
barb × 1/2” MIP) was securely taped to the 
nozzles supplied with the mixers to adapt to the 
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specimen cavity of the silicone molds, as shown 
in Figure 6. 

The cement was injected into the silicone 
mold, filling one cavity approximately every 
thirty seconds until all six cavities were filled. 
Modified push pins (i.e., sharp metal portion 
removed) were used to plug specimen cavity to 
prevent cement from escaping, as shown in 
Figure 7.  

Figure 5: Mixing process of bone cement (left) 
Optivac mixer[11]   (right)  ACM Mixer. 

Figure 6: (top-left) Optivac in injection gun[11]   
(right) ACM in injection gun (bottom-left) 
hose barb adapter taped to ACM nozzle.

Figure 7: Filling silicone mold with bone 
cement.

When all cavities were filled and cement had 
lost all pliability, the entire silicone mold was 
placed in a ~37º C saline bath (Figure 8).  After 
approximately 1 hour, the specimens were 
removed from the silicone mold, labeled, and 
placed in an environmental chamber filled with 
saline (Figure 9) and kept at approximately 37º 
C.  

Figure 8: Saline Bath.
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Figure 9: Environmental chamber.

4.0 Initial Testing

Specimens were kept in a controlled 
environment for 7 days prior to fatigue testing.  
The shelf life of specimens to be tested was 60 
days from creation.  

Specimens were tested individually in 
atmospheric air using an MTS 858 (Figure 10).  
Parameters for fatigue testing were fully 
reversed, sinusoidal tensile and compressive 
loading (12.5, 15, and 17.5 MPa) at 5 Hz [13]. 
Specimens were tested to failure or to a pre-
determined run out limit of 5×106 cycles. 

Figure 10: MTS 858 with cement specimen.

5.0 Initial Results and Future Testing

Too little data has been collected to date to 
make accurate conclusions about mixer effect on 
fatigue properties.  Only 12 out of 72 specimens 
have been tested (with 2 specimens rejected due 
to large internal pores).  However, initial results 
show that stress-life curves are consistent with 

those observed in similar studies.  Early 
indications reveal no measureable difference 
between the two mixers, with the data showing 
similar results for both except for one early 
fracture by a Stryker specimen, as shown in 
Figure 11.

Figure 11: S-N curve, early results.

Fatigue testing will continue until enough data 
points are obtained to make statistical 
comparisons on the mixers with respect to 
fatigue life.  The current plan is to collect 72 
data points, which will produce 12 data points at 
stress levels of 12.5, 15, and 17.5 MPa for each 
mixer. This is considered sufficient data points 
to conduct ANOVA or t-tests based on similar 
studies. 

6.0 Discussion 

Development of the silicone mold creation 
process was needed due to a low specimen yield 
as a result of mold defects. 

Molds developed by Reyes et al. [11], shown 
in Figure  12, were used to create initial bone 
cement specimens.  These molds were created 
by arranging six machined aluminum blanks in a 
circular pattern within a plastic flask that was 
filled with Smooth-Sil 935® (silicone). The 
yield of usable specimens created in these molds 
was low due to pores created by entrapped air in 
the silicone material, as shown in Figure 13.  
Pores close to or touching the specimen cavity 
allowed bone cement material to egress into 
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them and create defects (Figure 14).  In some 
cases, the defects could be removed with 600 
grit sand paper, but the yield of acceptable 
specimens was still less than 50%.

Figure 12: Initial silicone mold [11].

Figure 13: Cross-sectioned mold showing 
pores next to specimen cavity.

Figure 14: Rejected bone cement specimens 
due to mold defects.

To minimize entrapped air and to improve 
specimen yield, techniques used to cast the 
silicone molds were refined to include vacuum 
pressure as detailed in Section 2 of this report.

The flask used to make the silicone mold was 
modified from 10cm × 10cm × 6cm to 13cm × 
3.5cm × 6cm. The shallower flask provided a 
shorter degas distance (from 10cm to 3.5cm) for 

entrapped air to escape under vacuum, as 
illustrated in Figure 15.  

Figure 15: Comparison of degas distance 
between initial and modified silicone mold. 

The method described in Section 2 of this report 
was an adequate method for manufacturing the 
silicone mold used to create bone cement 
specimens.  However, the extremely viscous 
properties of the silicone made it difficult to 
reproduce the process successfully for a couple 
of reasons.  First, complete degassing was not 
possible in the bulk silicone material.  This was 
not critical to specimen yield as long as the 
material directly surrounding the cavity was 
completely degassed. If the pore was significant, 
however, the bone cement could expand towards 
the pore due to the thin silicone layer’s inability 
to hold the specimen shape, as shown in Figure 
16.  The defects caused by such pores (Figure 
18) did not cause rejection of specimens because 
they were removed with 600-grit sand paper.  
However, it was a design criterion of the silicone 
mold to yield flawless specimens without further 
processing. 

Figure 16: Detail of pore causing deformation 
of specimen shape. 

Another complication of the viscosity of the 
silicone was the inability to complete molds 
directly under the aluminum blanks in the flask, 
as detailed in Figure 17.  This phenomenon also 
contributed to the defects shown in Figure 18. 
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Figure 17: Mold defect caused by incomplete 
fill.

 

Figure 18: Deformed specimen caused by 
pore near cement cavity. 

Efforts were made to improve degassing and to 
eliminate incomplete molds.  In particular, 
methyl silicone was added to the Smooth-Sil to 
decrease viscosity and make the silicone more 
workable.  The methyl silicone was added to 

part B of the compound at a 1:29 ratio by weight 
and mixed thoroughly.  The ratio was somewhat 
arbitrary and was based on a feel for the 
viscosity [16].   Part A was added at a 10:100 
ratio by weight to the part B / methyl silicone 
mixture and stirred thoroughly.  The resultant 
viscosity was greatly reduced as shown in Figure 
19.

Figure 19: Viscosity comparison (left) 
Smooth-Sil 935 (right) Smooth-Sil 935 plus 
methyl silicone.  

The reduced viscosity silicone eliminated the 
two major issues faced with the first molds: 
incomplete degassing and incomplete fill.  The 
Smooth-Sil plus methyl silicone reduced the 
viscosity enough to allowed for complete 
degassing using the same vacuum pressure (-30 
mmHg).  Samples in Figure 20 show the 
improved degassing using the new method, 
whereas the initial method resulted in very 
porous silicone molds, the addition of methyl 
silicone yielded a pore-free mold. 

Figure 20: Mold porosity comparison (left) 
sample from initial molds (right) sample from 
molds created using methyl silicone.

The filling characteristics were also improved 
with the addition of methyl silicone.  Initial 
methods resulting in the incomplete fill, as 
shown in Figure 17, were due to a pour stream 
that was too “thick” to fit between aluminum 
blanks and had to flow over and around them to 
fill the flask.  The addition of methyl silicone 
enabled the silicone to be poured in a very thin 
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stream and allowed the flask to be filled “bottom 
up,” which eliminated the incomplete mold 
issues, as shown in Figure 21.  

Figure 21: “Bottom up” filling of flask with 
Smooth-Sil plus methyl silicone. 

The addition of methyl silicone did have an 
adverse effect on the final silicone mold in that it 
reduced the hardness from a shore A durameter 
29 to approximately shore A 8 durameter.  There 
was concern that the reduced durameter could 
have detrimental effects on the silicone mold’s 
ability to hold the proper specimen diameter 
tolerance. To validate the new molds, trials 
using scrap and expired bone cement were 
conducted and indicate that the new molds 
should yield specimens within tolerance. For 
future silicone molds, however, proportions of 
the methyl silicone will be evaluated to produce 
more rigid molds while maintaining improved 
casting properties.
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Abstract 

Quality and productivity practices are being 
pursued in most organizations, either in isolation 
or in an integrated fashion. Both practices are 
needed to enable companies achieve their 
purpose of creating value; the same holds true 
for Pakistani manufacturing and service 
organizations. 

This paper presents a questionnaire-based 
study on the level of quality and productivity 
implementation in Pakistani organizations. The 
results from analyzing the questionnaire data 
were used to develop an integrated model for 
Total Productivity and Quality Management 
which provides a framework to focus on factors 
that may affect quality and productivity. 

To assess quality and productivity a 
questionnaire was designed and distributed. 
Fifty manufacturing and service companies 
responded to the survey, and the results show 
that top management is committed to: 1) Quality 
in 48% of the organizations, productivity in 42% 
of the organizations, and business excellence in 
42% of the organizations. 

An integrated model for Total Productivity 
and Quality Management was developed and 
operational linking strategies were suggested to 
deal with confidence towards maintenance and 
continuous improvement of business processes 
to enhance stakeholders’ value.  

1. Introduction 
Quality and productivity are used to create 

value for both customers and companies. Quality 
focuses on the benefits created for customers; 
productivity addresses outputs and costs 
incurred by a firm [1]. Nowadays, an integrated 
approach of quality and productivity for value 
creation got recognition in some organizations 
[2].

Quality and productivity are linked. An 
effective way to improve productivity is through 
total quality management, which must be a 
comprehensive effort carefully linked to the 
strategic planning process [3]. Quality and 
productivity management principles are 
operationalized in most organizations to 
maximize profitability or return on investment. 
The emphasis is on providing market leadership; 
cost leadership, product differentiation and 
business supremacy [4]. Quality and 
productivity target shortening production cycles, 
minimizing scrap and waste, reducing unit cost, 
among other goals.

One source of confusion in sorting out best 
practices in organizational improvement is that 
very similar activities and initiatives carry a 
variety of names, depending on whether the 
major theme is quality, productivity, customer 
satisfaction, excellence, competitiveness or 
some other variation [3].

This paper evaluates the state of quality and 
productivity implementation in Pakistani 

mailto:usman.aslam123@gmail.com


Proceedings of the 2013 IEMS Conference

107

organizations and develops an integrated model 
for Total Productivity and Quality Management. 
The developed model provides operational 
strategies that can be used for maintaining and 
improving business processes; thus enhancing 
stakeholder’s value.

2. Background
Quality and productivity are important 

performance measures that need to be measured 
and continually improved [5]. Besides, the 
success of an organization’s quality and 
productivity initiatives depend on other factors, 
such as: Technological infrastructure, 
interactions with governmental organizations 
and administration, and culture and quality of 
education of the society. Thus, quality and 
productivity improvement should be planned 
through long-term action [5].

Self-assessment is important to support 
quality and productivity improvement efforts; to 
define its mission, vision, and values; quality 
planning and training; and processes leading to 
customer satisfaction [6]. 

Quality and productivity assessment offers 
several advantages, such as [7]:

(a) Improving brand image 
(b) Facilitating standardization
(c) Reducing costs
(d) Increasing sales turnover
A survey for Pakistani organizations showed 

that the importance of quality management is 
increasing because of lack of quality control and 
assurance systems, lack of accreditation and 
certification procedures, poor conformity marks 
and labeling, and outdated standardization. Such 
issues limit the ability of Pakistani organizations 
to compete in an international marketplace [8].

A self-assessment case study was conducted 
in Pakistan based on the International Quality 
Award model. The case study applied the model 
for self-assessment of a quality-certified 
manufacturing company. The results of the case 

study identified the companies’ strengths in 
terms of total quality management practices [9].

It is not appropriate to consider faulty 
products as output of a manufacturing process 
when measuring productivity. However, 
improvements in quality, i.e., more products are 
manufactured correctly, is not included in the 
concept of productivity. Quality and 
productivity come hand in hand, but they are 
two separate concepts [10].

Performance objectives are considered a part 
of productivity by some researchers [11]. 
Dernburg and McDougall (1976) state 
“Unfortunately the measurement of productivity 
improvement in many areas is not possible 
because output itself is not measurable.” While 
defining productivity, cost, quality, and outcome 
measures, Omachonu (1998) states that: 
“Productivity has different meanings to different 
segments of the healthcare profession-managed 
care organizations, nursing professionals, health 
economists, hospital administrators, 
management engineers, and so on.” More 
writings on work-study, labor, productivity, and 
quality can be found in many other references, 
such as Clark and Kirk [12], Harber et al. [13], 
Baete [14], Clark [15], Hong and Kirk [16], Lee 
[17], Young and Colosi [18], Kanawaty [19], 
and Sahney [20]. Most of these references 
pertain to health care, but methodologies can be 
applied to any other service environment.

The competition in the market is tremendous 
and manufacturing organizations have to be very 
innovative. Hence, manufacturers need to 
produce the best quality product at right time 
and with minimum cost to be competitive. To 
improve process of evaluation through quality 
and productivity tools, it is necessary to 
eliminate waste by implementing various quality 
management and improvement tools [10].

Taken together, the above studies suggest 
that Pakistani industries have been lagging in 
adopting modern tools and techniques for 
improving quality and productivity as compared 
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to the rest of the nations. The main reason for 
this is the resistance to deviate from status quo; 
and this is affecting Pakistani industries’ ability 
to compete in an international market-place.

3. Methodology  
A questionnaire is designed to assess state of 

quality and productivity implementations in 
Pakistani’ organizations (see Figure 1). The 
questionnaire consisted of 19 questions covering 
the dimensions of quality, productivity and 
business excellence.

Fifty organizations from all over Pakistan 
were randomly selected for the purpose of data 
collection and analysis. The questionnaires were 
distributed via e-mail. The data from some 
organizations were collected using an interview 
approach, based on the distributed 

questionnaires. The industries were diversified 
based on the number of employees and the 
diversity of the services which they provide. 
Moreover, the data was collected from Top 
Management, Middle Management, and Line 
Management in various organizations. This 
approach was adopted to find out differences in 
views and satisfaction levels of at various layers 
of the organization.

The results from analyzing the questionnaire 
data were used to develop an integrated model 
for Total Productivity and Quality Management. 
This model provides a framework for 
organizations to focus their attention on the 
factors that may make a difference to their value 
creation according to the quality and 
productivity assessment. 

Figure 1. Sample Questions

4. Results  

4.1. Questionnaire data analysis 

Data was collected from 31 manufacturing 
and 19 service organizations. Figure 2 provides 
a summary of questionnaire results. Where 
question numbers indicate: 1) Commitment, 2) 
Responsibility, 3) Participation, 4) Customer 
Focus, 5) Objectives, 6) Plans, 7) Job 
Description, 8) Communication, 9) Training, 10) 
New Development, 11) Suppliers, 12) Employee 

Involvement, 13) Employee Responsibility, 14) 
Benchmarking, 15) Performance, 16) 
Technology, 17) Continuous Improvement, 18) 
Innovation, and 19) Sustainability. 

For example, in question one: 48 %, 42 % 
and 42 % of the target audience were contended 
with the performance of the top management 
related to Quality, Productivity and Business 
excellence respectively. These results are based 
on the percent respondents to the top category 
only (i.e., excellent or highly enthusiastic).
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Figure 2. Summary of Questionnaire Results

4.2. Total Productivity and Quality 
Management Model 

The questionnaire results were used to build 
a framework of strategic initiatives in managing 
productivity and quality in an integrated manner 
(see Figures 3 through 5).

Figure 3. Total Productivity and Quality 
Management Model Part 1

Figure 3 shows that productivity 
improvement deals with maximizing the 
utilization of resources. This is pursued via two 
strategic directions: Total cost management and 
total capacity management; where these 
strategies are interrelated, i.e., cost per unit of 
output decreases while more output can be 
produced at the same time.

Figure 4. Total Productivity and Quality 
Management Model Part 2

Question Number
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Figure 4 shows that quality improvement can 
be pursued via several strategic initiatives in the 
functional domains of design, procurement, 
manufacturing, delivery, etc. The ultimate 
objective is to minimize the total cost.

Figure 5. Total Productivity and Quality 
Management Model Part 3

Figure 5 illustrates that increased profitability 
can be due to reduced unit cost and production 
of more outputs can help to reduce the price. 
Better quality and lower prices keep customers 
satisfied, which helps in sustaining market share 
and penetrating new markets. 

The questionnaire results and the developed 
model indicated that when productivity and 
quality are effectively managed, higher value is 
achieved. This lowers the unit cost and produces 
products that meet or exceed customer 
expectations. The outcome is enhanced 
competitiveness, which is in line with [8] and, 
[9]. However, the cause-effect relationship 
shown in the model is not unidirectional, 
running from productivity quality to value 
creation. Instead of a static relationship, there is 
in fact a dynamic feedback loop as higher value 
will lead to higher incomes and higher 
investments, which will lead to the creation of 
competitive assets and processes. The 

cumulative effect leads to even higher 
productivity growth, which fuels the process that 
will result in high quality performance. The 
broad implications of integrated Total 
Productivity and Quality Management model 
are:

(1) Increasing quality can help in increasing 
productivity

(2) Increasing productivity cannot lead to 
lowering quality

(3) Decreasing productivity cannot lead to 
increasing of quality

(4) Increasing productivity and quality 
together leads to higher value

(5) Quality of outputs and market share are 
related

No one can afford not to improve! Every 
organization is directly or indirectly part of the 
international competition treadmill. If they don't 
improve their product or service, reduce costs 
and increase customer satisfaction, someone else 
will take their place. This may be difficult on 
organizations that view themselves as 
"disadvantaged" in some way, but disadvantages 
have often been shown to be mere tradition and 
can be overcome. The dramatically increased 
emphasis we are now seeing on productivity and 
quality improvement in the U.S. may be the 
route that allows the U.S. to keep its leadership 
position in the world. But there have been other 
apparently salvations that have failed because 
they were not communicated or applied well 
[21].

Quality and productivity improvement efforts 
must be balanced and comprehensive, applying 
equal doses of managerial, behavioral and 
technical improvement under the direction of a 
special kind of leader. [22] That leader must be 
comfortable with a data-driven approach, but 
must also be unusually successful in stimulating 
interest and responsibility in all levels of the 
organization. Every work station is a control 
point -- all work will be done in the best possible 
way.
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The principles of quality and productivity 
must also be extended into the community. Each 
organization will not become and remain a 
world class organization unless it has well-
educated, healthy and innovative people in its 
work force and the cooperation of an effective 
community infrastructure to aid and not retard 
the inevitable improvement the next decade 
requires.

5. Summary and Conclusions  
Quality and productivity are used to create 

value for both customers and companies. Quality 
focuses on the benefits created for customers; 
productivity addresses outputs and costs 
incurred by a firm. Quality and productivity are 
important factors that need to be measured and 
continually improved. 

The competition in the market is tremendous. 
Hence, manufacturers need to produce the best 
quality product with minimum cost. To improve 
process of evaluation through quality and 
productivity tools this study provides an 
integrated model for Total Productivity and 
Quality Management.

A questionnaire was designed to assess state 
of quality and productivity implementation in 
Pakistani’ organizations. The results collected 
from 31 manufacturing organization and 19 
service organizations indicated that top 
management is committed to: 1) Quality in 48% 
of the organizations, productivity in 42% of the 
organizations, and business excellence in 42% of 
the organizations.

The questionnaire results were used to build 
a framework of strategic initiatives in managing 
productivity and quality in an integrated manner.  
The resulting Total Productivity and Quality 
Management model indicated that increasing 
quality can help in increasing productivity and 
decreasing productivity cannot lead to increasing 
of quality.

The questionnaire results and the developed 
model indicated that when productivity and 

quality are effectively managed, higher value is 
achieved. This lowers the unit cost and produces 
products that meet or exceed customer 
expectations. The outcome is enhanced 
competitiveness.
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Abstract

The goal of this paper is to investigate 
the relationship between higher education and 
experience on CEO corporate success.  
Obtaining corporate success is the fundamental 
objective and responsibility of a firm’s Chief 
Executive Officer (CEO).  The impact a CEO 
has upon an organization can be extensive as 
well as long-lasting.  A CEO without adequate  
background and skills could be at a serious 
disadvantage, despite all of his (her) many 
efforts and diligent work to succeed.  On the 
other hand, a properly skilled and experienced  
CEO has the ability to take a company to new 
heights. Thus, the primary objective of this 
effort is to determine whether education and 
background play a significant part in the CEO’s 
ability to achieve success for his or her 
respective corporation.  In this study we will 
examine the impact higher education and 
industry experience have on the corporate 
success attained by a CEO. Measures of interest 
include the number of years established as a 
CEO of a particular company, overall number of 
years employed with the specified company, 
time in the overall industry, age, gender and 
post-secondary degrees.  This information is 
then compared to standard measures of 
corporate success such as ranking within the 
Fortune 100, revenue, profit and earnings per 
share (EPS).  The results indicate there is not a 
strong correlation between education and 
background as compared to corporate success.  
However, the null hypothesis which states “there 

is no relationship” cannot be rejected based upon 
the statistical analysis.  The underlying 
assumption is, therefore, that education and 
background may likely have an indirect effect 
that would allow a CEO to achieve corporate 
success.     

1. Background
A question that is much debated is this:  

What prepares a CEO to achieve corporate 
success?  Past research includes concepts related 
to career specialization within a specific industry 
(Datta, Guthrie, & Rajagopalan, 2002), CEO 
compensation (Ozkan, 2007), CEO education 
(Martelli & Abels, 2010), and every 
combination in between.  Given the broad 
impact that a CEO can have upon an 
organization, it stands to reason that education 
and background may be an indicator of a 
person’s ability to lead effectively.  Certain 
types of education may be conducive to 
leadership in specific fields, such as business or 
finance in an investment firm while engineering, 
on the other hand, may be less enticing to a 
board searching for a leader in that same 
investment firm.  On the other hand when 
searching for a leader to run a high tech or 
engineering firm, advanced graduate education 
in engineering appears to be a distinct advantage 
according to several of the previously cited 
references.  Additionally, the effort and 
knowledge gained via formal post-secondary 
education would lend itself to the concept of 
established critical thinking skills as well as an 
understanding of how to apply them to real 
world challenges (Bhagat, Bolton, & 
Subramanian, 2010).  

To review the impact of CEO education 
and background on corporate success, it was 
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necessary to choose a baseline from which to 
identify “success”.  For this study, the 2010 
Fortune 100 companies were chosen as that 
baseline.  A review of the companies who have 
been in the Top 100 for the last 3 years revealed 
that 97% of the CEOs in the Top 100 have a 
post-secondary degree with an additional 42% 
taking that to the Graduate or PhD level.  
Undergraduate degrees tend towards Business, 
Engineering, Economics, Law, and Finance 
while higher level degrees tend towards MBA 
and Law.  Not surprisingly, the highest number 
of Graduate degrees in this sample would be 
MBAs.  Additionally, 76% of these CEO’s 
attended colleges in the North-East (52%) and 
Mid-West (24%).  These statistics align well 
with previous studies related to educational 
credentials and institutions attended which 
indicate that qualities associated with MBA and 
Law degrees, in concert with the higher caliber 
instructors, stretch the “strategic thinking 
muscles” more effectively and better prepare a 
CEO to lead successfully (Martelli & Abels, 
2010).  Using the definition of corporate success 
as carried within the 2010 Fortune 100 Ranking, 
this research looks further at the connection 
between the education and background attained 
as it relates to corporate success achieved by 
these CEOs.  

The Fortune 100, a subset of the Fortune 
500, is determined annually based upon total 
revenues for the respective fiscal years.  The list 
contains public and private companies that 
incorporate in the U.S., operate in the U.S., and 
file financial statements with a government 
agency.  Although the rankings are based upon 
revenue only, other financial information is 
included such as profit, earnings per share 
(EPS), etc.  The Fortune 100 represents almost 
as many industries as the ranking would indicate 
with primary overlap being in the areas of oil, 
banking and investment, and insurance.  Given 
that the rankings are based upon revenue, it is 
not surprising that the top 75 companies within 
the 2010 Fortune 100 tend to be in the top 
Fortune 100 rankings year over year (Cacace, 
2010).  With the associated financial data to 
define corporate success measures, these 
Fortune 100 companies provide the basis of 
observation to determine the impact of CEO 

education and background on a company’s 
success.

2. Problem Statement/Hypotheses

The objective of this study is to examine 
CEO education and background as it relates to 
corporate success. As there are differing 
measures of corporate success, the hypotheses 
are based upon the four (4) following factors:

 Fortune 100 Ranking
 2010 Revenue
 2010 Profit
 2010 EPS 

Hence the hypotheses are stated as follows:

Null Hypothesis (H0):  There is no
      relationship between the Fortune 100 (2008
      – 2010, consecutive reporting years) CEOs
      education and background and the following
     dependent variables:

 Fortune 100 Ranking
 2010 Revenue
 2010 Profit
 2010 EPS  

Alternative Hypothesis (HA):  There is a 
      relationship between the Fortune 100 (2008

 – 2010, consecutive reporting years) CEOs 
education and background and the following
dependent variables:

 Fortune 100 Ranking
 2010 Revenue
 2010 Profit
 2010 EPS 

.  Hence, one of two things will occur: the 
null hypothesis will be rejected or we will fail to 
reject the null hypothesis.    

3. Research Design and Methodology

The sample selection criteria from the 
2010 Fortune 100 list excluded private and 
acquired corporations due to data inaccessibility 
(eliminated 8 observations), companies whose 
CEO has been in place for 2 years or less as their 
corporate impact may not be realized 
(eliminated 25 observations), and companies 
that have not been in the Fortune 100 for the last 
3 consecutive years (2008-2010) with the 
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assumption that corporate stability is established 
with a consistent ranking based upon revenue 
achievement (eliminated 10 observations).  
Berkshire Hathaway was subsequently 
eliminated as an outlier with respect to its 2010 
Earnings per Share (EPS), leaving the final 
sample size at 56.

Initial data was gathered from the 2010 
Fortune 100 list as published annually by 
Fortune Magazine (Cacace, 2010).  Historical 
financial data, as well as CEO specific data, was 
then gathered from Hoovers, a business research 
company that houses proprietary company 
profiles and industry information (Hoovers 
Company Search, 2011).  CEO data gathered 
from 2010 Fortune 100 and supplemented with 
Hoovers’ data included the following:

 CEO name
 Number of years as CEO of the 

specified company
 Number of years with the 

specified company
 Industry of the specified 

company
 Number of decades in the 

specified industry
 Age
 Gender
 Post Secondary Degree Type

Specifics related to disciplines studied 
within post secondary degrees and the associated 
schools attended were not included in the 
models due to challenges related to transforming 
the data from qualitative to quantitative.  It 
should be noted that other studies utilizing 
qualitative to quantitative transformations for 
post secondary disciplines and post secondary 
institutions indicated that this information was 
not significant when studying educational 
background and corporate success (Bhagat, 
Bolton, & Subramanian, 2010).  The remaining 
qualitative data was transformed into 
quantitative data using straightforward 
assessments.  For instance, degree types were 0 
(none), 1 (undergraduate) or 2 (graduate or 
higher).  Similarly, gender was transformed as 1 
(male) or 2 (female).  Honorary degrees were 
not included in the educational analysis of the 
individual CEOs.  Upon completion of the data 

transformation, Ordinary Least Squares 
Regression Analysis were completed for each of 
the identified dependent variables (2010 Fortune 
100 Ranking, 2010 Revenue, 2010 Profit, 2010 
EPS) with respect to the associated independent 
variables (number of years as CEO, years with 
company, decades in industry, degree type, age, 
gender).  This statistical analysis was completed 
for fifty-six (56) 2010 Fortune 100 companies 
and their CEOs.  

4. Analytic Model

The independent variables used across 
all four models are defined as follows:

Standard Name Independent 
Variable Name

Constant assigned 
by the model

Const

Number of years 
as CEO of the  

named company

YearsAsCeoWCo

Number of years 
with the named 

company

YearsWCo

Number of 
decades in the named 

industry

DecadesInInd

Type of post 
secondary degree 

(Graduate, 
Undergraduate, 

none)

DegreeType

Age of the CEO Age
Gender of the 

CEO
Gender

 
The four resulting models all correlate 

in the analysis in that the R-squared values range 
from 2.1% to 12% indicating that very little of 
the variation in the dependent variable is 
explained by the independent data.  There were 
no significant independent variables (t-statistic 
greater than 1.96) in any of the models, although 
both models 1 and 3 each had one variable that 
approached significance as it relates to the t-
statistic.  Despite the low R-squared values and 
the lack of significant variables from a t-statistic 
perspective, the P-values for the models are all 
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greater than α (.05 for a 95% confidence 
interval) indicating that the null hypothesis 
cannot be rejected. This is what is to be expected 
with the low R-squared models i.e. the model 
has relatively low explanatory power and the 
independent variables are not related to the 
dependent variable. It is therefore assumed that 
the null hypothesis of “no relationship” can not 
be rejected.  

However, it is noteworthy that if the 
social aspects of this study are considered.  a 
higher level of significance may be justified (e.g. 
an α value of.1).  If this is the case then the P-
values for two of the models still exceed α, 
indicating that the null hypothesis cannot be 
rejected.  However, in two of the models (#1 and 
#3), there are variables in the regression that are 
significant (Years as CEO with the company and 
Years with the company).  In these two cases 
given this assumption, the null hypothesis would 
not be rejected and corporate success may well 
be related to the two independent variables cited.  
Following this rationale, it  is therefore assumed 
that the null hypothesis of “no relationship” can 
not be positively rejected.  

Below is a summary of the four various 
models that were run. The first was based on the 
Fortune 100 ranking; a second based corporate 
success on 2010 revenue; a third on profits and 
the last used earnings per share.

5. Results
The Null Hypothesis (H0) states 

that there is no relationship between the Fortune 
100 (2008 – 2010, consecutive reporting years) 
CEOs education and background and the 
following factors:  Fortune 100 Ranking, 2010 
Revenue, 2010 Profit and/or 2010 EPS.  While 
the Alternative Hypothesis (HA) states that there 
is a relationship between the Fortune 100 (2008 
– 2010, consecutive reporting years) CEOs 
education and background and the following 
factors:  Fortune 100 Ranking, 2010 Revenue, 
2010 Profit and/or 2010 EPS.  In all cases, R-
squared clearly indicates that very little of the 
variation in the dependent variable can be 
explained by the model; therefore, the model 
should be assumed to provide little indication of 
any relationships.  However, in all cases the 
model P-values are greater than α (at .05) 

indicating that the null hypothesis cannot be 
rejected.  Additionally, in models 1 and 3, when 
looking at the individual t-statistics and p-
values, there is one variable in each of the 
models where the t-statistic approaches 1.96 
(confidence interval of 95%).  In both cases, the 
corresponding individual p-values are greater 
than α of .05 but less than α of .1.  This 
information leads us to the conclusion that the 
null hypothesis of “no relationship” cannot be 
rejected; however it is not proven either.  

Mo-
del 

depen
-dent

varia-
bles

R-
Squar

ed

Mo-
del 

P-
value

Signi
fi-
cant 
inde-
pen-
dent 
vari-
ables
w/ (t-
stat 
> 
1.96)

Indepen-
   dent 
variables 
approachig 
significance

#1 
– For-
tune 
100 

rank-
ing

10.
2%

0.4
82723

N
one

YearsAsCeo
WCo (t-stat: 
1.8220)

(p-value: 
.07456)

#2 
– 

Reven
ue 

2010

6.1
%

0.7
84786

N
one

None

#3 
– 

Profit 
2010

12
%

0.3
68456

N
one

YearsWCo
(t-stat:  

  1.8094)
(p-value: 
.07653)

#4 
– EPS 
2010

2.1
%

0.9
81543

N
one

None

6. Conclusions
It seems reasonable to assume that 

although CEO education and background do not 
have a clear link to corporate success based 
upon the models utilized, there are likely 
underlying factors that do play a role in 
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assessing CEO impact on corporate success.   
For instance, years with a company or within a 
specific industry would lend itself to business 
and industry-specific knowledge which would 
assist in information gathering, problem 
framing, and decision making  (Datta, Guthrie, 
& Rajagopalan, 2002).  Likewise, age brings 
with it a measure of wisdom and prudent risk 
mitigation that may not exist in a younger, more 
aggressive CEO.  Lastly, specific post-secondary 
degrees in the areas of economics, finance, 
business, law, etc., especially when subsequent 
education occurs after initial employment, all 
lend themselves towards personal motivation as 
well as the application of critical thinking and 
strategic planning (Crotty, 1974).  

Other research into CEO education and 
performance has also concluded that while this 
education tends to play a very large part in the 
hiring decisions of CEOs, there does not appear 
to be a direct correlation between education and 
corporate performance (Bhagat, Bolton, & 
Subramanian, 2010).  Given the models 
resulting from this study, in conjunction with 
additional research, it is concluded that while 
CEO education and background do not have 
direct correlation to corporate success, it is clear 
that the underlying skills are based upon the 
fundamentals associated with education.  
Additionally, industry or business specific 
knowledge is likely leveraged in the decision 
making of these CEOs.  These things, in total, 
converge in the intangible characteristics that 
ultimately create the associated corporate 
success. In short while a direct relationship 
could not be ascertained, there may well be 
indirect relationships between education  and 
corporate success.  

7. Recommendations
As previously discussed, the 

data and models used herein do not clearly show 
a connection between the dependent and 
independent variables.  Thus, the models do not 
reject the null hypothesis.  This study, as well as 
other studies referenced herein, indicates the true 
measure of corporate success is likely more 
directly related to CEO characteristics as 
opposed to specific education levels or 

industry/company backgrounds (Martelli & 
Abels, 2010).  Additional analysis should be 
pursued along these lines.  

As part of further analysis, it may also 
be helpful to understand whether the graduate 
degrees were obtained immediately following 
the undergraduate work and/or if additional 
education was pursued as the individual gained 
work experience.  The characteristics associated 
with this question are related to personal 
motivation as well as finding new ways to look 
at problems and change.  There is a belief that 
education obtained solely within a company may 
be “geared” towards the culture of the particular 
company.  Only by gaining external influences 
is one able to consider alternatives and 
approaches that may be outside the boundaries 
of accepted thinking within the given 
corporation (Buchel & Antunes, 2007).

A new characteristic related to 
sustainability and educating experienced 
managers on sustainability is establishing itself 
on the horizon.  As people become more aware 
of the impacts that we have on the world, the 
ability to understand sustainability requirements 
and effectively interweave them into the overall 
corporate success plan will also need to be taken 
into account.  It is important that this topic not 
be discounted in future analysis as the inability 
to recognize and respond to sustainability can be 
very detrimental to a companies future.  DuPont, 
for example, clearly recognized this impact in 
the mid 1980’s after several bouts of negative 
publicity related to their environmental 
footprint.  It is clear that education related to 
sustainability will be necessary for managers to 
gain the knowledge and characteristics required 
to effectively include these concepts in their 
strategic thinking and decision making.  
However, it is less clear how this concept will be 
measured as it relates to corporate success 
(Holliday, 2010). 

One of the primary challenges that will 
be faced in further analysis related to CEO 
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characteristics will be related to obtaining data 
that provides the specific characteristics of the 
CEOs being analyzed.  As the internet continues 
to increase visibility on all topics, companies are 
becoming more aware of this opportunity to 
carefully shape the image of their CEOs to 
match the vision and mission of the individual 
company.  Great care is taken to ensure that the 
persona “displayed” carries the message 
intended.  Internet savvy companies have the 
know-how to ensure that the data they want seen 
is the data that is seen.  This leads to challenges 
in obtaining accurate information when 
evaluating a CEO based upon specified 
characteristics  (Pollach, 2008).  In summary, 
additional research should be performed in this 
area focusing on the characteristics associated 
with education and background that lead to a 
CEOs corporate success as opposed to the 
specific education and background variables that 
were utilized in this study. 
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Abstract 

During live severe weather events such as 
tornado outbreaks and flash flooding, having 
eyes on the ground is an extremely valuable 
asset to the meteorologists responsible for 
issuing public alerts.  SIREN is an Android 
application that will allow its users to submit 
reports containing the specific information these 
meteorologists need in order to issue accurate 
and timely alerts.  SIREN will prompt users for 
information based on the condition which 
National Weather Service’s SKYWARN 
spotters are asked to report.  Once the report is 
complete, SIREN will send an email containing 
the information to the meteorologist, allowing 
the meteorologist to have another resource 
during these possibly life-threatening events.

1. Introduction 

The National Weather Service (NWS) 
depends on the public to submit reports of 
severe weather conditions happening within the 
area.  The existing method of reporting is 
primarily placing a phone call directly to the 
NWS.  With smartphones becoming ever more 
popular, an application would allow for a public 
audience to have the ability to send detailed 
reports directly to their local NWS office 
without requiring direct interaction with a 
meteorologist. At the time of writing, there is no 
smartphone application that allows for users to 
submit detailed severe weather reports to the 

NWS.  The only application that is similar is the 
University of Oklahoma’s mPING project.  
While mPING is a smartphone application that 
allows users to send their location when they 
experience severe weather, it does not provide 
the detailed information that the NWS needs.  
SIREN’s purpose is to provide this information.  
SIREN was designed to provide users a method 
of submitting severe weather reports to the NWS 
via their Android devices.

2. Current Solution
As stated in the introduction, the primary 

method of reporting severe weather events to the 
NWS comes by placing a phone call to the local 
office.  During a large severe weather event, 
such as a tornado outbreak, NWS offices can be 
overwhelmed by the reports that come in from 
across their respective forecast areas.   For 
example, on June 29, 2012, a large and powerful 
derecho passed through the Midwest and 
Appalachians.  At the Wilmington, OH office 
alone, there were approximately 225 severe 
reports in 4 hours [1], and according to the 
Storm Prediction Center statistics, there were 
over 1200 severe reports in the country that day 
[2].  Because the primary method of submitting 
these reports is by phone, many assets at the 
offices affected had to be diverted to receiving 
these calls.  

Also, the quantity of reports is staggering.  
From 2000 to 2012, the average number of 
reports per year was over 26,000 [3].  That 
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number has also eliminated multiple reports of 
the same event and does not include flood 
reports, so the actual number of reports received 
is even higher.  During a single day, there can be 
as many as 1000 individual events that get 
reported, and some of those get reported 
multiple times.  Meanwhile, the primary method 
of receiving all of these reports requires 
someone at the NWS offices taking phone calls.

 Many of these reporters have to undergo a 
series of clarifying questions from the NWS 
meteorologists.  The official SKYWARN 
weather spotter training is available to the 
public, but it is not required to submit a report.  
This leads the average reporter to give 
descriptions that can be unclear.  An example 
given by the NWS office in Charleston, WV are 
reports of “some trees down [4].”  When they go 
into the field to survey the damages that 
prompted those reports, they have found actual 
damages ranging from smaller branches knocked 
down to entire hillsides blown down.

Currently, the only unanimously used 
method to submit severe reports is by directly 
calling a NWS office.  There is an online 
method of submission called eSpotter, but it is 
not used by every office and is actually in the 
process of being phased out.  Some NWS offices 
have social media presences, but among those 
that do, not all have someone monitoring those 
presences for severe reports.

At the time of writing, there were no 
applications available on the Google Play store 
that provided this ability.  The meteorologists at 
the NWS office in Charleston were also unaware 
of any application that served this purpose.  As 
stated in the introduction, the only application 
that serves a similar purpose is the mPING 
project from the University of Oklahoma.  
mPING only accesses the user’s GPS 
coordinates and asks the user to indicate the type 
of weather he/she is experiencing, but gathers no 
other information about the event.  In fact, the 
FAQ page on mPING’s website indicates that 

the project has no intention of expanding to 
encompass the depth of a severe weather 
interview that the NWS needs. [5]

3. Materials and Methods
Our solution was to develop the Storm 

Information Reporter Emergency Network 
(SIREN), an Android application that would 
allow users to submit severe weather reports 
with their Android devices.   SIREN has its 
design based on the NWS SKYWARN storm 
spotter training, prompting the user for the types 
of information that the NWS needs during 
severe events.  After collaborating with the 
NWS office in Charleston, WV, the prompts 
were refined to allow submission of the 
following severe weather events: tornado, wind, 
hail, flood, and precipitation (Fig. 1).

SIREN was programmed using the Android 
plugin for NetBeans, NBAndroid, using API 
Version 17, which corresponds to Android 4.2 
(Jelly Bean).  This version was used because at 
the time of development, it was the most recent 
version of Android available.  SIREN was also 
developed to have compatibility back to API 
Version 8, which corresponds to Android 2.2 
(Froyo).  This range made SIREN compatible 
with 96.9% of all Android devices at the time of 
initial development, with the remaining 3.1% of 
devices using older APIs in the process of being 
phased out [6].

The first version of SIREN was created as a 
proof of concept application to present to the 
NWS office in Charleston.  This version opened 
with a simple menu screen that used buttons for 
the user to navigate through other menus.  This 
series of menus would eventually take the user 
to a questionnaire appropriate to the report being 
made.  This approach was quickly determined to 
be inefficient and confusing, especially for the 
intended users – members of the public in the 
middle of severe weather.

The meteorologists at the NWS office in 
Charleston were supportive of the idea, but 
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agreed that the current approach was difficult to 
use.  After discussing the current version of 
SIREN with these meteorologists, the most 
appropriate approach was decided to be a single 
form that brought questions to the users.  In 
order to achieve this concept, the layouts of each 
questionnaire were compared, creating lists of 
features that were either shared (e.g. format of a 
question), different for each (e.g. the text for 
each question), or unique to a particular event 
(e.g. tornado location relative to reporter).

Figure 1.  Report Screen

With the properties of these features in hand, 
a common form was created, allowing for each 
questionnaire to be produced using the same 
backbone structure.  This structure consisted of 
many LinearLayouts to manage and organize the 
components that made up individual questions, 
such as TextViews to ask the question and 
Spinners to display answer choices.  For each 
question, the TextView, Spinner, and any other 
necessary components were programmatically 
updated according to the type of report.  For 
questionnaires with fewer questions than others, 
an entire question could be turned off by simply 
turning off the visibility of its LinearLayout and 
resetting the values of the components contained 

within.  This method allowed for the user to 
have a straightforward reporting form that 
adapted to their responses all while reusing the 
same code structure.

As the user answered the questions, the 
responses were stored in an array of Strings.  
Once the user hit the Submit button, the array 
was traversed and a formatted email was 
created, containing all of the question and 
answer combinations and, for testing purposes, 
the destination was an email address created to 
receive test reports.  This was later expanded to 
include an email address from the NWS in 
Charleston for their testing purposes.

4. Results
The current version of SIREN allows for 

meteorologists at the NWS to obtain the 
information they need from the public without 
having to conduct a personal interview.  Since 
the reports from SIREN are a formatted email, 
multiple reports can be received simultaneously 
by a single meteorologist, or alternatively, a 
parser could be written to make the entire 
process automatic.  If implemented, the use of 
SIREN would reduce the number of phone 
reports and ultimately reduce the time spent by 
meteorologists when receiving these reports by 
phone.

SIREN not only serves the purpose of getting 
the meteorologists the information they need, 
but it also guides the user to giving that exact 
information in a straightforward way.  Instead of 
having the user comb through menus to select 
the type of event he/she is reporting, SIREN 
provides a simple form that asks questions in 
response to previous answers from the user.

5. Discussion
When the user first opens SIREN, it will ask 

for the weather event being reported.  Once the 
user has selected the type of report, SIREN will 
automatically provide questions relevant to that 
event.  When reporting a severe event (anything 



Proceedings of the 2013 IEMS Conference

122

except precipitation), the user may submit a 
report on an active event, a report on damage 
caused by an event, or both simultaneously.  
When reporting precipitation, the user receives a 
different series of prompts relating to 
precipitation.

The idea behind this interactivity is to 
provide the NWS with the most detailed 
information possible while keeping the reporting 
process as simple as possible for the user, 
understanding that the user may be in a 
dangerous situation when using the application. 
By designing SIREN to change its questions 
according to the answers provided by the user, 
SIREN is able to simulate a phone interview 
with a NWS meteorologist.

Once the user has completed the report 
specific to the severe event he/she is reporting, 
an option is provided to attach photos to the 
report.  This feature will allow the on-call 
meteorologist to quickly evaluate and verify the 
accuracy of the report.  When a meteorologist 
receives a phone report about a severe event, 
that meteorologist has to depend on the 
descriptions provided by the reporter and what 
he can see with satellite and radar.  By allowing 
the user to attach a picture of what is being 
reported, the meteorologist can see what the 
reporter sees and better understand their report, 
whether it is valid or not. 

Finally, when the user has completed the 
report, SIREN calls the phone’s email 
application and formats an email, automatically 
filling information about the recipient, subject, 
questions and answers, and photo attachments (if 
any).  Once sent, the email is delivered to the 
NWS office. 

5.1. Tornado

Tornadoes reports are especially important to 
the NWS.  While tornadoes are just rotational 
winds, they can be extremely destructive forces 
as we have seen in Joplin, Missouri and Moore, 
Oklahoma.  Tornado reports increase the NWS’ 

confidence in their alerts and provide detailed 
information about a tornado with more 
confidence than radar.  Also, tornado reports 
may alert the NWS to tornadoes or funnel clouds 
that may have been overlooked or may not have 
a strong radar indication.

Figure 2.  Active Tornado Reporting Screen

When a user reports a tornado, the user can 
submit an active tornado report, a wind damage 
report, or both simultaneously.  For an active 
tornado, the user is asked how many miles the 
tornado is from the user and in what direction 
(Fig. 2).  This question allows the users to 
submit their report without believing they have 
to be as close as possible in order for the report 
to be considered accurate.  Maintaining safety is 
the top concern when reporting severe weather, 
and as we saw with the El Reno tornado, even 
professional storm chasers can get caught off 
guard.

It then asks if the funnel is rotating, since 
many clouds many have the shape of a tornado 
(scud clouds) but are not rotating, so they are not 
tornadic. It asks if the funnel is on the ground, as 
a tornado requires the wind funnel to reach all 
the way to the ground.  It asks if there is debris 
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in the air, as debris is a sign that the tornado is 
causing damage on the ground.  It asks the shape 
of the funnel, as the shape can be an indicator of 
the strength of the tornado or its stage in 
development.  Finally, it asks which direction 
the funnel is moving so the NWS can determine 
what is in its path.

Figure 3. Tornado Damage Reporting Screen

For wind damage, SIREN asks if buildings, 
trees, roads, or crops are affected (Fig. 3).  If the 
user says that buildings are affected, SIREN 
uses the Enhanced Fujita (EF) scale 
specifications to determine the damage.  The EF 
scale provides a list of building types and a 
series of degrees of damage to each type of 
building to determine how strong the winds 
were.  In this case, when the user selects a 
building type, the degree of damage question 
that follows modifies its answer choices 
according to the degrees of damage specified in 
the EF scale.  If trees are affected, SIREN asks 
for the severity of tree damage.  If the user says 
that roads are affected, SIREN asks for the type 
of largest road affected and the status of that 
road.  Finally, if crops are affected, SIREN asks 
for a percentage of crop loss, the types of crops 
lost, and an estimated value of the crop damage.

5.2. Wind

Like tornadoes, severe straight-line winds are 
important for the NWS.  Even though the winds 
are not rotating, as they do in tornadoes, strong 
winds can still cause significant damage and can 
be an indication of the strength of the 
thunderstorm.

When the user reports wind damage, SIREN 
follows something similar to the tornado report.  
If the user is reporting active strong winds, 
SIREN asks for the strength of the wind, 
providing a range of wind speeds and a 
qualitative example of the damage that winds in 
that range can do to trees or houses.  It also 
provides an option for the user to say whether 
the wind report was estimated using the 
qualitative example or if they measured it with 
an anemometer.  If the user is reporting wind 
damage, the reporting options are identical to 
that of the tornado because the rotational winds 
of a tornado and straight-line winds produce the 
same type of damage at the same speeds.

5.3. Hail

Hail is also important for the NWS.  Large 
hail can cause damage on its own, but even 
small hail can be an indication of the structure of 
a thunderstorm, helping the NWS understand the 
storm and deciding if it may be severe or may 
become severe.

If the user reports an active hail event, 
SIREN asks for the size of the largest hailstone.  
These options are in terms of objects such as a 
pea, a nickel, a golf ball, etc.  The NWS has 
established provides this list of comparisons so 
that observers do not need a ruler in order to 
determine the size of the hail.  SIREN also asks 
for the percentage of ground covered by hail, as 
this is an indication of the frequency of the hail.

If the user reports hail damage, SIREN asks 
if buildings, trees, and/or crops are affected.  If 
the user reports a damaged building, SIREN 
asks the type of building that was damaged.  If 
the user says that trees are damaged, it asks for 
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the severity of that damage.  Finally, if crops are 
damaged, SIREN asks for the percentage of 
crops lost, the types of crops lost, and an 
estimated value of the damaged crops.

5.4. Flood

Flooding is another important event for the 
NWS and other authorities.  Floods can destroy 
property, make roads impassable, and even kill 
people who are trapped or washed away.

When a user submits an active flood report, 
SIREN asks for the type of flood that is 
occurring: street, flash, river, or other.  While 
any type of flooding can be dangerous, the 
different types require different plans of action.  
SIREN also asks for the type of the largest 
flooding waterway, as a small stream flood 
warrants a different response than a major river 
flood.  SIREN also asks if people are trapped, 
and if yes, if rescues are being attempted.  This 
will allow the NWS to alert emergency 
personnel to get someone to the site to attempt a 
rescue.  SIREN finally asks if the water is still 
rising or has begun to recede.

When the user submits a damage report, 
SIREN asks if buildings, roads, and/or crops are 
affected.  If buildings are affected, SIREN asks 
for the height of the water inside the building.  If 
roads are affected, SIREN asks for the type of 
the largest road affected, the status of that road, 
if any roads are completely impassable and if so, 
the type of that road, and finally, if mudslides 
are affecting roads or buildings.  If crops are 
affected, SIREN asks for the percentage of crops 
lost, the type of crops lost, and an estimated 
value of the crops lost.

5.5. Precipitation

Precipitation is different from the severe 
weather reports in that it is not time-critical and 
generally does not cause damage.  That said, 
precipitation reports help the meteorologists 
understand what is happening at the surface 
compared to what is showing on radar.

When a user submits a precipitation report, 
SIREN first asks for the type of precipitation 
(Fig. 4).  If the user reports ice, SIREN allows 
the user to clarify with a specific type of ice 
(sleet, freezing rain, or graupel) if he/she knows.  

Figure 4.  Precipitation Report Screen

SIREN then asks for the time period that the 
precipitation occurred and if the user is reporting 
a rain gauge measurement.  If the user is using a 
rain gauge, SIREN allows the user to enter that 
measurement directly.  If the user is reporting a 
winter precipitation (snow or ice), SIREN asks if 
there is precipitation, and if so, how much of 
each type in the time period and how much total.  
Finally, SIREN asks when the heaviest 
precipitation started and how long it lasted. 

5.6. Email Submission

Once the form has been completed and the 
user indicates he/she is ready to submit the 
report, SIREN will launch the user’s email client 
(Fig. 5).  SIREN will automatically provide the 
destination email address, attach any pictures, 
create the subject based on the type of report, 
and fill the body of the email with the questions 
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and responses provided in the form itself.  At 
this point, all the user has to do is hit send, and 
the report is submitted.

Figure 5.  Report Email Screen

6. Conclusion
SIREN will allow the public to submit 

reports to the NWS with their Android-based 
phones.  By not requiring a live interview with a 
meteorologist, reports submitted by SIREN will 
not increase stress on phone lines in the NWS 
offices during severe events and will require less 
time from meteorologists than taking a phone 
call.  Some reporters may choose to submit 
reports with SIREN instead of by phone, which 
would let SIREN conduct the interview, 
allowing NWS meteorologists to focus more on 
the actual storms.  SIREN can provide an 
additional record for severe reports of tornadoes, 
hail, wind, and floods, and can also be used as a 
method for reporting precipitation (including 
accumulations of winter weather).  There is also 
little opportunity for confusion between reporter 
and meteorologist, as the reporter almost always 
selects the answer from a provided list.  The 
method of reporting also allows for reporters to 
seek shelter before reporting, possibly saving 

their lives and, with the detailed reports they 
provide, others as well.  Finally, before SIREN, 
the NWS did not have an application that 
allowed users to submit these reports, so SIREN 
was developed in collaboration with the NWS to 
fill this need.

7. Future Work
     Field testing by the NWS in Charleston, WV 
is expected to take place during the summer of 
2013.  The addition of automatic location 
detection functionality is also planned, as is 
expansion to iOS devices.
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Abstract
One of the most important processes in the 
manufacturing industry is arc welding.  Because 
of the importance of arc welding in 
manufacturing processes, it is essential that the 
arc welding process produce quality, defect-free 
weldments.   In this paper, data were taken from 
an old experiment, originally performed for 
another purpose, and Taguchi’s approach to 
Factorial Analysis applied to the original data.  
This approach, which employs a mathematical 
device called orthogonal arrays, permits the 
identification of optimal conditions for obtaining 
quality arc weldments.

1. Introduction

Factorial Analysis is a very powerful 
and versatile method widely used in 
experimental analysis. Factorial Analysis 
employs a mathematical construct known as 
orthogonal arrays, which were first studied by 
the great Swiss mathematician and physicist, 
Leonhard Euler (1707-1783). When first 
discovered, orthogonal arrays were seen as a 
mathematical recreation (Taguchi, 1988).  
However, as with many areas of mathematics, 
once a practical use is found for the 
mathematical device, practitioners expand and 
extend the mathematics for applications to a 
wide variety of practical problems. Such has 
been the case with orthogonal arrays.  Since 
Euler’s time, they have been studied extensively 
by Joseph Leonard Walsh (1895-1973) and 
others as a part of the general investigation of 
orthogonal functions (Taguchi, 1988).  

Factorial Analysis has been in use for 
upward of 70 years, and excellent discussions of 

the topic may be found in such works as Box, et 
al (1978), Cochran and Cox (1957), Fisher 
(1966) and Montgomery (1991).  On the 
application and adaptation of Factorial Analysis 
to specific problems, one should see such works 
as John (1971, 1972), Margolin (1967, 1969), 
Plackett and Burman (1946).  Another 
practitioner who made substantial contributions 
to the field of factorial analysis was Frank Yates 
(1937, 1970).  Finally, Taguchi (1988) has 
extensive discussions and examples of the 
various approaches to factorial analysis. 

Factorial Analysis is employed to 
determine how a set of factors, known as control 
factors, affect some other factor of interest 
known as the response factor.  The levels of 
these controls are systematically varied to 
determine how they affect the response factor.   
The number of levels of the control factors to be 
studied in the experiment is determined when 
the orthogonal array is designed for the 
experiment.  Orthogonal arrays are vitally 
important in factorial analysis because they 
make it possible to change the control factors 
systematically: An orthogonal array actually 
provides a template for conducting a factorial 
analysis.  

In orthogonal arrays, each column is, in 
a mathematical sense, orthogonal to all others in 
the array. Mathematical orthogonality means 
that two variables are independent of each other 
or uncorrelated: A change in either of the two 
variables does not affect the other.  This is to be 
seen in the covariance term for the variance of 
the sum of two variances.   If the correlation 
coefficient is zero, this term vanishes because 
the two variables are uncorrelated.  As a 
practical matter, this means that it is possible to 
strip out, or isolate, the effect any individual 
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control factor has on the response factor. 
Further, the order of the experimental runs is 
randomized. This is done by randomly assigning 
a number to each row in the orthogonal array, 
and performing the experiment according to the 
random number assigned to each row.  An 
example of an orthogonal array is shown in 
Figure 1.

1 2 3 4 5 6 7
No. A B AxB C AxC BxC e

1 4 1 1 1 1 1 1 1 RV1

2 8 1 1 1 2 2 2 2 RV2

3 3 1 2 2 1 1 2 2 RV3

4 6 1 2 2 2 2 1 1 RV4

5 1 2 1 2 1 2 1 2 RV5

6 7 2 1 2 2 1 2 1 RV6

7 5 2 2 1 1 2 2 1 RV7

8 2 2 2 1 2 1 1 2 RV8

Run 
Number

Response 
Variable

Figure 1: Example Orthogonal Array

In the above orthogonal array, three 
control factors, “A,” “B and “C” are examined 
along with their interactions.  These interactions 
are identified as “AxB,” “AxC” and “BxC.”  An 
interaction between two control factors occurs 
when the combined effect of two (or more) 
control factors is greater than the sum of the 
individual factors.  In the next to last column, 
labeled “e,” the random experimental error is 
tabulated.  In the last column, labeled “Response 
Variable,” the measured values for the response 
variable are tabulated.  Further, the level of each 
control factor for a given experimental run is set 
by the corresponding entry in the orthogonal 
array.  For example, in run number “6,” factor 
“A” is set at its lower level, factor “B” at its 
upper level and factor “C” at its upper level.  
Further, this row contains the upper levels of all 
three interactions of A, B and C.  

The nomenclature used in the discussion 
of orthogonal arrays, such as that in Figure 1, 
depends on the number of rows in the array, the 
number of factors and levels to be examined, or 
both.  Thus, the orthogonal array in Figure 1 can 
be described as an L8, referring to the number of 
rows, or as a 23 indicating that three factors, 
along with their interactions, are to be examined 
at two levels each.  Taguchi combines both of 
these, and would identify the array in Figure 1 as 

an L8 (27).  Again, if four factors, along with 
their interactions, were to be examined, each at 
two levels, an orthogonal array of sixteen rows 
and fifteen columns would be required: Such an 
orthogonal array would be designated as an L16 
(215).

Orthogonal arrays have the curious 
property that if the columns are numbered, and 
the numbers for any two columns are added 
together, the number of the column in which 
their interaction occurs is obtained.  For 
example, if factors “A” and “B” were of interest, 
their corresponding columns are “1” and “2.”  If 
“1” and “2” are added together, the result is “3:” 
This means that “3” is the number of the column 
in which the interaction of “A” and “B,” “AxB,” 
is to be found.  The reader may verify from 
Figure 1 that similar results will be found for the 
factor combinations of “A” and “C,” as well as 
for “B” and “C.”  The application of orthogonal 
arrays does not limit factorial analysis to two 
factor levels: Orthogonal arrays have been 
developed for three or more levels and for very 
large numbers of factors.  As an example, the 
designation L27 (313) would indicate an array 
with thirteen factors to be tested at three levels.

It is worth pointing out that if it were 
desirable to investigate factors at differing 
levels, that an orthogonal array can be adapted 
for such an investigation.  For example, if it 
were desired to investigate eight (8) different 
factors, such as factor A at four (4) levels, factor 
B at three (3) levels, and the remaining six 
factors at two (2) levels each, it would be 
possible to adapt a standard orthogonal array to 
accommodate such an investigation.  Such an 
array would be designated as L (41 x 31 x 26).  
There are a vast number of arrays and 
adaptations: There are upward of 800 variations 
and adaptations of L16 alone (Taguchi, 1988).

2. Methodology

To perform a factorial analysis, it is 
necessary first to decide upon those quantities 
(control factors) thought to affect the 
phenomenon (response factor) to be 
investigated.  One then decides upon the number 
of levels of each factor to be investigated, along 
with the range in which each control factor is 
believed to exert the greatest effect.  Since 
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experiments frequently involve a large number 
of factors, they are expensive to perform.  
Consequently, it is fairly commonplace to 
reduce experimental cost by performing initial 
experiments at two levels to identify those 
factors having the greatest effect, along with the 
range in which they produce the greatest effect.  
Also, at this stage of the experiment those 
factors are identified which have little to no 
effect.  Once this is done, subsequent 
experiments can be performed with fewer 
control factors using levels within the range 
previously found to have the greatest effect 
(Sutterfield, et al, 2011, 2012).
  Once the factors and their levels have 
been determined, a satisfactory orthogonal array 
is selected.  Each factor is then assigned to a 
column in the array.  However, care must be 
taken to avoid assigning a factor to a column 
where an interaction will occur.  For example, 
suppose four control factors, A, B, C and D, are 
to be assigned: A would be assigned to column 
1, and B to column 2. Since column 3 would be 
that in which the interaction of A and B would 
occur (cf. Introduction, para.7, above), control 
factor C would be assigned to column 4.  
Further, columns 5 and 6 would be reserved for 
the interactions AxC (1+4) and BxC (2+4), 
respectively.  Thus, factor D would be assigned 
to column 7.  The remaining columns would 
contain the other possible interactions.

With the foregoing implementation, the 
orthogonal array itself becomes a template for 
conducting the experiment.  The rows are 
randomized to conform to one of the canons of 
experimental method (Montgomery, et al, 1978), 
and the experiment was executed according to 
this randomization.  The experiment analyzed in 
the following section using Taguchi methods 
was conducted in this way.

In concluding our discussion of 
orthogonal arrays, it is appropriate to expand on 
the nature and care of interactions.  Suppose that 
four control variables, each at 2 levels, are to be 
examined as to their effect upon a given 
response variable.  For such an experiment an 
L16 (24) orthogonal array would normally be 
employed.  For these four control factors, the 
following interactions are possible, and must 
therefore be accounted for: 1) 6–2 factor or 
second order interactions (4 factors taken 2 at a 

time); 2) 4–3 factor or third order interactions (4 
factors taken 3 at a time); and 3) 1–4 factor or 
fourth order interaction (4 factors taken 4 at a 
time).   Thus, an orthogonal array having 15 
columns (4+6+4+1) would be required.  
However, a problem occurs at this point because 
in using orthogonal arrays, it is necessary to 
reserve one column, usually the last one, to 
account for experimental error.  Consequently, 
16 columns (4+6+4+1+1) would be required 
whereas only 15 columns are available with an 
L16 (24) array.  This problem is resolved by 
observing that as the order of the interactions 
increases, their effect upon the response variable 
decreases.  When this is seen, column 16 of the 
orthogonal array can be reserved to account for 
experimental error.  In doing so, it should be 
noted that the fourth order interaction will not 
have been dismissed, but will have been 
combined with any error that may have crept 
into the results due to execution of the 
experiment.   Such an implementation will be 
seen in the following section. 

3. Application of Methodology

The original experiment, which yielded 
the data used in this analysis (Yin and Jillie, 
1987), was performed with an entirely different 
objective than that for which it was reanalyzed 
in the current paper.  The original purpose was 
to determine the most significant factors 
involved in the welding process in order to 
derive an equation for predicting the amount of 
power delivered to a work piece.  This 
experimental analysis proved to be eminently 
successful in that the equation that was derived 
proved quite accurate in predicting the amount 
of power delivered.  

The original experiment employed five 
control factors, and would have been designated 
as L32 (25).  Thus, an orthogonal array with 32 
rows and 31 columns would have been 
necessary to account for first order effects, first 
order interactions, and higher order interactions.  
This can be seen by expanding the summation 
…

5

n 1

5
n

5! 5! 5!.... 31
(4!)* (1!) (3!)* (2!) (5!)* (0!)
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However, it is usually the case that the 
higher order interactions are trivial and can be 
accounted for in the error term. This is exactly 
analogous to omitting the higher order terms in a 
Taylor series, and combining them in an error 
term. Thus, by omitting the higher order 
interactions, it was possible to reduce the 
orthogonal array from 32 rows and 31 columns 
to 16 rows and 15 columns.  This array 
reduction made use of an experimental approach 
known as the fractional factorial, which is 
designated as a L16    (25-1).  In Taguchi 
terminology, it is known as the "Interactions 
Partially Omitted Design" (Taguchi, 1988). 

The purpose of the original experiment 
was to analyze an etching process to determine 
which of five control variables, or combinations 
of control variables, were significant in affecting 
the quality of the arc welding process.  Those 
factors which were selected as control variables, 
along with their measurements, are shown in 
Table 1.

The power delivered to the welding 
piece was chosen as the response factor.   Once 
the significant factors were identified, they were 
used to develop an equation for predicting the 
power delivered to the welding piece.  Then, 
using the equation, the delivered power was 
estimated and compared with actual power 
measurements.  Since it was desired to check all 
interactions up to an including third-level, an L16 
(24) orthogonal array was selected: That is to say 
an array having 16 rows and 15 columns, where 
the last column was used to capture 
experimental error.  The assignment of the 
control factors, along with the randomization of 
the runs is shown in Table 2.
      In Table 2, the first column indicates the 
number of the row in the orthogonal array.  The 
second column indicates the order in which the 
combination of factors in the row was run.  
Columns 3 through 7 were the columns assigned 
to control factors open-circuit voltage, electrode 
slope, electrode melt-off rate, electrode 
diameter, and electrode extension, respectively.  
The remaining columns, 8 through 15, were 
those assigned  to the interactions of the control 
factors.   Column 18 contains the levels of the 
response factor, which was the power delivered 
to the work piece.  The reader will observe that 
the values in column 18, representing the power 

actually delivered to the work piece, are the 
product of the values in columns 16 and 17.  
Table 3 contains the orthogonal array resulting 
from transformation into the Taguchi format. 
 

Next, a working mean of 3,100 watts 
was deducted from each of the values in the far 
right column to facilitate computations.  The 
resulting orthogonal array is shown in Table 4.

First, a correction factor was calculated 
by summing the coded data values, squaring the 
sum and dividing by 16, the number of 
experiments performed.

( ... )   
2

1 2 3 16
16

X X X XCF

( , ... )   
2

218 1 041 690 650
16CF

CF = 11,025

The total variation was obtained by summing the 
squares of the coded values, and deducting the 
correction factor.  This is illustrated in the 
following calculation:

...     2 2 2 2
1 2 3 nT X X X X CFS

( ) ( , ) ( ) ... ( ) ,      2 2 2 2218 1 041 690 650 11 025TS
, ,  27 230 117TS W

The effect for a given control factor is 
obtained by summing the values of the response 
factor for the “1s” in a given column, summing 
the values of the response factor for the “2s” in 
the column, taking the difference between the 
two sums, and squaring it.  The result of this 
calculation is the effect known as variation.  For 
a 2n orthogonal array, the variation for any factor 
may be written as …

[( ) ( )]


  
2

2 1RV RV
nS

Where …

RV2 – the value of the response variable at 
the high level of the control factor in question
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RV2 – the value of the response variable at 
the low level of the control factor in question

 n – The number of experiments performed
This computation is illustrated for control factor 
1, electrode diameter, and is as follows:

coded values corresponding with “1s” in 
column for A) = 1,433

coded values corresponding with “2s” in 
column for A) = -1,016

[( , ( , )]


 
2

1

5 058 4 638
16S

SD = 5,875,776

The variations for the remaining control 
factors and their interactions are calculated 
similarly.  The results for these calculations are 
shown in Table 5, the analysis of variance.  The 
calculations used to arrive at the other values in 
Table 5 demand some explanation. 

In the Taguchi approach to analysis of 
variance, it is customary to assign one column to 
experimental error.  It is then possible to 
calculate the experimental error directly.  Then, 
by subtracting the sum of the column variations 
from the total variation, as calculated above, it is 
possible to independently check the error 
calculation.  However, when this was done for 
the above data it was found that the error 
variation for the experiment was zero.  This was 
quite remarkable, since the original experiment 
did contain some error variation.  The possible 
reason for this will be discussed in the next 
section.    

Also, in the Taguchi approach, it is 
customary to combine the insignificant variation 
terms with the error variation before computing 
the F statistic for the significant variation terms.  
The degrees of freedom for these terms are also 
combined to obtain the total error degrees of 
freedom. These operations yielded a value of (e) 
= 146,026 with 10 degrees of freedom. The 
values shown in the column labeled Variance 
were obtained by dividing each of the significant 
terms from the column labeled Variation (S) by 
its corresponding degrees of freedom.  The F-

test values in the column labeled F0 (99%) were 
obtained by computing the ratio of each 
significant term in the Variance (V) column to 
the error variance. 

Further, for each degree of freedom for 
those variables having significant variation, 
there is one error variance for each of their 
degrees of freedom.  It is then necessary to 
deduct these error variances from the 
corresponding values in the column labeled 
Variation (S) to obtain the net variation for each 
significant factor.  This operation yields the 
values for net variation shown in the column 
labeled S’.  Finally, it is typical of Taguchi to 
calculate the percentage of the total net variation 
attributable to each of the significant factors. 
When all of these operations were completed on 
the data from the original experiment, the results 
shown in the Table 5 ANOVA were obtained.

Now it is evident from the Table 5 that 
only the control factors D, M, S, V and E were 
found to be significant.   None of the 
interactions were found to be significant.  Then, 
the remaining, non-significant control factor 
variations, along with their interaction 
variations, were combined with the error term.  
Further, the values shown for each of the five 
significant control factors in column S are the 
gross variations.  This means that each of these 
five factors contains the amount of one 
experimental error variation per degree of 
freedom.  Since each of the significant control 
factors has one degree of freedom, each also 
contains the amount of one experimental error 
variation.  Thus, in order to obtain the desired 
net variation for each significant control factor, 
we deduct the amount one experimental error 
variation.  This adjustment results in the values 
for net variation shown in the column labeled S′.   
Now, having combined the insignificant control 
factors and their interactions with the 
experimental error term, and having adjusted the 
gross variation values to obtain net variation, the 
revised analysis of variation is obtained as 
shown in Table 6.

4. Results 

Now, the F1, 10 statistic at a 99% level of 
significance is a value of 10.04, and it may be 
seen from Table 6 that the least of the F0 values, 
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that for control factor S, is greater than the F1, 10 
statistic.  Further, F1, 10 statistic at a 99% level of 
significance is a value of 9.33.  Again, the value 
for control factor D in Table 4 is nearly 40 times 
greater than that for the F1, 10 statistic.  Thus, the 
significance levels for all of the control factors 
in Table 6 are well beyond the 99% level.  It is 
remarkable that none of the interactions among 
the control factors is significant at this level.  As 
a matter of fact, only the interaction between the 
open circuit voltage and the melt-off rate, the 
VxM interaction, was found to be significant at 
the 95% level, and this only marginally so.  
These results agreed exactly with those from the 
original experiment. 

We turn next to an estimation of the 
confidence levels for the mean of the power 
delivered to the work piece. The general 
expression for the confidence limits of a 
statistical quantity is …

ˆ 1m
n e

e

F xV x
n

  

Where … 

̂  – The estimate of the true mean 
obtained from the data

m
nF  – the F statistic at the significance 

level corresponding to the desired 
confidence limit with “m” 
degrees of freedom in the 
numerator and “n” degrees of 
freedom in the denominator

 Ve – the experimental error variation 

 ne – the effective number of 
experimental repetitions

Now, using the original data, the true 
mean was estimated to be a value of 3,074 W.  
With an F (99%) statistic of 10.04, Ve equal to 
1,738, as in Table 4 above, and an ne equal to 8,  
…

, ( . )*( , )* 
13 074 10 04 146 026
8



μ = 3,074 ± 428 W

Thus, the mean effect of the power delivered to 
the work piece lies between 2,646 and 3,502 
Watts, with a significance level of 0.01. 

5. Conclusions

The foregoing experimental analysis 
was a reformulation of a rather elaborate 
factorial experiment performed a number of 
years ago.  The original work was performed to 
develop an equation for predicting the amount of 
heat delivered to a work piece during the arc 
welding process.  In order to develop this 
equation, it was necessary to determine which of 
the control factors, along with their interactions, 
was significant so that they might be taken into 
account in the final equation.  In order to 
simplify a relatively complex analysis, the 
higher order interactions were omitted from the 
experiment.  Since these interactions are rather 
small, it was anticipated that this omission 
would not result in any great experimental error.  
This omission made it possible to perform the 
experiment using a fractional factorial 
experimental design.  The corresponding design 
in the Taguchi system is one with partially 
omitted interactions, and this was used in the 
present analysis.  Thus, in both the instant 
analysis and the original analysis control-factor 
interactions no higher than second order were 
investigated.  Consequently it was possible to 
simplify the original L32 (25) orthogonal array by 
recasting as an L16 (25-1).
     The results obtained in the present analysis 
were remarkably similar to those in the original 
analysis with one notable exception:  The 
original analysis arrived at an error term of 
68,814, while the present analysis arrived at an 
original error term of 0.  Since the present 
analysis used the same identical data as the 
original analysis, and exactly duplicated most of 
the control factor variations, it is believed that 
there may have been some slight computational 
inaccuracy in the original analysis.  This 
explanation is made plausible by the extensive 
number of calculations necessary to arrive at the 
zero result.  Each calculation carries with the 
possibility of a mistake, and consequently the 
possibility of arriving at some error.  The zero 
error arrived at in the present analysis has two 
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important implications: 1) The original 
experiment was performed with extreme care; 2) 
The assumption is vindicated that higher order 
interactions could be omitted without 
introducing significant experimental error.  As a 
matter of fact, these terms were non-existent.
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Factor levels

Factor Units Factor Level 1 Level 2

Open circuit voltage volts 1 31 34
Electrode slope (deg) degrees 2 11o 6o

Electrode melt-off rate in./min 3 162 137
Electrode diameter inches 4 0.045 0.035
Electrode extension inches 5 0.375 0.625
Table 1: Factors involved the welding process

1 2
x1 -  open circuit voltage (V) 31 34

x2 - electrode slope (deg) 11o 6o

x3 - electrode melt-off rate (in./min.) 162 137
x4 - electrode diameter (in.) 0.045 0.035
x5 - electrode extension (in.) 0.375 0.625

y1

Run x1 x2 x3 x4 x5 x12 x13 x14 x15 x23 x24 x25 x34 x35 x45
1 12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 23.43
2 1 1 -1 -1 -1 1 1 1 1 -1 -1 -1 1 -1 1 1 25.70
3 2 -1 1 -1 -1 1 1 -1 -1 1 1 1 -1 -1 1 1 27.75
4 6 1 1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 31.60
5 15 -1 -1 1 -1 1 -1 1 -1 1 1 -1 1 1 -1 1 23.57
6 8 1 -1 1 -1 -1 1 -1 1 1 1 -1 -1 1 1 -1 27.68
7 7 -1 1 1 -1 -1 1 1 -1 -1 -1 1 1 1 1 -1 28.76
8 4 1 1 1 -1 1 -1 -1 1 -1 -1 1 -1 1 -1 1 31.82
9 11 -1 -1 -1 1 1 -1 -1 1 1 -1 1 1 1 1 -1 27.09
10 14 1 -1 -1 1 -1 1 1 -1 1 -1 1 -1 1 -1 1 31.28
11 3 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 1 -1 1 31.20
12 16 1 1 -1 1 1 -1 1 -1 -1 1 -1 -1 1 1 -1 33.42
13 13 -1 -1 1 1 -1 -1 1 1 -1 1 1 -1 -1 1 1 29.51
14 10 1 -1 1 1 1 1 -1 -1 -1 1 1 1 -1 -1 -1 31.35
15 5 -1 1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 31.16
16 9 1 1 1 1 -1 -1 -1 -1 1 -1 -1 1 -1 1 1 33.65

Order 
of runs

Electrode melt- 
off rate (ipm)

Electrode 
extension (in)

Open-circuit 
voltage (V) 

Electrode 
slope (deg)

Electrode 
diameter (in)

Voltage 
(volts)

Table 2: Orthogonal array for arc welding experiment
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1 2
x1 - electrode diameter (in.) 0.045 0.035

x2 - electrode melt-off rate (in./min.) 162 137

x4 - electrode slope (deg) 11o 6o

x8 -  open circuit voltage (V) 31 34
x15 - electrode extension (in.) 0.375 0.625

y3

Run x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15
1 12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3,318
2 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 4,141
3 2 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 3,790
4 6 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 4,061
5 15 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 3,431
6 8 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 3,425
7 7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 3,507
8 4 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 3,765
9 11 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 2,580
10 14 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 2,450
11 3 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 2,319
12 16 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 3,067
13 13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1,925
14 10 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 2,466
15 5 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 2,485
16 9 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 2,450

Power 
(watts)Order 

of runs

Electrode 
diameter 

Electrode 
extension (in)

Open-circuit 
voltage (V) 

Electrode 
slope (deg)

Electrode melt- 
off rate (ipm)

Table 3: Transformed orthogonal array for Taguchi format

1 2
D: x1 - electrode diameter (in.) 0.045 0

M: x2 - electrode melt-off rate (in./min.) 162 137

S: x4 - electrode slope (deg) 11o 6o

V: x8 -  open circuit voltage (V) 31 34
E: x15 - electrode extension (in.) 0.375 0.625

Run x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15
1 12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 218
2 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 1,041
3 2 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 690
4 6 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 961
5 15 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 331
6 8 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 325
7 7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 407
8 4 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 665
9 11 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 -520
10 14 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 -650
11 3 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 -781
12 16 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 -33
13 13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 -1,175
14 10 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 -634
15 5 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 -615
16 9 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 -650

Power 
(watts)Order 

of runs

Electrode 
diameter 

Electrode 
extension (in)

Open-circuit 
voltage (V) 

Electrode 
slope (deg)

Electrode melt- 
off rate (ipm)

Table 4: Transformed orthogonal array of coded data for Taguchi analysis
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D: electrode diameter (in.)
M: electrode melt-off rate (in./min.)
S: electrode slope (deg)
V: open circuit voltage (V)
E: electrode extension (in.)

dof F 0 (99%) S' ρ (%)
D 1 5,875,776 5,875,776 402 5,861,173 81.07
M 1 322,624 322,624 22 308,021 4.26

MxD 1 529 ----- ----- ----- -----
S 1 182,329 182,329 12 167,726 2.32

SxD 1 529 ----- ----- ----- -----
SxM 1 2,809 ----- ----- ----- -----
VxE 1 1,681 ----- ----- ----- -----

V 1 381,306 381,306 26 366,704 5.07
VxD 1 3,080 ----- ----- ----- -----
VxM 1 56,882 ----- ----- ----- -----
SxE 1 33,306 ----- ----- ----- -----
VxS 1 12 ----- ----- ----- -----
MxE 1 21,756 ----- ----- ----- -----
DxE 1 25,440 ----- ----- ----- -----

E 1 322,056 322,056 22 307,454 4.25
e 0 0 ----- ----- ----- -----

(e) 10 146,026 14,603 ----- 219,038 3.03
Totals 15 7,230,117 7,230,117 100.00

Source of 
variation Variation (S) Variance (V)

Table 5: Analysis of variance

Source dof Variation (S) Variance F S' 
D      
M      
S      
V      
E      
e      

Total 15 7,230,117 7,230,117 

Table 6: Revised analysis of variance
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Abstract

Even though it was long suspected that religion 
might be a strong factor in influencing 
purchasing behavior, the matter had received 
little investigation.  As a result, an investigation 
was done previously on this matter with 
undergraduate students at Florida A&M 
University.  These results were presented at last 
year’s IEMS Conference.  In this paper we 
investigate this issue for more mature students 
attending the University, and compare the results 
with those obtained for undergraduate students.    

1. Introduction

 Numerous studies, in one way or 
another, have demonstrated the powerful 
influence of environment upon ethical values 
and cultural perceptions. Further investigation 
has in turn, established the powerful effect of 
these upon behavior.  Indeed, cultural influences 
have been shown to exert important influences 
upon the design of organizational structures as 
well as individual behavior within organizational 
structures. Cultural influences even affect 
people’s mental operations, the way they make 
decisions, and their perceptions about the world 
in which they live.

The fact that religion exerts a powerful 
influence in regulating human behavior has been 
well known for a long time. Although cultural 
effects have been subjected to increased analysis 
as to their effects upon consumer behavior, the 
specific effect of religion upon consumer 
behavior has received only slight attention. 
Despite the fact that a number of investigations 
have attempted to shed light upon the influence 

of religion on consumer behavior, these 
investigations have not led to any defensible 
conclusions.

Numerous dimensions of consumer 
behavior have been defined and related to each 
of the four cultural dimensions.  Culture imposes 
a powerful force in regulating human behavior. 
Its influence is so natural and automatic that its 
influence on behavior is usually taken for 
granted.  Often, it is only when one is exposed to 
those with different cultural values or customs 
that he becomes aware of how culture molds  
behavior.  Precisely because culture shapes 
behavior, an understanding of it is crucial in 
understanding consumer marketing. The 
recognition of its importance has led to an 
increasing level of research across cultures.

Consumer behavior is shaped by a 
variety of societal and philosophical beliefs that 
shape the purchasing habits of an individual 
consumer. In order to understand consumer 
behavior, it is necessary to understand the 
factors that motivate consumers to purchase 
certain products.  One of the factors known to 
influence consumer behavior is religious belief.   
However, the extent of this influence remains to 
be investigated.  

Religion has been characterized as “a set 
of beliefs concerning the cause, nature, and 
purpose of the universe, especially when 
considered as the creation of a superhuman 
agency or agencies, usually involving devotional 
and ritual observances, and often containing a 
moral code governing the conduct of human 
affairs.”  A simple schematic, showing religious 
influence as a possible factor influencing the 
decision-making process, is shown in Figure 1.
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This research examined the influence of 
religion on one aspect of consumer behavior and 
shopping orientation.  With regard to the surveys 
that were administered, it is expected that the 
behavior of the highly religious respondents 
would conform with their consumer behavior. 

This study began by first establishing 
the background that religion has made on 
marketing research and a lack of a conceptual 
framework. Within the introduction section of 
this study, religion is defined, setting the basis 
for the research undertaken. The demographic 
makeup of the study included students from 
different age categories and status at Florida 
A&M University. The problem was then 
approached by a review of relevant academic 
studies and research, which were used to 
establish a conceptual framework. In this 
review, background of religion and its 
importance as a cultural trait were explored. 
This allowed for a thorough analysis as to the 
significance of religion as a factor in individual 
purchases. This research disclosed a lack of 
research devoted to determining the correlation 
of religious belief upon consumer purchasing 
decisions. In order to examine this correlation, a 
set of research questions was developed to 
examine this influence. These research questions 
led to the development of a set of seven 
hypotheses that comprised a study framework 
for the research. Next, a questionnaire was 
constructed for collecting the data necessary for 
testing the research hypotheses. Using this data, 
seven hypotheses were developed and tested 
using chi-squared analysis.  These seven 
hypotheses will be discussed in detail in a later 
section.

2. Literature Review

Sheth (1983) theorized that the product 
determinants of category, usage, and brand 
disposition, as well as the determinants of 
personal values, social values and epistemic 
values, shape the consumer's purchasing habits. 
Incorporated in personal values is one’s decision 
to practice religion. Mokhlis (2006) believes that 
religion influences a consumer’s general attitude 
in any given buying situation.

 

Religion constitutes various elements of 
society in most cultures and is inevitably linked 
to many aspects of life and behavior (Mokhlis, 
2006). The theory of reasoned action proposes 
that behavior is determined by an individual’s 
intention to perform the behavior, and intention 
is influenced by attitudes and subjective norms 
(Ajzen & Fishbein, 1980).  Foxall and 
Goldsmith (1994) contend that attitudes and 
behaviors are justified through the formation of 
knowledge systems based on interwoven 
cognitive elements known as religious beliefs. 
Evidence for the influence of religious beliefs on 
behavior are found in areas such as parental 
attachment, clothing styles, eating and drinking, 
the use of cosmetics, social and political views, 
and sexual behavior (Poulson, et al, 1998; 
Diamond 2002). Religious behavior is also 
informed by taboos and obligations recognized 
by participants of a particular religious 
denomination. It has been argued that religion is 
highly personal in nature, and therefore its effect 
upon consumer behavior depends on an 
individual’s level of religious commitment, as 
well as the importance placed upon religion in 
the adherent’s life (Mokhlis, 2009).   Little 
attempt has been made to develop a general 
framework for studying religious influence upon 
consumer behavior; that is to say, one that 
examines the  effects of various aspects of 
culture, and on the various aspects of consumer 
behavior at the same time.  The most detailed 
research examined the conceptual relationships 
of cultural effects on consumer behavior as they 
are related to the four dimensions of cultural 
difference.  

Culture has been defined as the norms, 
values and beliefs of a particular group or 
community in a particular area or geographic 
location, and shared by its members. More 
importantly, values are shaped at the deepest 
level by cultural influences and consequently the 
most difficult to change.  This explains why 
social systems and institutions in a particular 
country are so difficult to change. In addition, 
values have been defined as the set of core 
beliefs and principles deemed to be desirable by 
groups of individuals Furthermore, values are 
considered to be general beliefs defining right 
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and wrong, and may therefore, affect consumer 
behavior.

Several cross-cultural studies have been 
conducted in the past, which were aimed at 
comparing behavior across cultures.  In these 
studies, differences were found in consumption 
patterns between people of various ethnic groups 
and various geographic subgroups that hold 
differing cultural values. Researchers have 
found significant differences in consumer 
behavior across subcultures; for example, brand 
loyalty, decision-making, novelty, and perceived 
risk.  Based upon the foregoing, it is surprising 
that there is a lack of research aimed at an 
integrated theory of the cultural effects of 
religion upon consumer behavior. Our research 
will aim at partially achieving such integration.

Religion is an important cultural factor 
to study because it is one of the most universal 
and influential social institutions, and has a 
significant influence on people’s attitudes, 
values and behaviors at both the individual and 
societal levels (Mokhlis, 2009). One’s beliefs, 
cultural values, and religious views combine to 
shape consumer choice as they determine 
lawfulness and non-lawfulness of products. 
Further, they indicate desirability of certain 
kinds of products and services, and affect the 
quantities consumed via the concept of modesty 
and condemnation of extravagance. 

Culture has been defined variously as 
values, norms, rituals, beliefs, and symbols 
shared by members of a group or society. It 
includes patterns of behavior, learned responses, 
basic assumptions, habits and traditional ways of 
thinking, feeling and reacting. Investigations 
have also examined the influence of religion on 
the importance of various retail department store 
attitudes held by consumers. The results show 
that one aspect of religion, religious 
commitment, particularly measured by cognitive 
religion, and one aspect of behavioral religion 
are significant in predicting the importance 
individuals place on certain retail evaluation 
criteria.  Even though social beings’ behavior 
and attitude are directly influenced by at least 
the religion-rooted, cultural aspects of their 
living environments, religion’s impact on 
consumption-related behavior has been only 

very modestly studied in the marketing literature 
(Mokhlis, 2009).

3.  Methodology
This research employed a methodology 

that is well established in marketing research.  In 
employing this methodology, it is first necessary 
to identify those factors for which relationships 
may exist. Next, a set of questions is formulated 
to guide the researcher in investigating whether 
or not the relationships may be established.  
These questions are then used to formulate a set 
of hypotheses that will eventually be tested once 
the necessary data has been collected.  Next, a 
questionnaire was developed with a set of 
questions to enable the investigator to prove or 
disprove the hypotheses that are to be examined.  
Once the questionnaire has been completed, a 
group of respondents is selected at random to 
complete the questionnaire. The relevant data for 
each hypothesis are then analyzed using chi-
squared analysis to develop a test statistic for 
each hypothesis. Each of these test statistics is 
then compared with a critical chi-squared 
statistic based upon the relevant number of 
degrees of freedom.   Each hypothesis will then 
be accepted or rejected based upon a comparison 
of the test statistic with the critical chi-squared 
statistic. 

  This current research project was 
aimed at determining the influence and impact 
that religion might have on consumer’s 
purchasing decisions. It was therefore 
imperative to understand the factors that 
motivate consumers to purchase certain 
products.  The literature search disclosed that 
product determinants, ie, product category, 
usage, and brand disposition, as well as personal 
determinants, those of personal values, social 
values, and epistemic values to  include religion, 
shape an individual's shopping predispositions.  
With this in mind, research questions and 
hypotheses were tailored to the marketing 
research problem under investigation. After 
formulating research questions and hypotheses, 
field work was conducted, in the form of 
surveys, and data analysis, in the form of chi-
square and uni-variable analysis, to determine 
whether relationships might exist among 
individuals’ religious beliefs, practices, 
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devotion, and denomination, and their spending 
habits with regard to entertainment, clothing, 
and generally controversial products.  After the 
relevant data has been amassed, it was analyzed 
as described above.

4. Application of Methodology
4.1 Survey Population

Florida A&M University enrolls nearly 
12,000 students from the United States and more 
than 70 countries such as India, Egypt, Trinidad, 
Netherlands, China, Bahamas, Jamaica, and 
Brazil.  For this analysis, however, the random 
student sample was comprised of on-line, 
graduate level students who were then enrolled 
in the School of Business and Industry. All of 
these students reported their religion as Christian 
and fell within the age range of 22 to 30 and up.  
A sample size of 31 students was used with 65% 
being female and 35% being male. Further, the 
sample was comprised of 64% from the southern 
region of the United States, and the 
denominational composition was as shown in 
Table 1: 

Denomination Percentage (%)
Baptist 48.4
Non-Denominational 38.7
AME 3.2
Methodist 6.5
Pentecostal 3.2
Seven Day Adventist 0.0*
Other 0.0* 

Table 1: Denominational composition

Note: * indicates none found in sampling

The parameters of the survey population are 
summarized below in Table 2.

4.2 Research Questions

Since this research was designed to 
examine the relationship between religious 
beliefs and consumer behavior, the survey 
questions were formulated so as to determine the 
influence of religious belief upon purchasing 
habits. Toward this end, the following questions 
were administered: 

1. Does a certain church denomination have 
an impact on the attendee’s consumer 
behavior?

2. Are Christians’ purchasing habits 
dependent on the strength of their religious 
beliefs? 

3. Does an individual have to be from a 
certain geographical region within the 
United States in order to undergo a religious 
act before purchasing products?
 
4. Do consumer purchases depend on the 
adherent’s level of devotion? 

5. Does the frequency of church activity 
attendance determine how likely an 
individual is to purchase music with explicit 
language? 

6. Does the length of time that individuals 
spend in their denomination determine the 
type of entertainment they view? 

7. Is the individual’s expenditure of a large 
amount of discretionary income on clothing 
influenced by his religion? 

  
Total enrollment 10,124

Female 57.74%

Out of state 27%

Native American 0.07%

Asian 0.71%

African-American 94.18%

Hispanic 1.15%

Caucasian 2.95%

International 0.7%

Full-time 89.59%

Part-time 10.41%

Table 2: Summary of Florida A&M survey 
population
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4.3 Hypotheses
To answer each of the above research 

questions, a related hypothesis was devised for 
each question. From that written statement, a 
related survey question was proposed either to 
confirm or deny each hypothesis.  For example, 
the first hypothesis examined whether there is a 
relationship among Christian denominations and 
the rate at which individuals purchase unaccept-
able products. This hypothesis was then corre-
lated with several survey questions either to 
prove or disprove the first hypothesis. The 
aforementioned approach was used to test each 
hypothesis.

The second hypothesis examined 
whether there is a relationship between how 
often consumers purchases products and the 
strength of their religious beliefs.

 
The third hypothesis was intended to 

determine whether there is a relationship 
between how often a consumer purchases 
products and the degree to which that person is 
devoted to a denomination. This hypothesis 
examined whether a consumer’s degree of 
religious devotion is related to how often he/she 
shops.

 
The fourth hypothesis examined 

whether there is a relationship between the 
region of the United States, from which an 
individual comes, and whether or not an 
individual prays before making a large purchase. 

The fifth hypothesis examines whether 
there is an association between how frequently 
an individual attends church activities and the 
likelihood of an individual purchasing music 
with explicit lyrics. 

The sixth hypothesis examines whether 
a relationship exists between the length of time 
an individual has been a member of a 
denomination and the likelihood of that 
individual attending a music concert that is 
strongly prohibited by that denomination.

 
The seventh hypothesis examined 

whether there is a relationship between the 

amount of discretionary income a believer 
spends on clothing and the influence of that 
person’s denomination upon the type of clothes 
purchased. 

As stated above, each hypothesis was 
linked to one or more research questions. After 
each hypothesis was framed, subsequent survey 
questions were asked. After determining 
demographic data about the sample, the 
aforementioned hypotheses were proved or 
disproved using chi-square analysis, which is 
used to determine whether or not two variables 
are related.  The seven null hypotheses that were 
examined are summarized below:

Hypothesis #1: H0: There is no rela-
tionship between Christian denominations and 
the rate at which individuals purchase 
unacceptable products.

Hypothesis #2: H0: There is no rela-
tionship between how often a consumer 
purchases products and the degree of religious 
influence upon a consumer's life.

Hypothesis #3: H0: There is no rela-
tionship between how often a consumer 
purchases products and the consumer's 
religious devotion.

`
Hypothesis #4: H0: There is no rela-

tionship between the region an individual is 
from within the United States and whether or 
not an individual prays before making large 
purchases.

Hypothesis #5: H0: There is no rela-
tionship between how frequently an individual 
attends church activities and the likelihood of 
purchasing music with explicit lyrics.

Hypothesis #6: H0: There is no rela-
tionship between the length of time that an 
individual has been a member of a religious 
denomination and the likelihood of attending a 
music concert strongly prohibited by 
denominational beliefs.

Hypothesis #7: H0: There is no rela-
tionship between the amount of discretionary 
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income individuals spend on clothing and 
whether religion influences clothing purchases.

5. Results

Hypothesis #1: It was determined that 
the calculated chi-square statistic had a value of 
12.43 regarding denominations and the rate of 
unacceptable purchased products. Because this 
value was lower than the critical value of 21.03, 
the null hypothesis of no association was 
accepted, indicating that no association was 
found between Christian denominations and the 
rate at which individuals purchase unacceptable 
products.

 Hypothesis #2: The calculated chi-
square statistic was found to be 6.63 regarding 
consumer product purchase influence and the 
degree of religion within a consumer’s life. 
Because this value was lower than the critical 
value of 16.92, the null hypothesis of no 
association was not rejected indicating that there 
was no association between how often a 
consumer purchases products and the degree of 
religious influence within a consumer's life.

Hypothesis #3: The calculated chi-
square statistic had a value of 10.17 regarding 
consumer purchase frequency and the 
consumer’s devotion to their religion. Because 
this value was lower than the critical value of 
21.03, the null hypothesis of no association was 
accepted, indicating that there was no 
association between how often a consumer 
purchased products and the consumer's devotion 
to their religion. 

Hypothesis #4: The calculated chi-
square statistic had a value of 0.65 regarding an 
individual’s home region within the United 
States, and whether or not an individual prayed 
before making a large purchase. Because this 
value was greater than the critical value of 7.81, 
the null hypothesis of no association was 
rejected. The result decidedly indicated that 
there was no association between an individual’s 
home region within the United States, and 
whether or not an individual prayed before 
making a large purchase.

Hypothesis #5: The calculated chi-
square statistic had a value of 16.15 regarding 
how frequently an individual attends church 
activities and the likelihood of that individual 
purchasing music with explicit language. 
Because this value was greater than the critical 
value of 21.03, the null hypothesis of no 
association was rejected.  The result revealed 
that there was no association between how 
frequently an individual attends church activities 
and the likelihood of individuals purchasing 
music with explicit language.

Hypothesis #6: The calculated chi-
square statistic had a value of 14.56 regarding 
how long an individual had been a member of 
their current religion and how likely an 
individual was to attend a music concert that is 
strongly prohibited by their religious beliefs. 
Since this value was lower than the critical value 
of 12.59, the null hypothesis of no association 
was rejected. Thus, the data indicated that there 
was an association between the length of time 
individuals were members of their current 
denominations and the likelihood of attending a 
music concert strongly prohibited by their 
religious beliefs.

Hypothesis #7: The calculated chi-
square statistic had a value of 15.55 pertaining to 
the amount of discretionary income individuals 
spent on clothing and whether religion 
influenced the clothes purchases. Because the 
value was slightly greater than the critical value 
of 15.51, the null hypothesis of no association 
was rejected. The information indicated that 
there was a relationship between the amount of 
discretionary income individuals spent on 
clothing and the influence of religion upon the 
individual’s clothing purchases. 

The results from testing these seven 
hypotheses are summarized below in Table 3:

6. Conclusions

From our analysis of the relationships 
among different variables such as denomination 
and the rate at which individuals purchase 
unacceptable products, no distinct relationship 
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was found to support any of the first five 
hypotheses.  To summarize, no relationships 
were found between: 1) Christian denominations 
and the rate of purchase of unacceptable 
products; 2) The frequency of consumer 
purchases and the degree of religious influence 
within the consumer's life; 3) The frequency of 
purchased products and the consumer's religious 
devotion; 4) The region of the country from 
which an individual comes and whether an 
individual prays before making large purchases; 
and 5) How frequently an individual attends 
church activities and the likelihood of 
purchasing music with explicit lyrics.  

However, a relationship was found 
between the length of time that an individual has 
been a member of a religious denomination and 
the likelihood of attending a music concert 
strongly prohibited by denominational beliefs. 
Similarly, a relationship was found between the 
amount of discretionary income spent on 
clothing and whether religion influences 
clothing purchases.  

In general, it was possible to conclude 
that an individual’s religious beliefs, denomina-
tion, and devotion to that denomination do have 
some influence upon a believer’s purchasing 
habits.  Further, it was possible to conclude that 
there is a relationship between the amount that a 
believer spends on clothing, and the religious 
influence upon a believer’s clothing purchases. 

It is the intention of the authors to 
extend this work by comparing the foregoing 
results with those for other age groups.
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Figure 1: The influence of religion upon decisions

Table 3: Results from hypotheses testing 
Hypothesis no. Test statistic χ2 statistic Result of test

1 12.43 21.03 null accepted
2 6.63 16.92 null accepted
3 10.17 21.03 null accepted
4 0.65 7.81 null accepted
5 16.15 21.03 null accepted
6 14.56 12.59 null rejected
7 15.55 15.51 null rejected

Highly Religious

 More conservative
 More traditional
 More dependent

Highly Dogmatic

 Less tolerance
 Less flexible
 More rigid

Less Religious

 Less conservative
 Less traditional
 Less dependent

Less Dogmatic

 More tolerance
 More flexible
 Less rigid
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Abstract

The University of North Florida has reverse 
engineered a transfemoral prosthesis socket for 
use in a finite element model. The overall 
objective of this study is to develop a simulation 
model which will help determine the stress 
distributions at the limb-prosthesis interface in 
an effort to help redesign prosthesis for a more 
comfortable fit. The work presented in this paper 
outlines the details of how the prosthesis was 
scanned, how the collected data was 
manipulated into three-dimensional solid 
geometry, and how this geometry was prepared 
for finite element analysis.

1. Introduction  

In an effort to develop a simulation model 
capable of providing stress distributions at the 
interface of the limb and prosthesis, a proper 
geometry model must be developed for both the 
prosthesis and the limb. In this effort, an above-
knee prosthesis socket was scanned using a 
MicroScribe Digitizer [1] and utilizing a 
program called Rhinoceros 4.0 [2]. The point 
cloud generated was then imported into reverse 
engineering software called Geomagic Studio 12 
[3] where a surface was generated from the point 
cloud. This surface was manipulated to prepare 
it for use in a finite element model. Similar 
research has been performed with transtibial 
amputees using different software programs [4]-
[8]. It is hoped that the results generated from 
the transfemoral finite element model will lead 

to a better understanding of amputee comfort 
when using the prosthetic socket and that this 
knowledge in conjunction with the simulation 
model can help in the design of more 
comfortable prosthesis. This paper provides a 
detailed description of how the prosthesis was 
scanned, how a solid model was developed from 
the resulting point cloud, and how this solid 
model was manipulated in preparation for the 
finite element analysis.

2.  Method

In developing the computer-aided design 
(CAD) model of the prosthesis socket, a real 
prosthetic socket was digitized into a point 
cloud, a surface was fit to the point cloud, and 
the surface was then smoothed in preparation for 
finite element modeling. A similar procedure 
was followed in the development of the limb 
CAD model. Each of these steps is outlined in 
this section.

2.1. Data collection through use of digitizer
A professionally made prosthetic socket, 

generously donated by Bremer Brace [9], shown 
in Figure 1, was reverse engineered through 
digitization using a MicroScribe Digitizer, and 
with the help of a software program called 
Rhinoceros 4.0.  Thousands of data points were 
scanned with the digitizer and resulted in a point 
cloud in the software.

mailto:N00444065@unf.edu
mailto:aschonni@unf.edu
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Figure 1: Prosthetic socket 

The socket made of carbon fiber and shown 
in Figure 1 was custom sculpted by the 
Prosthetist at Bremer Brace to fit one of their 
patients. 

In reverse engineering this prosthesis, the 
socket was attached to a support plate to help 
ensure the socket didn’t move during the 
digitization phase. The base consisted of a 15” x 
15” x 1” wood substrate into which four holes 
were drilled in order to utilize bolts to secure the 
socket to the plate. 

In collecting the data points a coordinate 
measuring machine, MicroScribe Digitizer, was 
used, as seen in Figure 2. Other coordinate 
measuring machines or scanning apparatuses can 
be used for this purpose.  

Figure 2: Microscribe G2 Coordinate 
Measuring Machine

The data points were collected by moving a 
probe over the geometry while at the same time 
pushing a pedal to indicate that data points 
should be collected. Figure 3 shows data points 
being collected at the bottom of the prosthetic 
socket. 

Figure 3: Prosthetic socket model scanning

The collected data points were directly 
mapped into Rhinoceros 4.0 in which the 
scanned geometry appears one point at a time. 
Images of the final point cloud are shown in 
Figure 4. 

Figure 4: Point cloud of the prosthetic socket 
resulting from reverse engineering software

2.2. Generation of a solid CAD model

In order to use the scanned prosthetic socket 
in finite element analysis, it was necessary to 
develop solid Computer-Aided Design (CAD) 
geometry from the point cloud. In this effort, the 
point cloud was exported from Rhinoceros and 
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imported into Geomagic Studio 12 as an *.IGS 
file type. Geomagic Studio is a 3D modeling 
system capable of cleaning and modifying free-
form geometry, such as the point cloud 
generated from scanning the socket. This 
software allows the user to remove undesired 
data points, build a Non-Uniform Rational B-
Spline (NURBS) surface, and then smooth that 
surface to minimize the effect of spikes. While 
the smoothing algorithms may remove some of 
the true data points, it allows the generation of a 
resulting surface smooth enough to where it can 
be used for finite element analysis. If the surface 
has a large number of small peaks and valleys, it 
will be difficult or impossible to mesh the 
surface. 

Patch capabilities to fill cavities and 
smoothing algorithms were used to develop the 
socket surface as seen in Figure 5. The software 
also provided the ability to thicken the 
geometry, in this case to 6.35 mm (0.25in). 

Figure 5: Prosthetic socket from point cloud 
to polygon and CAD model

   
After applying a thickness to the model, a 

patch layout was created. This subdivides the 
polygon into smaller regions, defined 
mathematically by the curvature of the splines 
making up the patch. The resulting patch layout 
is shown in Figure 6. 

Figures 6: Prosthetic socket with patches 
applied

Each patch is then further subdivided into a 
finer grid as shown in Figure 7.

Figure 7: Prosthetic socket patch model 
subdivided into a fine grid

The model developed in Geomagic was 
transferred as a *.dxf file into NX 8.0 by 
Siemens [10], a computer-aided engineering 
software capable of performing finite element 
analysis.  

2.3. Development of transfemoral limb model 

With the objective to model the interaction of 
the transfemoral limb and the prosthetic, the 
next modeling step was to generate a CAD 
model of the limb itself. This model had been 
generated as a point cloud by collaborators at 
Florida State University. A process similar to 
that in generating the CAD model for the 
prosthetic socket was applied to the point cloud 
of the limb. The original point cloud imported 
into Geomagic is shown in Figure 8.
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Figure 8: Unmodified point cloud of limb

The point cloud of the limb was converted 
into a polygon model where cavities were 
removed and rough surfaces smoothed. An 
example of how surfaces don’t properly mate is 
shown in Figure 9.

Figure 9: Improper mating of surfaces

It is cavities such as that in Figure 9, which 
need to be filled in generating a viable CAD 
model. Once a valid polygon model was 
developed, it was subdivided into the patch 
layout seen in Figure 10.  

Figures 10:  Patch layout of limb model

As with the prosthetic socket, the patch layout of 
the limb model was further subdivided into a 
mesh grid as shown in Figure 11.

Figure 11: Mesh grid of the limb model

The final CAD model of the limb is shown in 
Figure 12.

Figure 12: Final CAD model of limb

The CAD models of the socket and the limb 
were both imported into NX where which they 
were fitted together, as seen in Figure 13. 

   
Figure 13: Prosthesis surrounding limb 

model.
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3. Conclusion
In summary, a procedure has been developed 

allowing the development of CAD geometry 
suitable for finite element analysis from scanned 
data of both a prosthesis and limb. This 
procedure involved the use of a digitizer for data 
collection, reverse engineering software for data 
cleaning and manipulation, and software in 
which to develop the finite element model. 
While the procedure works well for the research 
presented, fine-tuning of this process is advised 
when scanning the limb of future research 
subjects. The major shortcoming of the method 
presented is that the digitizer has a pointy tip and 
could hurt a patient being scanned. Secondly, 
while the time involved with scanning the 
prosthesis may not denote a problem, the time 
involved with scanning a patient using this 
method will likely be too long. Therefore 
different scanning techniques are being 
investigated.

Future work will involve the scanning of 
patients and their prosthesis, and the  
development of CAD and finite element models 
of the interface of the prosthetic socket and limb. 
Experimental work is also undertaken with the 
objective to measure the pressure distribution 
between the limb and prosthesis. The goal is to 
utilize the experimental pressure data at the 
interface to fine-tune the finite element model. 
Once an accurate model is developed, it can be 
used towards analyzing the stress effect of 
modifying the prosthetic geometry. 
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Abstract

An above knee prosthesis socket and mock-up of 
an amputated limb is used in developing a 
procedure for collecting pressure data at the 
socket-limb interface using Tekscan pressure 
sensors. This pressure data is to be used in 
verification and fine-tuning of a finite element 
model. This paper provides details of the 
procedure used in obtaining the experimental 
pressure distribution at the interface.

Introduction

A finite element model of the prosthetic socket 
for an above knee amputee and the amputated 
stump were modeled using finite element 
analysis software, as described in [1]. To help 
validate and fine-tune this finite element model, 
experimental work is performed to determine the 
pressure distribution at the interface of the 
prosthesis and the limb.

In developing a procedure for collecting 
experimental data, the following steps were 
performed: a mock-up model of the limb-
prosthesis was created, Tekscan F-Socket 
sensors [2] were calibrated and attached to the 
prosthetic, the location of the sensors were 
determined and recorded, and a load was applied 
to generate pressure data.

This paper provides a detailed description of the 
process followed in developing the experimental 
procedure to be used in obtaining real patient 
data.

Pressure Sensors

The Tekscan F-Socket sensors have been used in 
many prosthetic research applications [3, 4]. 
Each F-Socket sensor is comprised of 96 
individual pressure sensors as seen in Figure 1. 
The sensor itself can be cut into strips and 
applied to the rounded body of a patient’s limb 
without distorting the data. These sensors are 
made by printing electrically conductive 
material on thin sheets of flexible polyester and 
then layering each side with dielectric and 
adhesive to prevent shorting of current between 
traveling signals. The conductive material is 
printed as rows and columns and therefore can 
report relative coordinate data as well as the 
pressure at that point. The voltage difference 
between sending and receiving signals at the top 
of the sensor is correlated to the pressure 
experienced at each sensor cell.

       

Figure 1: Tekscan F-Socket
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The Tekscan software allows for a pressure 
distribution for each of the attached sensors to 
be recorded over a period of time. Data 
acquisition requires accurate calibration of the 
sensors within the tolerance of the sensor and 
the application. The sensors are most accurate 
when they are calibrated to the assume load 
(here the weight of the patient) and when the 
actual applied load is within the top 25% of the 
calibrated load.

Mock-up model

The mock-up model consists of a real above-
knee prosthetic, and a crude mock-up of the 
amputated limb, as seen in Figure 2.

          

Figure 2: Physical Model

Prior to applying a load to the mock-up model, 
the sensors were calibrated, as discussed in the 
next section. 

Calibration of Sensors

Tekscan F-socket sensors are calibrated using 
point calibration. Point calibration is performed 
by applying a precise load over the entire sensor 
strip. Two wooden blocks were cut to the 
dimensions of the sensor strip and wrapped with 
felt. The sensor strip was placed between these 
two blocks and then inserted into an MTS 
machine, as seen in Figure 3. The machine was 
loaded to the weight of an adult male patient, 
800 N (~180lb). During loading, the sensor 

sensitivity was adjusted in the Tekscan software 
to be within the proper sensitivity range, 
indicated by a pink color. The pink color 
indicates that the sensor could not accurately 
measure a higher pressure loading.

Figure 3: Calibration of Sensors in MTS

Application of Sensors to Prosthesis

Upon calibration of the sensor strips, the strips 
were cut lengthwise without severing the lines of 
conductive material and then fixed to the 
prosthetic socket using two-sided tape, as seen 
in Figure 4.

The sensor cuffs were attached to the sides of 
the prosthetic socket using Velcro to prevent 
strain on the sensors, as visible in Figure 5.

With the sensors in place, it was necessary to 
determine the coordinate location of each of the 
96 individual sensors. This was done using a 
coordinate measuring machine.
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Figure 4: Attachment of Sensors to 
Prosthesis

            

Figure 5: Sensor Cuff Attachment

Coordinate Determination and Model 
Loading

The pressure sensors were unable to report their 
own coordinates relative to some reference 
frame. One method used in several different 
biomedical applications to obtain these 
coordinates is the use of a hand held digitizer 
[5]. Therefore, a coordinate measuring machine, 
MicroScribe Digitizer [6], and a reverse 
engineering software, Rhinoceros [7], were used 
towards this effort. The coordinate measuring 
machine was used to record the spatial location 

of each of the sensors in the form of a point 
cloud. Images of the point-cloud are shown in 
Figure 6. The coordinate data was exported as an 
ASCII file.

      

Figure 6: Point Cloud Data of Sensor Locations 
Shown From the Side

The physical model was placed in the prosthetic 
socket and a force was applied to imitate normal 
walking movement. The pressure data was 
recorded with a period of 20 frames per second 
for 5 seconds. Upon loading the model, pressure 
data was collected and exported as an ASCII file 
so that the data later can be formatted and 
imported into finite element software as an 
Excel spreadsheet.

Results and Discussion

In summary, to obtain pressure distributions 
experimentally, Tekscan F-socket sensors were 
first calibrated, then attached to the prostheses, 
after which the precise special coordinates were 
recorded with the use of a coordinate measuring 
machine. The load was then applied and the 
pressure data recorded and exported.

During the development of this procedure on the 
mock-up model, it became clear that some 
modifications to the procedure need to be made 
in order to make the process suitable for patient 
data acquisition. First, since the pressure of 
interest is that on the limb of the patient and the 
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patient typically wears a liner between the limb 
and the prosthesis, more accurate results will be 
obtained if the sensors are attached to the skin 
rather than the prosthesis, as also discussed in 
[8]. Hence, it is necessary to develop a method 
of attaching the sensors to the skin of the patient.

Second, the mock-up model was covered with 
two sensor strips. Additional sensor strips, or 
larger strips, would be useful in determining the 
pressure distribution at the interface as the 
interface area cannot fully be covered with the 
present two sensor strips.

Third, a coordinate measuring machine, or 
digitizer, was used in determining the special 
coordinates of the pressures once attached to the 
prosthesis. This requires considerable time, and 
is therefore not recommended when determining 
the sensor locations when placed on the skin of a 
person. The sensor would require the person to 
be still for some time, which likely could present 
a problem to the patient. It is therefore 
recommended that other scanning techniques be 
considered.

Future work

Future research will focus on updating the 
scanning procedure in determining the 
coordinate positions, and potentially obtaining 
larger sensor strips.  Once the proposed 
modifications to the test procedure have been 
validated on the mock-up model, and an IRB 
protocol has been approved, patients will be 
invited to participate in the study. The data 
collected for a patient will then be compared to 
the finite element model developed for that 
patient.
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