
International Journal of 

         Engineering Research  

                        & Innovation 

SPRING/SUMMER 2013 

VOLUME 5, NUMBER 1 

Editor-in-Chief: Mark Rajai, Ph.D. 

California State University Northridge 

Published by the 

International Association of Journals & Conferences 

WWW.IJERI.ORG 
Print ISSN: 2152-4157 

Online ISSN: 2152-4165 



 

 

 

 

 

INTERNATIONAL JOURNAL OF  
ENGINEERING RESEARCH AND INNOVATION 

CUTTING EDGE JOURNAL OF RESEARCH AND INNOVATION IN ENGINEERING  

 Mark Rajai, Ph.D. 

Editor-in-Chief 
California State University-Northridge 
College of Engineering and Computer Science 
Room: JD 4510 
Northridge, CA 91330 
Office: (818) 677-5003 
Email: mrajai@csun.edu  

Contact us: 

www.iajc.org www.ijeri.org 

 
www.ijme.us  www.tiij.org 

 

Print ISSN: 2152-4157 

Online ISSN: 2152-4165 

• Manuscripts should be sent electronically to 
the manuscript editor, Dr. Philip Weinsier, 
at philipw@bgsu.edu. 

 
For submission guidelines visit 
www.ijeri.org/submissions 
 

 IJERI SUBMISSIONS: 

• The International Journal of Modern Engineering (IJME)  
For more information visit www.ijme.us 

 

• The Technology Interface International Journal (TIIJ) 

For more information visit www.tiij.org   

 OTHER IAJC JOURNALS: 
 

• Contact the chair of the International 
Review Board, Dr. Philip Weinsier, at 
philipw@bgsu.edu. 

 
For more information visit 

www.ijeri.org/editorial 

a TO JOIN THE REVIEW BOARD: 

• IJERI is the second official journal of the International 
Association of Journals and Conferences (IAJC). 
 

• IJERI is a high-quality, independent journal steered by 
a distinguished board of directors and supported by an 
international review board representing many well-
known universities, colleges, and corporations in the 
U.S. and abroad. 

 

•  IJERI has an impact factor of 0.432, placing it among 
an elite group of most-cited engineering journals 
worldwide. 

 ABOUT IJERI: 

INDEXING ORGANIZATIONS:  

• IJERI is currently indexed by 16 agencies. 
For a complete listing, please visit us at 

www.ijeri.org.  



——————————————————————————————————————————————————- 

——————————————————————————————————————————————–———— 

INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION 

INTERNATIONAL JOURNAL OF ENGINEERING 

RESEARCH AND INNOVATION 
 The INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND 
INNOVATION (IJERI) is an independent and nonprofit publication, which aims 
to provide the engineering community with a resource and forum for scholarly 
expression and reflection. 
 
  IJERI is published twice annually (Fall and Spring issues) and includes peer-
reviewed research articles, editorials, and commentary that contribute to our un-
derstanding of the issues, problems, and research associated with the engineering 
and related fields.  The journal encourages the submission of manuscripts from 
private, public, and academic sectors.  The views expressed are those of the au-
thors, and do not necessarily reflect the opinions of the IJERI or its editors. 

EDITORIAL OFFICE:              

 
Mark Rajai, Ph.D.              
Editor-in-Chief  
Office:  (818) 677-2167 

Email:  m.rajai@csun.edu 

Dept. of Manufacturing Systems 
Engineering & Management 
California State University- 
Northridge 
18111 Nordhoff Street 
Northridge, CA  91330-8332  

THE INTERNATIONAL JOURNAL OF ENGINEERING 

RESEARCH AND INNOVATION EDITORS 

Editor-in-Chief: 

Mark Rajai 

California State University-Northridge 

Associate Editors: 

Paul Wilder 

Vincennes University 

Li Tan 

Purdue University North Central 

Production Editor: 

Philip Weinsier 

Bowling Green State University-Firelands 

Subscription Editor: 

Morteza Sadat-Hossieny 

Northern Kentucky University 

Financial Editor: 

Philip Weinsier 

Bowling Green State University-Firelands 

 

Manuscript Editor: 

Philip Weinsier 

Bowling Green State University-Firelands 

Copy Editors: 

Li Tan 

Purdue University North Central 

Ahmad Sarfaraz 

California State University-Northridge 

Web Administrator: 

Saeed Namyar 

Advanced Information Systems 

Technical Editor: 

Michelle Brodke 

Bowling Green State University-Firelands 

Publisher: 

International Association of Journals and Conferences 

 



Editor’s Note (In This Issue): The HOAD Research Group Development Process: Hand Opening 

Assistive Devices for Stroke Victims and the Neurologically Impaired ....................................................................................... 3 

Philip Weinsier, IJERI Manuscript Editor 

 

Development of a Robust Supply Chain Total-Cost Model Integrating Currency Uncertainty and Quality Variations ............. 5 

Yan Liang, Bradley University; Joseph C. Chen, Bradley University 

 

Characteristics of Self-Consolidating Concrete for Bridge Girder ........................................................................................... 15 

Nadim Wehbe, South Dakota State University; Faris Malhas, Bowling Green State University 

 

An Exploratory Study of Risk Management Practices in Top U.S. Contractor Firms ............................................................... 24 

Musibau Shofoluwe, North Carolina A&T State University; Tesfa Bogale, Ayars & Ayars, Inc.; 

Frank Yeboah, North Carolina A&T State University  

 

A Review of Multi-Objective Design Optimization and the Use of Genetic Algorithms in Interior Design Optimization......... 33 

Magesh Chandramouli, Purdue University, Calumet; Gary R. Bertoline, Purdue University, West Lafayette 

 

The HOAD Research Group Development Process: Hand Opening Assistive Devices for Stroke 

Victims and the Neurologically Impaired .................................................................................................................................. 41 

Edward M. Land, Johns Hopkins University; Michael Marcus, Penn State University; Collaborating Research 

Assistants, Johns Hopkins University: Lorre Atlan, Aaron Abugaber, Noah Greenbaum, Joseph Saltzman, 

Rohit Dayal, Sally Hong and Jon Hunt 

 

An Ordered Probability Framework for Assessing Markup Values for the Construction Industry ........................................... 53 

Tarek Mahfouz, Ball State University; James Jones, Ball State University; Scott Kollwitz, Ball State University 

 

An Analysis of Highway Safety in Tanzania: A Case study of the TANZAM Highway (Kibaha – Chalinze Section) ................ 62 

Doreen Kobelo, Florida A&M University; Salome Kabunda, TANROADS; Judith Mwakalonge, 

South Carolina State University 

 

How Accurately Grades Represent Knowledge: Understanding of Electricity by Freshman, Sophomore, and Senior 
Engineering Technology Students  ............................................................................................................................................ 68 

Tatiana V. Goris, Purdue University; Michael J. Dyrenfurth, Purdue University 

 

An Assessment of the Predictors of U.S. Commercial Electricity Consumption ........................................................................ 76 

Andrea N. Ofori-Boadu, North Carolina A&T State University; Musibau A. Shofoluwe, North Carolina 

A&T State University; Frank E. Yeboah, North Carolina A&T State University 

 

Instructions for Authors: Manuscript Requirements ................................................................................................................. 90 

 

——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–————                    

INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V5, N1, SPRING/SUMMER 2013 

TABLE OF CONTENTS 



——————————————————————————————————————————————–———— 

EDITOR’S NOTE (IN THIS ISSUE): THE HOAD RESEARCH GROUP DEVELOPMENT PROCESS: HAND OPENING                           3 
ASSISTIVE DEVICES FOR STROKE VICTIMS AND THE NEUROLOGICALLY IMPAIRED 

IN THIS ISSUE (P.41) 
THE HOAD RESEARCH GROUP DEVELOPMENT PROCESS: 

HAND OPENING ASSISTIVE DEVICES FOR STROKE 

VICTIMS AND THE NEUROLOGICALLY IMPAIRED 

In our on-going support for students in the fields of sci-
ence, technology, engineering and math (STEM), I would 
like to take this opportunity to recognize the efforts of the 
faculty, students, physicians and other collaborators that 
participated on this project and encourage other faculty to 
enlist the help of their students on research endeavors. I was 
particularly surprised at the breadth of collaboration on this 
study and would like to recognize Ed Land (Johns Hopkins 
University), HOAD Research Principal Investigator, and 
Professor Michael Marcus (Penn State University-York) for 
their efforts in bringing so much talent and so many enthusi-
astic students to bear on this research project. 
 

Their diverse team includes another faculty member from 
the University of Maryland-Baltimore, a retired Westing-
house and Northrop Grumman engineer, three physicians 
from the Johns Hopkins University (JHU) School of Medi-
cine, a former faculty member from the Carey Business 
School, and  the CEO of Maryland Prosthetics and Orthotics 
Corporation. And, as if that were not a large enough brain 
trust, each semester a cadre of five to eight engineering re-
search assistants (both graduate and undergraduate) from 
the JHU Whiting School of Engineering, studying either 
bioengineering, biomedical engineering or mechanical engi-
neering, contribute to the overall success of this project. To 
date, a total of 36 volunteer and credit-seeking RAs have 
contributed. I would consider myself lucky to get 31 of my 
own students to cooperate on a class project, let alone col-
laborate to such an extent as these have.  
 

Here is a brief history of what this group has been work-
ing on and why. Prior to the development of the HOAD 
Research Group, their consulting engineer and Principal 
Investigator, Ed Land, was selected to head up Northrop 
Grumman’s Volunteers for Medical Engineering (a.k.a. V-
LINC). The group consisted of engineers and scientists ded-
icated to developing custom, assistive appliances in an ef-
fort to improve the quality of life for persons with physical 
disabilities. Ed was recruited by Dr. Ken Silver at the JHU 
School of Medicine. Dr. Silver wondered if a low-profile, 
light weight, comfortable and efficient hand assistive device 
could be developed, beyond what is currently available. 

Such a device could prove to be effective for treating stroke 
and other neurological injuries.  
 

The HOAD project itself, launched in 2006 at JHU, was 
tasked with building a comfortable orthotic device that 
could open the closed hand of a stroke victim. One embodi-
ment of their appliance is to be computer controlled and 
wireless, and driven from patient-initiated muscle twitches 
in the chest. This functionality, previously developed by 
JHU’s Applied Physics Lab in Laurel, MD, is to be incorpo-
rated into the HOAD. JHU expects to ultimately license 
affordable versions of their spring-assisted and computer-
assisted orthotics to enable neurologically injured patients to 
regain partial use of their affected hands. 
 

HOAD Research currently holds one U.S. patent covering 
three unique active (computer assisted) appliances and has 
another application under review which addresses an addi-
tional three passive (spring actuated) hand orthotics for a 
particular class of stroke victims able to move their affected 
arms and shoulders but unable to open their clenched fists. 
As of this writing, HOAD is transitioning from a 4th genera-
tion mockup to a 1st generation prototype orthotic device. 

Flow Diagram for the Active Computer-Assisted Orthotic Design 

by Lorre Atlan, Ph.D. candidate and former HOAD Research Assistant 
 

Beyond just the design and development of products, the 
group is also very active in education. Over the last 17 se-
mesters, faculty associated with the group have offered an 
Advanced Assistive Device Technologies course along with 
instruction in disciplines including mechanical, biomedical, 
materials, electrical and engineering mechanics. RAs are 
provided with up-to-date information on the latest technolo-
gies and are required to conduct on-line research to produce 
technically superior orthotic HOADs. 

—————————————————————————————————————————————–———— 

Philip Weinsier, IJERI Manuscript Editor 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

4                             INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V5, N1, SPRING/SUMMER 2013            

Isaac Chang 
 
Hans Chapman 
 
David Domermuth 
 
Mohsen Hamidi 
 
Charles Hunt 
 
Pete Hylton 
 
John Irwin 
 
Khurram Kazi 
 
Jay Lee 
 
Guoxiang Liu 
 
Mani Manivannan 
 
David Melton 
 
Hamed Niroumand 
 
Basile Panoutsopoulos 

 
Jose Pena 
 
Huyu Qu 
 
Marla Rogers 

Editorial Review Board Members 
 

Listed here are the members of the IAJC International Review Board, who devoted countless hours to the review of the 
many manuscripts that were submitted for publication. Manuscript reviews require insight into the content, technical expertise 
related to the subject matter, and a professional background in statistical tools and measures. Furthermore, revised manu-
scripts typically are returned to the same reviewers for a second review, as they already have an intimate knowledge of the 
work. So I would like to take this opportunity to thank all of the members of the review board.  

 
As we continually strive to improve upon our conferences, we are seeking dedicated individuals to join us on the planning 

committee for the next conference—tentatively scheduled for 2014. Please watch for updates on our website 
(www.IAJC.org) and contact us anytime with comments, concerns or suggestions.  

 
If you are interested in becoming a member of the IAJC International Review Board, send me (Philip Weinsier, IAJC/IRB 

Chair, philipw@bgsu.edu) an email to that effect. Review Board members review manuscripts in their areas of expertise for 
all three of our IAJC journals—IJME (the International Journal of Modern Engineering), IJERI (the International Journal of 
Engineering Research and Innovation) and TIIJ (the Technology Interface International Journal)—as well as papers submitted 
to the IAJC conferences. 

Cal Poly State University SLO (CA) 
 
Morehead State University (KY) 
 
Appalachian State University (NC) 
 
North Dakota State University (ND) 
 
Norfolk State University (VA) 
 
Indiana University Purdue (IN) 
 
Michigan Technological Univ. (MI) 
 
Acadiaoptronics (MD) 
 
Purdue University Calumet (IN) 
 
University of North Dakota (ND) 
 
 
 
Eastern Illinois University (IL) 
 
Universiti Teknologi (MALAYSIA) 
 
Central Connecticut State U. (CT) 
 
Purdue University Calumet (IN) 
 
Honeywell Corporation 
 
Wireless Systems Engineer 
 
 

Hiral Shah 
 
Musibau Shofoluwe 
 
Carl Spezia 
 
Jalal Taheri 
 
Baijian (Justin) Yang 
 
Faruk Yildiz 
 
Chongming Zhang 
 
Jinwen Zhu 
 

St. Cloud State University (MN) 
 
North Carolina A&T Univ. (NC) 
 
Southern Illinois University (IL) 
 
Bostan Abad Islamic Azad U. (IRAN) 
 
Ball State University (IN) 
 
Sam Houston State University (TX) 
 
Shanghai Normal Univ. (CHINA) 
 
Missouri Western State Univ. (MO) 
 
 
 



DEVELOPMENT OF A ROBUST SUPPLY CHAIN 

TOTAL-COST MODEL INTEGRATING CURRENCY 

UNCERTAINTY AND QUALITY VARIATIONS 
——————————————————————————————————————————————–———— 

Yan Liang, Bradley University; Joseph C. Chen, Bradley University 

——————————————————————————————————————————————–———— 

DEVELOPMENT OF A ROBUST SUPPLY CHAIN TOTAL-COST MODEL INTEGRATING CURRENCY UNCERTAINTY AND                  5 
QUALITY VARIATIONS 

in 2011. Chinese currency revaluation reduces the labor cost 
advantage for multinational companies who have set their 
suppliers in China. Companies such as Nike that are more 
sensitive to labor costs moved their outsourcing to a cheaper 
country. Not only labor costs, currency fluctuation affects 
almost all supply chain costs in a multinational company. 
Another example is fix costs. Caterpillar Inc. orders im-
mense quantities of components from China every year. To 
avoid trivial documental work, they pay a fixed cost once a 
year at most. Also, a 5.1% currency revaluation brought 
them a large hidden cost. In addition to transportation and 
packaging costs, currency fluctuation has the potential to 
increase almost all costs occurring in the upper supply 
chain. 
 

In spite of its perception, currency is not the only factor 
affecting the total costs of the supply chain. Most current 
research has highlighted the importance of quality manage-
ment [7], [8], especially in supply chain [9-11]. Kannan and 
Tan [12] demonstrated the association between quality man-
agement and business performance in supply chain. In their 
research, the competitiveness of firms and customer service 
seems to be significantly related to strategic commitments 
to quality. In a study on the outsourcing of products [13], 
the authors noted that frequent recalls announced in recent 
years range from food to non-food products. The report said 
that out of 86 consumer products recalled in the UK in 
2008, 72% of them were made in China. The large amount 
of defects in international business could be caused by inap-
propriate operations in the process of long-distance trans-
portation, high demand or low-skilled production environ-
ments in developing countries. It is important to make com-
panies aware of quality variations in the outsourcing busi-
ness because defects can cause extensive repair costs. Multi-
national companies generally only find out about the defects 
after the products arrive at their destinations. It is not eco-
nomically feasible either to send the products back to the 
suppliers. And though less likely, there is no guarantee that 
defects will not occur after the products have been repaired 
and shipped back to the customers. Moreover, product lead 
time increases due to the repair process, which would also 
decrease customer service. 
 

Abstract  
 
Nowadays, companies are focusing a lot of attention on 

global supply chain management. International competition 
has forced companies to cope with outsourcing suppliers 
located in different countries, which requires multinational 
companies to quickly absorb risk uncertainties and adjust 
their supply chain model in terms of uncertainties such as 
currency fluctuation, changing labor costs and quality crite-
ria. This study investigated supply chain uncertainty in re-
gards to currency and overseas quality uncertainties. Given 
that the robust supply chain model has the potential to ab-
sorb risk uncertainties, especially currency and quality un-
certainties, a better decision would be to adjust a company’s 
business structure. This study contributes to the develop-
ment of a supply chain total-cost model that considers sup-
pliers from different countries and integrates currency and 
quality concerns. Based on this robust supply chain model, 
predictions of a breakeven year were performed in order to 
analyze the effect brought about by currency and overseas 
quality issues. 
 

Introduction 
 

A supply chain has been described as a system whose 
constituent parts include material suppliers, production fa-
cilities, distribution services and customers linked together 
via the feed-forward flow of materials and the feedback 
flow of information [1]. In the early years, supply chain was 
simple with single flow of products moving from raw mate-
rial suppliers to the end customer. During the last 20 years, 
international trade and increasing demand have led to a con-
siderable expansion of supply chain [2], [3]. More multina-
tional companies are expanding their supply chain beyond 
national barriers due to cost benefits [4]. As a result, this 
phenomenon brought more complexity into the supply 
chain, which introduced more risk and uncertainties to com-
panies [5], [6]. 
 

All of the aforementioned changes brought into the sup-
ply chain have unavoidably increased the importance of 
supply chain risk management. For example, the exchange 
rate of the Chinese Yuan to the U.S. Dollar increased 5.1% 
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Knowing that severe losses can occur due to currency 
fluctuations and quality variations, rather than ignoring the 
influence that currency uncertainty and quality variations 
could bring to outsourcing problems, this study built a ro-
bust supply chain total-cost model. This supply chain total-
cost model is able to reflect the currency fluctuations and 
quality variations. 
 

Literature Review 
 

To achieve cost reductions, many trading companies have 
taken a global approach to their supply markets, sourcing 
from cheap-labor developing countries. But there remains a 
lack of evidence that outsourcing models actually lead to 
improved business performance. 
 

In the last few decades, a dramatic increase in outsourcing 
has been made possible by changes in global economic poli-
cy and development in transportation technology [14], [15]. 
Sourcing from developing countries such as China has re-
duced costs due to fewer regulations and significantly lower 
labor costs [16], [17]. However, companies that source in 
such countries face several challenges. Despite lower mate-
rial and labor costs, sourcing in these countries implies 
greater risks and uncertainties due to longer supply chain 
response time and a decrease in customer service.  
 

Although some papers focus on reducing total cost of 
global supply chain management, many researches address 
a single component of the overall production such as pur-

chasing, production and scheduling, inventory, warehousing 
or transportation. Table 1 summarizes previous studies and 
their total-cost supply chain models. Sachan et al. [18] pre-
sented a traditional supply chain model, which includes 
inventory, transportation, purchasing, handling, and fixed 
packaging costs. Liu and Nugumeny [19] and Holweg et al. 
[20] built a supply chain model to cover currency fluctua-
tion effects. Holweg et al. [20] observed quality concerns in 
their model as well. However, none of them consider the 
importance of both quality variations and currency revalua-
tion in China. This current study differs from these others in 
this respect. This study focused on global supply chain and 
built a supply chain total-cost model. The model includes 
the impact of currency uncertainty as well as quality varia-
tion on the decision making of firms. This paper also pre-
sents the comparison of the global supply chain total cost in 
different years at a multinational company in the U.S. This 
study demonstrated a case study by using the developed 
supply chain total-cost model to compare the total cost of a 
multinational company’s supply chain using two supplier 
scenarios: outsourcing and domestic. A decision-making 
prediction analysis about the cost intersection year was per-
formed. The decision-making model helps managers to un-
derstand the benefits and disadvantages of setting up firms 
in China. This model explicitly considers firms’ production 
and outsourcing decisions, and how the firms behave when 
currency and quality varies in different years. In particular, 
this study used the model to simulate the tendency of total 
supply chain costs when manufacturers/suppliers are in dif-
ferent countries. 
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Sachan et al. [18] X X X X X X       
This paper presented a total supply chain cost model of Indian grain chain in 
order to understand and predict the future outcome. 

Liu and Nugurneny 
[19]   X X           X 

This research developed a model that considers firms' decision-making un-
der competition and foreign exchange uncertainty. 

Holweg et al., [20] X X X X X   X X X 
This paper built a total cost supply chain model including the concept of 
dynamic, static and hidden cost. 

Bygballe et al.[21]   X X             
This paper stressed the importance of purchasing, logistics costs and cus-
tomer service from a total cost supply chain perspective. 

Yeung et al. [22] X X               
This paper maximizes the profit under the constraint of production capacity, 
storage costs and transportation cost in the supply chain. 

Al-e-hashem et al.
[23] X X X         X   

This paper developed a supply chain model that minimizes total SC cost as 
well as improving customer service level. 

Longinidis and 
Georgiadis [24] X X X X X         

This study proposed a strategic decision tool that enchases financial state-
ment analysis and demand uncertainty. 

Table 1. Previous Research Supply Chain Cost Model Comparison 
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The Proposed Supply Chain Model 
 

This model was developed based on the studies of Peidro 
et al. [25], Ertogral et al. [26] and Kang et al. [27]. The as-
sumptions in this study are stated as follows: 

1. A supply chain topology was assumed: number of 
nodes and type (suppliers, manufacturing plants, 
warehouses, distribution centers, retailers, etc.). 

2. Each cost parameter was estimated: e.g., production, 
manufacturing, inventory, transportation, demand 
backlog. 

3. There is no limit on the supplier’s capacity, so short-
age on the supplier was not considered. 

4. There is no inventory capacity problem for either the 
supplier or the retailer. 

5. Transportation data such as lead time, transport ca-
pacity were estimated. 

6. Procurement data such as procurement capacity were 
estimated. 

 
Table 2 shows the notations used throughout the paper.  
 

 

Y Set of year(y=2000, 2001, ... , 2010) 

T Set of planning periods (t = 1, 2, . . ., T ) 

I Set of products (raw materials, intermediate products, finished goods) (i = 1, 2, . . ., I ) 

N Set of SC nodes (n = 1, 2, . . ., N) J Set of production resources ( j = 1, 2, . . ., J ) 

L Set of transports (l = 1, 2, . . ., L) 

P Set of products produce in firm m (p = 1, 2, . . ., P) 

O Set of origin nodes for transports (o = 1, 2, . . ., O) 

D Set of destination nodes for transports (d = 1, 2, . . ., D) 

VPCOinjt Variable production cost per unit of product i on j at n (outsourcing) in t 

VPCinjt Variable production cost per unit of product i manufactured in U.S. on j at n in t 

OTCnjt Overtime cost of resource j at n in t 

UTCnjt Under-time cost of resource j at n in t 

Alt Fixed vehicle cost by l in t 

Lodlt Fixed material handling cost for retailer during transportation from o to d by l in t. 

 ICint Inventory holding cost per unit of product i at n in t 

DBCint Demand backlog cost per unit of product i at n in t 

Gy gasoline cost from o to d in y year 

ERy Exchange rate in y year. 

Dodlt Distance from o to d 

DEint Demand of product i at n in t 

MOTnjt Overtime capacity of resource j at n in t 

MPCnjt Production capacity of resource j at n in t 

Miodlt Loading capacity of a vehicle 

IOint Inventory amount of i at n in period0 

PTinjt Processing time to produce a unit of i on j at n in t 

QTinjt Processing time to produce a defective unit of I on j at n in t 

β 0–1function. It takes 1 if product is from outsourcing and 0 otherwise 

Xodlt 0–1function. It takes 1if the product is manufactured in U.S. and 0 if it is from outsourcing outside the country. 

 Pinjt Production amount of i on j at n in t/PTinjt > 0 

Sint Supply of product i from n in t 

DBint Demand backlog of i at n in t/DBCint > 0 

TQiodlt Transport quantity of i from o to d by l in t/o ≠ d, TCodlt > 0, ICi,n=d, t > 0 

Iint Inventory amount of i at n at the end of period t 

PQint Purchase quantity of i at n in t 

OTnjt Overtime for resource j at n in t 

UTnjt Under-time for resource j at n in t 

SR0iodlt Shipments of i received at d from o by l at the beginning of period 0 

Table 2. Notations for the Supply Chain Model 

——————————————————————————————————————————————–———— 

DEVELOPMENT OF A ROBUST SUPPLY CHAIN TOTAL-COST MODEL INTEGRATING CURRENCY UNCERTAINTY AND                  7 
QUALITY VARIATIONS 
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The Production Costs 
 

The purpose of this research study was to compare the 
different costs between the products that are manufac-
tured inside a country and those purchased from outsourc-
ing in a developing country. That is, this study considered 
two situations in a company. 

 
1. The company has all of its suppliers in China. 
2. The company has all of its suppliers in the U.S. 

 
The assumptions in the two situations are: 
 

1. The company has the same market. 
2. The company produces the same type and the same 

amount of the goods. 
 

In the first situation, the products that the company sells 
on a developed country’s market (e.g., the U.S. market) 
are considered to be originally from China. Since the 
company chooses its suppliers, distribution centers in 
China, its costs are expressed in Chinese currency. These 
production costs are given in Equation (1): 

 
y =                                                                             (1) 

 
If the products are manufactured in the U.S., the cost 
could be expressed by Equation (2): 
 

y =                                                                              (2) 
 
Hence, the total production cost (in U.S. dollars) of firm 
m can be expressed by Equation (3): 
 
   y = 
 

 
 
 
 

(3) 

 

The Overtime and Under-time Costs 
 

To analyze overtime and under-time costs, this study 
assumed that a hypothetical firm’s (m) products are ini-
tially produced in China. Given this, the overtime and 
under-time costs vary between years mainly in regards to 
changes in the cost of labor. The company’s overtime 
costs are given by Equation (4) and under-time costs by 
Equation (5) in different years. 
 

 
       y = 

 
                                                                                     (4) 

 
The total overtime and under-time costs (in U.S. dollars) of 
firm m can be shown as follows: 
 
 y = 

 
                      (5) 

 

The Transportation and Inventory Costs 
 

This study developed a transportation cost and inventory 
cost model based on the study of Kang and Kim [27]. First, 
the following assumptions related to calculating the costs of 
transportation and inventory were made. Demands from the 
customers were known to the company and they were dy-
namic. The amount of shipment lot size was decided on by 
the company. The transportation cost has a fixed vehicle 
cost and fixed material handling cost, as shown in Equation 
(6). A multinational company process products or compo-
nents from outsourcing suppliers. Both costs occur at the 
same time. 
 
      y = 

 
(6) 

 
In Equation (6), Alt is the fixed vehicle cost. Lodlt  is the 

fixed material handling cost in the process of transportation. 
In this model, the transportation cost was calculated by add-
ing the two fixed costs to the gasoline cost. The transporta-
tion cost was exchanged to U.S. dollars in the model and is 
determined by Equation (7): β equals 1 when the products 
are outsourced, otherwise it would be 0. 
 
     y = 

 
(7) 

 
Previous research shows a buyer’s inventory equals 

SROiodlt /2 [27]. The company’s inventory cost is given by 
Equation (8). 
 

y =                                                                           (8)   
 

Demand Backlog Costs 
 

This current research model assumes that the company 
has to build a product to stock in order to meet a random 
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demand from customers. The demand backlog cost is as 
follow in Equation (9): 
 

y =                                                                          (9) 
 

The ultimate goal of supply chain management is to 
minimize the total cost, which is the sum of the aforemen-
tioned costs. The objective function of the time-staged 
linear programming model can be formulated in Equation 
(10), as follows: 
 
Minimize z =  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(10) 
 
The objective function in Equation (10) subjects to Equa-
tions (11)–(20), as follows: 
 

(11) 
 
 
 
 

(12) 
 
 

(13) 
 

(14) 
 

(15) 
 
 
 
 

(16) 

(17) 
 

(18) 
 

(19) 
 

(20) 
 

Equations (10)–(20) were built based on the research of 
Peidro et al. [25]. Equation (11) shows that the production 
time in the company per period is less than the available 
regular time plus the available overtime. Equation (12) 
corresponds to the inventory balance. The inventory in 
one company, in time t, is equal to the inputs minus the 
outputs of the products generated in t. The inputs concern 
the inventory in the previous time plus products manufac-
tured in the U.S. and transport receipts from other nodes. 
The outputs are related to suppliers and customers, and 
are the customer demand in this model. 
 

According to Equation (13), the level of the inventory is 
equal to the shipments of the product during time t divid-
ed by 2 according to experience. Equation (14) shows the 
loading capacity of a vehicle. Equation (15) contemplates 
the backlog demand for a product in a certain period and 
is equal to the backlog demand of the previous period plus 
the difference between supply and demand in time t. 
Equation (16) established the overtime for a production 
resource in period t and is equal to the total production 
time minus regular production time plus the idle time. The 
idle time may be caused by a broken machine. Equations 
(17)–(20) guarantee that all of the corresponding decision 
variables are positive. 
 

Analysis and Results 
 

A Practical Problem 
 

In order to illustrate the effectiveness of the proposed 
model, the data provided by a multinational company 
located in the U.S. that maintains a global supply chain 
network was used. Based on the company’s market loca-
tion in the U.S., its supplier could be in either the U.S. or 
China. According to the two situations in the U.S. or Chi-
na, this study assumed that all of the products from the 
company were manufactured in the U.S. or China and 
suppliers stayed the same over the past 11 years. Then, 
total costs were compared in the two different situations 
to see what the cost tendency was. If all of the products 
are manufactured in China based on the strategic plan, the 
company will decide to manufacture the products in their 
Chinese plants located in Shenzhen. 
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such as cost, transportation convenience and quality for its 
products.  
 

Figures 2(a) and 2(b) show that the exchange rate de-
creased from 2000 to 2010, which means that a smaller 
profit margin for the company during this time. Additional-
ly, labor costs increased over the past 10 years and will con-
tinue to increase in the future because of inflation in China. 
These forces required the company to consider whether it is 
worth it to ship products from China or produce them local-
ly. 

(a) Exchange Rate, and Labor and Gasoline Costs 

(b) Percentage Changes for Exchange Rate, and Labor and 

Gasoline Costs 
 

Figure 2. Exchange Rate, Labor and Gasoline Costs, and Their 

Percentage Changes in China from 2000 to 2010 

 

In order to provide more information for managers to 
adjust their strategies, the authors offer an alternative supply 
chain model. This company locates its suppliers in China 
since there are cheaper labor costs. Now assume that the 
company locates all of its suppliers in the U.S. to see what 
the total cost will be (second situation). This example used 
the same products and distribution centers, and examined 
the same 11-year time frame, but it assumed that all of the 
company’s suppliers are located in the U.S. and the compa-

The company decides to build its Chinese distribution 
center in Shenzhen, which is convenient for transportation 
in China. They also built their American distribution cen-
ter in Chicago in 2000. This is a fixed distribution center 
and it may cost a lot to rebuild it even though the most 
suitable place would be Los Angeles or other places. The 
products would be shipped from Shenzhen to Chicago, 
then from Chicago to other places in the U.S.  
 

Although many companies would like to manufacture 
their products in developing countries, and many have 
made profits in the past, their profits may be affected by 
global economics. For instance, many companies located 
in the U.S. prefer the suppliers in China because of the 
cheap labor costs there. However, the costs rose sharply 
in recent years. The reason for this is because labor costs 
are no longer as cheap as they were 10 years ago; trans-

portation costs and exchange rates have increased greatly 
in China. Figure 1 gives the labor cost, gasoline cost and 
exchange rates in China from 2000 to 2010. 

Figure 1. Exchange Rate, Labor and Gasoline Costs in 

China from 2000 to 2010 

 
From Figure 1, it can be seen that the exchange rate 

decreased greatly from 2000 to 2010, which may mean 
that companies’ profits declined sharply. Additionally, 
labor costs increased quickly over the past 10 years and 
likely will continue to increase in the future. All of these 
factors force companies to consider whether it is worth it 
to ship products from China or produce them locally. 
 

In this study, in order to provide more information for 
managers to adjust strategy, the authors offered an alter-
native, assuming that the company’s supplier is in Ameri-
ca and that the company used the same products and dis-
tribution centers. In other words, the company would ship 
its products from Chicago to other places in the country 
and would choose different suppliers based on factors 
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ny sets its distribution center in Chicago instead of Shen-
zhen. To easily compare total cost, assume that their mar-
kets are the same as the example when its suppliers are in 
China. The gasoline cost in the U.S. from 2000 to 2010 is 
also shown in Figure 1. 
 

Computational Results 
 

This case study developed a system in a VBA program to 
solve the supply chain linear programming model presented 
earlier, using the input data collected from the company. It 
compared a company whose suppliers are in China or the 
U.S.. The VBA model calculated the total costs including 
exchange rate, labor costs and gasoline costs, which are 
unstable in a global economy. 
 

Quality Issues 
 

As more and more equipment and tools for manufacturing 
are produced in one country and used in another, differences 
between quality dimension standards and usage specifica-
tions become apparent. Applying the data to the program, 
the authors proposed a supply chain linear programming 
model. In the real world, quality issues occur everywhere 
and it is risky not to consider them as they can occur in 
manufacturing processes, transportation, material handling, 
etc. In this study, the authors used a variable coefficient to 
randomly generate quality costs based on the average quali-
ty costs from the company—the costs from 2000 to 2010 
were used when products were outsourced and local prod-
ucts could be obtained. Total costs were variable because no 

matter where the products were manufactured, loss of quali-
ty is always possible. It was assumed that quality loss de-
creases over time and would be greater in China. This re-
search study assumed that quality loss follows a normal 
distribution. Although China has low labor costs, quality is 
not as stable as producing in the U.S. In this case, this study 
added the variable coefficient in every year. The coefficient 
is expressed as  

χy (y=2000,…, 2010) 
 

For example, products that are manufactured in China 
would present a higher coefficient in production costs be-
cause they have more quality issues. After adding quality 
loss, total costs are presented in Table 3. 
 

The purpose of this study was to compare the costs that 
the company incurs either by outsourcing suppliers and do-
mestic suppliers. Most of the companies set their manufac-
turers in China because of cheap labor costs. In order to 
have the advantage of cheap labor costs, they usually have 
to pay for high transportation and quality costs. In addition, 
those companies that choose to set their suppliers overseas 
also need to accept the high risk of a long supply chain re-
sponse time. In addition to having to face the issues listed 
above, companies may also encounter changing currencies, 
increasing labor costs in developing countries and possibly 
having to move the manufacturing business back. In order 
to give manager references when they adjust their business 
strategy, this study implemented the algorithm proposed in 
this paper based on domestic manufacturing and supplier 
data. Table 4 shows the total variable costs assuming the 
company uses domestic manufacturers and suppliers. 

Year Costs when the suppliers were in China (in dollars) 

2000 786,565.45 848,042.31 843,943.86 839,845.40 835,746.94 831,648.48 827,550.03 

2001 873,417.46 937,429.93 932,857.61 928,285.29 923,712.97 919,140.65 914,568.33 

2002 914,106.54 976,317.43 971,531.98 966,746.53 961,961.07 957,175.62 952,390.17 

2003 986,780.98 1,048,202.58 1,043,084.12 1,037,965.65 1,032,847.18 1,027,728.72 1,022,610.25 

2004 1,040,289.03 1,101,396.15 1,095,840.96 1,090,285.76 1,083,245.26 1,079,175.38 1,073,620.19 

2005 1,171,590.21 1,237,709.31 1,231,097.40 1,224,485.49 1,217,873.58 1,211,261.67 1,204,649.76 

2006 1,303,868.09 1,371,089.99 1,363,620.89 1,356,151.79 1,348,682.69 1,341,213.59 1,333,744.49 

2007 1,471,221.46 1,541,055.45 1,532,326.20 1,523,596.95 1,514,867.70 1,506,138.45 1,497,409.21 

2008 1,741,416.09 1,814,460.01 1,804,025.17 1,793,590.32 1,783,155.47 1,772,720.63 1,762,285.78 

2009 1,975,261.12 2,051,336.74 2,044,997.10 2,038,657.47 2,019,638.56 2,013,298.93 2,000,619.66 

2010 2,220,739.07 2,292,398.92 2,295,265.31 2,278,066.95 2,266,601.37 2,249,403.01 2,242,237.02 

Table 3. Total Variable Costs When the Company uses Outsourcing Suppliers 
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Tables 3 and 4 show the computing results used by the 
algorithm proposed in this paper: the variable total costs 
from 2000 to 2010. There are six costs in each year because 
the quality loss coefficient was generated six times based on 
a normal distribution by the algorithm.  
 

Strategy Analysis 
 

The example costs can be obtained by solving the supply 
chain model presented earlier. In order to fully understand 
the total supply chain costs in the company when the suppli-
ers are from China or when they are from the U.S., Figure 3 
depicts the trend of costs in different years. The trend helps 
the managers make better supply chain decisions. Figures 3 
and 4 show that the production and transportation costs in 
the U.S. and China, respectively, are changing year by year. 
One can conclude that the transportation cost and the overall 
supply chain cost are significantly affected if the products 
are shipped from China.  
 

Figure 3 shows that production costs in China and the 
U.S. are getting closer because the cheap labor costs in Chi-
na are changing and probably will disappear in a few years. 
The chief economist of Goldman Sachs in Hong Kong, Qiao 
Hong, said in the past 10 years that the salary in the manu-
facturing field increased 12%. That is why more and more 
businesses go to Cambodia instead of China. However, 
along with the development of world economics, it is not a 
long-term method to build manufacturing plants in a devel-
oping country. In the same way, transportation costs are 
increasing year by year due to the cost of gas.  

Figure 3. Production Costs of Outsourcing and Domestic 

Supply from 2000 to 2010 

 

Figure 4. Production Costs and Transportation Costs 

Outsourcing and Domestic Supply from 2000 to 2010 
 

Table 4. Total Variable Costs When the Company uses Domestic Suppliers 
Year Costs when suppliers were in U.S. (in dollars) 

2000 1,971,354.71 2,056,019.21 2,062,792.37 2,054,325.92 2,064,485.66 2,067,872.24 2,072,952.11 

2001 2,075,491.36 2,164,627.24 2,166,375.00 2,155,888.43 2,154,140.66 2,157,636.19 2,162,879.48 

2002 2,133,731.03 2,223,298.25 2,208,967.49 2,217,924.21 2,212,550.18 2,207,176.15 2,223,298.25 

2003 2,195,795.49 2,278,720.36 2,254,764.29 2,282,405.91 2,271,349.26 2,263,978.16 2,269,506.49 

2004 2,220,932.59 2,297,347.60 2,278,709.79 2,289,892.48 2,276,846.01 2,286,164.92 2,274,982.23 

2005 2,257,672.25 2,316,399.81 2,314,505.37 2,308,822.06 2,314,505.37 2,320,188.69 2,310,716.50 

2006 2,325,485.34 2,383,775.25 2,381,832.25 2,374,060.27 2,368,231.28 2,370,174.27 2,376,003.26 

2007 2,357,001.48 2,412,261.44 2,408,314.30 2,402,393.59 2,398,446.45 2,400,420.02 2,392,525.74 

2008 2,423,042.23 2,472,690.34 2,466,732.56 2,464,746.64 2,454,817.02 2,460,774.79 2,456,802.94 

2009 2,501,413.85 2,544,542.81 2,542,489.05 2,546,582.85 2,532,220.25 2,524,005.21 2,530,166.49 

2010 2,614,435.07 2,638,055.10 2,646,644.20 2,648,791.47 2,642,349.65 2,635,907.82 2,640,202.37 



——————————————————————————————————————————————–———— 

 

Figure 5 shows the company’s total costs for the supply 
chain model from 2000 to 2010. Total supply chain costs in 
the company include production costs, transportation costs, 
under-time costs, overtime costs, demand backlog costs and 
inventory costs. Figure 5 compares total costs when prod-
ucts are shipped either from China or the U.S. 

Figure 5. Total Costs of the Company from 2000 to 2010 

 

Figure 5 also shows the computational results of supply 
chain total costs including production cost, under-time cost, 
overtime cost, inventory cost, transportation cost and de-
mand backlog cost during the whole year. This case study 
presents the production and transportation costs, which 
change greatly in China and have a significant influence on 
the total cost. Figure 4 shows that production and transpor-
tation costs remain relatively steady during the 10 years in 
the U.S. However, due to the unstable economic environ-
ment in China, Figure 5 shows that total cost increased 
sharply after 2005 when the suppliers were in China. The 
increasing rate for products from China is growing much 
more than the rate for those products from the U.S. Besides, 
there are always more quality issues when the products are 
from developing countries compared with a relatively well-
equipped region. Part of the reason that the quality is poor 
in developing countries is that they do not have high skills 
to accomplish the task. Another reason is that defects occur 
during transportation. For these reasons, a large amount of 
products from developing countries need to be reworked. 
Problems occur because the company has to remanufacture 

those parts. It can be said, then, that companies have to lev-
erage cheap labor costs and high risk. Comparing the costs 
in Figure 5 to total supply chain costs, which are the two 
lines shown in the figure, they will intersect in the future. 
That is to say that outsourcing will not be profitable in the 
future. A prediction that this intersection would occur would 
be meaningful for managers to be able to make decisions in 
this situation.  
 

Predictions 
 
Minitab was used to implement a regression analysis. The 

aim was to predict at what point or year the cost of out-
sourcing suppliers and the cost of domestic suppliers would 
be equal. Table 5 shows the regression. 
 

From this regression analysis, it can be seen that the cost 
would be equal around 2016. This means that the outsourc-
ing company would not make a profit after 2016 by choos-
ing suppliers or manufacturing firms in China, which is the 
traditional low-labor-cost country. This prediction provides 
managers more information to change their strategies in the 
future according to global economic changes. 
 

Conclusions 

 
In this study, a new supply chain total-cost model was 

developed. The supply chain model concluded that produc-
tion cost, under-time cost, overtime cost, transportation cost, 
inventory cost and backlog demand cost under the disturb-
ance of currency and quality uncertainties, which is differ-
ent from most of the previous research. Previous research 
assumed that manufacturers would take the risks of curren-
cy and quality variations. By including these uncontrollable 
factors, this supply chain total-cost model makes it more 
suitable for international supply chain usage. The purpose of 
the model was to provide managers a better decision-
making resource. The new supply chain model makes it 
possible to account for the disturbance of currency fluctua-
tion and quality variations and help identify an economic 
way to reduce costs. The contributions of this study are ex-
pressed as follows: 

 Coef 

(constant)     

Coef 

(year)  

T (constant)     T (year) P (constant)     P (year) 

Suppliers in U.S. -97619167  49843 -14.52  14.87 0.000 0.000 

Suppliers in China -277115257  138890 -10.31  10.36  0.000 0.000 

Table 5. Regression Analysis for the Cost Balance Year 
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1. A new supply chain total-cost model was developed. 
2. This new model considered currency fluctuation and 

quality variations. 
3. This study compared, over an 11-year period, the 

costs of supply chains relying on foreign suppliers 
versus domestic suppliers. From this research, cost 
trends can also be calculated and extrapolated.  

4. This study developed a VBA program based on the 
total cost algorithm to make the results computable.  

5. Finally, this paper presents the prediction of the costs 
per year for products from the U.S. versus outsourc-
ing.  
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Abstract 
 

The work presented in this paper is part of a comprehen-
sive study to evaluate the performance of self-consolidating 
concrete (SCC) mixtures for use in prestressed bridge girder 
applications in South Dakota, USA. One conventional con-
crete (CC) and three SCC mixes were developed and tested 
in order to assess and compare the performance of SCC to 
that of CC. Three SCC mixes with different water-to-
cement (w/c) ratios were investigated. The effect of heat 
curing on the performance of SCC was also investigated. 
Standard fresh and hardened concrete properties were meas-
ured and analyzed. A new parameter, called the normalized 
amount of high range water reducing (HRWR) admixture 
(or normalized superplasticizer), was introduced. Linear 
relationships between the normalized superplasticizer on 
one hand and slump spread and blocking potential on the 
other were developed. A linear relationship between the 
normalized superplasticizer and the amount of air entrainer 
for constant air content was also determined. The measured 
drying shrinkage of SCC was found to be lower than that of 
CC for the same w/c ratio. The hardened properties of SCC 
were found to be similar to those of CC. The measured re-
sults show that the current empirical equations in the ACI 
building code for determining the flexural strength and the 
elastic modulus are also applicable to SCC. 
 

Introduction 
 

The American Concrete Institute [1], [2] defines self-
consolidating concrete (SCC) as “highly flowable, non-
segregating concrete that can spread into place, fill the 
formwork, and encapsulate the reinforcement without any 
mechanical consolidation.” Because of the efficient and 
easy placement of SCC, the United States’ Federal Highway 
Administration (FHWA) has promoted the use of SCC for 
structural applications in bridges [3]. 
 

The successful production and the fresh mix properties of 
SCC mixtures are highly dependent on the aggregates used 
in the mix. In order to ensure the feasibility of SCC for 
structural applications in the State of South Dakota, the 
South Dakota Department of Transportation (SDDOT) [4] 
commissioned a study to investigate the performance of 
SCC mixtures made with local aggregates. The goal of the 
study was to develop draft specifications, acceptance crite-

ria, mix qualifications and guidelines for use by SDDOT in 
SCC bridge applications. The study covered in this report 
involved material testing and evaluation of SCC mixtures 
made with local South Dakota aggregates. 
 

Objectives and Scope 
 

The main objectives of the research work presented in 
this paper were to assess the fresh properties of SCC 
mixtures made with South Dakota local aggregates and 
compare the hardened properties of SCC to those of 
conventional concrete (CC) mixes. 
 

One CC and three SCC mixtures, all made with limestone 
course aggregate, were studied in this project. The main 
variable among the SCC mixtures ws the water-to-cement 
(w/c) ratio. A w/c ratio of 0.33 was used for the CC mix and 
for the control SCC mix. The other SCC mixtures had w/c 
ratios of 0.35 and 0.37. All of the concrete mixtures were 
moist cured. Specimens from the SCC control mix were 
also heat cured in order to study the effect of accelerated 
curing on SCC-hardened properties. 
 

Experimental Work 
 

Concrete Mixtures 
 

Concrete mixtures were prepared and sampled in the 
laboratory. The measured fresh and hardened properties of 
the SCC mixes that are reported in this paper include slump 
flow, J-ring spread, air content, compressive strength, 
flexural strength and modulus of elasticity. Measured 
shrinkage strain is also reported. 
 

Aggregate Properties 
 

Coarse aggregates having a large maximum size or 
aggregates with high volume-to-surface ratios are prone to 
segregation during placement of SCC [5]. Therefore, the 
limestone course aggregate used for the concrete mixes was 
limited to a maximum aggregate size of 9.5 mm. The fine 
aggregate consisted of sand having a fineness modulus of 
2.69. The measured grain distributions for the coarse and 
the fine aggregates used in this study were within the 
SDDOT acceptable limits [4], as shown in Figure 1. Other 
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measured aggregate properties are summarized in Table 1. 
All material testing was performed according to ASTM 
Standards (2007).  

(a) Course Aggregate 

 

(b) Fine Aggregate 

 

Figure 1. Grain Distribution of the Coarse and Fine  

Aggregates 

 

 

Table 1. Measured Aggregate Properties 

Mix Design 
 

The prefixes “S” and “CC” were used to identify the SCC 
and CC mixes, respectively. A numeric suffix was used to 
identify the w/c ratio used in the mix. The letter “A” was 
added to the suffix when concrete specimens were heat 
cured. The mix design matrix is shown in Table 2. 
 

The superplasticizer used with the SCC mixtures was 
polycarboxylate-based, ASTM C494, Type F high-range 
water reducing admixture (HRWRA) which contained 
viscosity-modifying admixtures. The superplasticizer used 
for the CC mix was ASTM C494, Type A and F and ASTM 
C1017, Type I HRWRA. The set retarder was ASTM C494, 
Type B and Type D admixture, and the air entrainer was 
ASTM C260 admixture. The quantity of the air entrainer 
was adjusted in each mix for a target air content between 
6% and 8%. The amount of the polycarboxylate-based 
superplasticizer was adjusted in order to obtain slump 
spread values between 508 mm and 711 mm, which are well 
within the normally accepted slump spread limit values of 
457 mm and 762 mm [1], [2]. The amount of air entrainer 
was altered from one mix to another in order to achieve ac-
ceptable air content between 6% and 8%. 
 

Heat curing of standard 152 mm x 305 mm concrete 
cylinders and 152 mm x 152 mm x 559 mm concrete beams 
was done inside heat curing boxes. The heating program 
that was used to cure the specimens is shown in Figure 2. 

Figure 2. Heat Curing Set Up and Soak 

 

Measured Fresh Properties 
 

The fresh concrete was sampled according to ASTM C 
172-04: “Standard Practice for Sampling Freshly Mixed 
Concrete” [6]. 
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The flowability of the SCC mix was measured according 
to ASTM C 1611: “Standard Test Method for Slump Flow 
of Self-Consolidating Concrete”. The blocking potential 
was measured using the J-ring test. The test was performed 
according to ASTM C 1621: “Standard Test Method for 
Passing Ability of Self-Consolidating Concrete by J-Ring”. 
The blocking potential is evaluated as the difference in 
spread between the slump flow and J-ring tests. A 
difference of less than 25 mm indicates no visible blocking. 
A difference of 25-50 mm indicates minimal to noticeable 
blocking. A difference of more than 50 mm indicates 
noticeable to extreme blocking. Figure 3 shows slump flow 
and J-Ring Spread tests. 

(a) Slump Flow Test               (b) J-Ring Spread Test 

 

Figure 3. Slump Flow and J-Ring Spread Tests 

 
In this study, the slump flow and J-Ring spread were 

measured for every SCC batch. The measured average 
slump spread values were 638 mm, 615 mm and 597 mm 

for S33, S35 and S37, respectively. These values were well 
within the target slump spread range of 508 mm to 711 mm. 
The measured average blocking potential values were 19 
mm, 38 mm and 70 mm for S33, S35 and S37, respectively. 
The blocking potential results indicate that the S37 mix 
design would not be appropriate for concrete members 
having closely spaced steel bars. The slump flow and J-Ring 
test results indicate that the slump spread decreased and the 
blocking potential increased with an increase in the w/c 
ratio. These results appear to be counterintuitive. However, 
the fresh SCC properties are influenced by the combined 
effect of w/c ratio and the amount of superplasticizer. The 
combined effect is discussed in the Analysis section. 
 

The air content was measured according to ASTM C 231: 
“Standard Test Method for Air Content of Freshly Mixed 
Concrete by the Pressure Method.” The average measured 
air content was 7.4%, 7.8% and 7.8% for S33, S35 and S37, 
respectively. 
 
Table 3 presents a summary of the measured fresh SCC 
properties. 
 

Table 3. Measured Fresh SCC Properties   

Mix Designation S33 S35 S37 CC33 S33-A 

Coarse (Kg/m3 of mix yield) 888.9 888.9 888.9 1111.9 888.9 

Fine (Kg/m3 of mix yield) 796.4 796.4 796.4 711.6 796.4 

Cement (Kg/m3 of mix yield) 493.4 471.8 458.0 395.5 493.4 

W/C Ratio 0.33 0.35 0.37 0.33 0.33 

Water (Kg/ m3 of mix yield) 162.8 165.2 169.5 130.5 162.8 

Air Entrainer (mL/100 Kg of cement) 1.11 1.02 0.91 0.93 1.11 

Set Retarder (mL/100 Kg of cement) 1.96 1.96 1.96 1.30 1.96 

Polycarboxylate Superplasticizer w/VMA 

(mL/100 Kg of cement) 
14.56 13.84 13.55 - 18.95 

Superplasticizer (mL/100 Kg of Mix Yield) - - - 12.10  

Curing Method Moist Moist Moist Moist Heat 

Mix Designation S33 S35 S37 

Slump Spread (mm) 
638 615 597 

Blocking Potential (mm) 
19 38 70 

Air Content (%) 
7.4 7.8 7.8 

Table 2. Mix Design Matrix 
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Measured Hardened Properties 
 

Compressive and flexural strength measurements (f 'c and 

fr) were done at 18 hours and at 3, 7, 14 and 28 days in 
accordance with ASTM C39 and ASTM C78, respectively. 
Modulus of elasticity (Ec) measurements were done at 18 
hours, 14 days and 28 days in accordance with C469-02. 
The test results are summarized in Table 4. In general, the 
measured compressive strength followed expected trends. 
The compressive strength increased with time, decreased 
with increasing w/c ratio and had earlier gains under heat 
curing conditions. At 18 hours, the compressive strength of 
the heat cured mix (S33-A) was 80% higher than the similar 
but moist cure mix (S33). At 3 days, the compressive 
strength of the heat cured mix was 43% higher than that of 
the moist cure mix.  

 
Table 4. Measured Hardened SCC Properties  

Shrinkage Strain 
 

Shrinkage tests were performed according to ASTM C 
426-07 “Standard Test Method for Linear Drying Shrinkage 
of Concrete Masonry Units.” Shrinkage measurements were 
made on concrete beam specimens that were sampled from 
the SCC and the CC mixes. The shrinkage specimens 
consisted of standard 152 mm × 152 mm × 559 mm beams. 

An embedded concrete strain gauge was placed at the center 
of the beam. Each beam was placed on 6.4 mm diameter 
wooden dowels in order to prevent the development of 
frictional forces between the beam and the supporting 
surface. The beam specimens were stored for 90 days in a 
controlled environment. Strain readings were recorded 
periodically. The ambient temperature and relative humidity 
were recorded concurrently with the strain measurements. 
The ambient temperature ranged between 18˚C and 21˚C 
with an average of 19.9˚C, while the humidity ranged 
between 20% and 38% with an average of 27.1%. Table 5 
presents selected measured shrinkage strain and Figure 4 
shows a plot of the measured shrinkage strain with time. 
 
Table 5. Average Measured Shrinkage Strain  

 

Figure 4. Measured Shrinkage Strain for All Mixes 

 
The shrinkage strain of the SCC mixes increased with an 

increase in the w/c ratio. At 24 hours, the average shrinkage 
strain of S37 was 88%, and 122% higher than those of S33 
and S35, respectively. At 115 days, the shrinkage strain of 
S37 was 23%, and 3% higher than those of S33 and S35, 
respectively. The CC mix (CC33) exhibited significant 

Age Hardened 

Property 

(MPa) 

S33 S35 S37 S33-A 

18 hours f'c 9.23 5.90 5.59 21.93 

 fr 1.80 0.73 2.17 3.26 

 EC 19897 16324 7538 25545 

3 days f'c 26.15 16.70 15.81 39.01 

 fr 4.02 4.33 3.68 4.56 

 EC - - - - 

7 days f'c 40.17 25.65 24.30 45.81 

 fr 4.81 2.59 3.74 4.08 

 EC - - - - 

14 days f'c 50.28 32.10 30.41 49.02 

 fr 3.06 2.86 3.72 4.08 

 EC 30828 23655 24531 30607 

28 days f'c 57.10 36.46 34.53 50.79 

 fr 3.90 3.77 4.40 4.81 

 EC 32979 25793 25400 31186 

 

Shrinkage 

Strain 

(µ Strain) 

   

Age S33 S35 S37 CC33 

24 hours 99 117 220 334 

8 Days 179 200 318 397 

94 days 606 730 772 692 

115 days 652 777 801 N.A. 
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shrinkage during the first 24 hours. The measured shrinkage 
strain of the CC mix at 24 hours was 42% of the total 
measured shrinkage strain at 94 days. The significant initial 
shrinkage may be attributed to autogenous shrinkage, which 
normally occurs in concrete mixtures with w/c ratios below 
that required for complete hydration [5]. Normally, a w/c of 
0.42 is considered to be the minimum ratio for complete 
hydration. The high fluidity and set retarding properties of 
the SCC mixtures may have prevented autogenous 
shrinkage from taking place at the same rate experienced by 
CC33. At a w/c ratio of 0.33, the conventional concrete mix 
(CC33) exhibited higher shrinkage strain than the SCC mix 
(S33). The main difference was the result of the initial 
strains during the first 24 hours. However, at higher ages, 
the rates of strain increase with time for the two mixtures 
were practically the same. 
 

Analysis of Experimental Results 
 

Fresh Properties 
 

Plots of the slump spread and the blocking potential 
against w/c ratio and quantity of superplasticizer are shown 
in Figure 5. The plots indicate that the slump spread 
increased with an increase in the amount of the 
superplasticizer but decreased with an increase in the w/c 
ratio, while the blocking potential decreased with an 
increase in the amount of the superplasticizer but increased 
with an increase in the w/c ratio. 
 

Since the ratio of the superplasticizer to the w/c was not 
kept the same for all of the mixes, the trend of the slump 
spread and the blocking potential relative to the change in 
the w/c ratio would be misleading in this case. A better 
parameter to gauge the variation of the slump spread would 
be a normalized value of the amount of superplasticizer with 
respect to w/c. Figure 6 shows plots of the slump spread and 
blocking potential versus the ratio of the superplasticizer to 
w/c. The plots also show the best-fit lines of the data points 
with a coefficient of determination, R2, of 0.99 and 0.93 for 
the slump spread and the blocking potential, respectively. It 
is clear from Figure 6 that, for the data range and mix 
proportions considered in this study, the slump spread and 
the blocking potential varied linearly with the normalized 
amount of superplasticizer. 
 

The measured air content was practically the same for all 
three SCC mixes. Therefore, the results were used to 
determine a parametric relationship between the amount of 
air entrainer and the normalized amount of superplasticizer 
for a constant air content value. The average measured air 
content was approximately 7.6%. Figure 7 shows the 
measured amount of air entrainer versus the normalized 
amount of superplasticizer for an air content of 
approximately 7.6%. The figure also shows the best-fit line 
of the data points with a coefficient of determination, R2, of 
0.97. The plot indicates that in order to maintain an air 
content of 7.6% in the SCC mixes considered in this study, 
the air entrainer amount would have to be increased by 
0.017 mL/100 Kg of cement, when the normalized amount 
of superplasticizer is increased by 1 mL per w/c ratio. 
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Figure 5. Measured Slump Spread and Blocking Potential vs. W/C ratio and Superplasticizer Amount  
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Figure 7. Amount of Air Entrainer vs. Normalized Amount of 

Superplasticizer for Air Content = 7.6% 

 

Hardened Properties 
 

The rate of strength gain of SCC was analyzed using a 
model that was developed for conventional concrete. The 
concrete strength at a given age t, where t is in days, is 
given by Branson [7].  
 
 
 

(1) 
 
 
where  f 'ct = compressive strength at time t 

 f 'ct = 28-day compressive strength  

 α = factor based on cement type and curing 
method 

 β = factor based on curing method and curing 
method. 

 
For moist-cured Type I cement, α is 4.0 and β is 0.85. For 

steam-cured Type I cement, α is 1.0 and β is 0.95. Plots of 
the theoretical and measured (experimental) results for S33 
and S33-A are presented in Figure 8. The plots show a 
generally good agreement between the experimental 
strength gain of both moist and heat-cured SCC and the 
theoretical strength gain based on Equation 1. 
 

The flexural strength, fr, (MPa) of concrete can be 
determined in terms of the compressive strength, f 'c, (MPa) 
using the following empirical equation [1]: 
 
 
 

(2) 
 

 
The measured flexural strength is plotted in Figure 9. The 

mean of the measured flexural strength is . 
Although the overall mean is practically equal to the value 
obtained from the code empirical equation, the standard 

deviation of  indicates a wide scatter. However, 
Park and Paulay [8] reported that the flexural strength of 
concrete varies between 0.583 and 1.08 time the square root 
of f'c. 
 
 

cf ′622.0

cf ′154.0

(a) Slump Spread vs. Superplasticizer                                                (b) Blocking Potential vs. Superplasticizer 
 

Figure 6. Measured Slump Spread and Blocking Potential vs. Superplasticizer Normalized Amount  
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The ACI code (2011) provides the following empirical 
equation for determining the elastic modulus, Ec: 
 
 
 

(3) 
 
where Ec and f 

'c are in MPa units and wc is the concrete unit 
weight in N/m3. The measured modulus of elasticity data set 
is plotted against the calculated values in Figure 10. A 
perfect agreement between measured and calculated values 
would be represented by points on the 1:1 line labeled “Em = 
Et”. The data points had a mean of 0.98, a standard 
deviation of 0.059 and a correlation coefficient of 0.99. The 
results indicate excellent agreement between the measured 
values and the code empirical equation (Equation 3). 

Figure 9. Measured Flexural Strength 

 

Figure 10. Measured and Theoretical Modulus of Elasticity 

 

Conclusions 
 

1. The laboratory tests showed that stable SCC mixtures 
can be produced using South Dakota local 
aggregates.  

2. A new parameter named the normalized amount of 
superplasticizer and defined as the ratio of the 
amount of superplasticizer to the w/c ratio was 
introduced in this study. The normalized amount of 
superplasticizer was found to be a parameter that 
affects the slump spread, blocking potential, and air 
content of SCC mixtures. For the SCC mixtures 
included in this study, it was found that an increase in 
the normalized amount of superplasticizer resulted in 
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a linear increase in slump flow, a linear decrease in 
blocking potential, and a linear increase in the 
required amount of air entraining admixture to 
maintain a constant air content in SCC mixtures 
having different w/c ratios but otherwise the same 
amount of constituent materials. 

3. The effects of the w/c ratio on strength and strength 
growth of SCC are similar to those of conventional 
concrete. 

4. The effect of heat curing on the strength growth of 
SCC is similar to that of conventional concrete. 

5. The modulus of rupture and the modulus of elasticity 
of SCC can be determined using the ACI code 
empirical equations that were developed for 
conventional concrete. 

6. Similar to conventional concrete, the shrinkage strain 
of the SCC mixes increased with an increase in the 
w/c ratio. 

7. At a w/c ratio of 0.33, the conventional concrete mix 
exhibited higher shrinkage strain than the SCC mix. 
This was mainly due to the higher initial shrinkage 
strains that the conventional mix exhibited during the 
first 24 hours. However, at higher ages, the rates of 
strain increase with time for the two mixtures were 
practically the same. 
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Abstract 
 

Risk is inherent in all businesses or operations, including 
the construction industry, which has seen its share of risks 
and challenges due to the nature and complexities of vary-
ing projects, as well as variations in both contractual ar-
rangements and associated project delivery systems. Due to 
the fact that all risks associated with a construction project 
cannot be eliminated, contracting firms must constantly 
look for effective ways to mitigate any potential risks. De-
spite the importance of risk management in the construction 
business, no recent studies have been found on the extent to 
which U.S. top construction firms practice the techniques of 
risk management. Most of the recent risk management-
related studies undertaken in the construction industry have 
focused on international companies. While this study inves-
tigated the current status of risk management practices in 
major general contracting firms in the United States, its pri-
mary objective was to assess the various risk management 
techniques used by these organizations. The findings re-
vealed that top U.S. contracting firms practice some form of 
risk management with an overwhelming majority having a 
formal written risk management program. The respondents 
also perceived the top three project risks to be safety, defec-
tive design and quality of work. Statistical analyses revealed 
that these contracting firms did not significantly differ in 
their views of the selected project risks. Further, it was gar-
nered that the firms use a variety of risk management tech-
niques in their risk management practices.  
 

Introduction 
 

The construction industry accounts for a significant com-
ponent of most countries’ economies. In the United States, 
the industry accounts for 7.2 million employees represent-
ing over 5% of the total non-farm workforce and about 8% 
of the Gross Domestic Product (GDP), making it one of the 
largest sectors of the economy [1]. The industry, as in any 
other business, has its own risks and challenges due to 
changes inherent in construction. These risks are often due 
to the nature of the construction, business activities, pro-
cesses, environment and organization [2-4]. Construction 
work involves risks and uncertainties regardless of its size, 
but as the size and complexity of a project increase, the risk 
involved also increases. While all risks associated with con-

struction projects cannot be totally eliminated, there are 
ways they can be mitigated and the contracting firm must 
devise those practices that will absolve them from potential 
liability. 
 

Risk has been defined in many ways and assessed in 
terms of fatalities and injuries, in terms of probability of 
reliability or in terms of the likely effects on a project de-
pending on a particular industry [5]. With respect to the 
construction industry, risk is often defined within the con-
text of the project. Thus, project risk is defined as an uncer-
tain event or condition that, if it occurs, has a positive or 
negative effect on at least one project objective such as 
time, cost, scope or quality [4], [6]. Similarly, each of the 
project objectives will likely be influenced by risk and un-
certainty [5]. Risk exists when a decision is expressed in 
terms of a range of possible outcomes and when known 
probabilities can be attached to the outcome. On the other 
hand, uncertainty exists when there is more than one possi-
ble outcome of a course of action but the probability of each 
outcome is not known [5]. 
 

Background 
 

The construction industry is inherently affected by chang-
es in nature and human imperfection. Therefore, the appli-
cation of risk management allows for effective management 
of these factors. Since all risks involved in a construction 
project cannot be eliminated, there is a need for a risk man-
agement process to manage all types of risks and to obtain 
the maximum degree of elimination or control of risks. Risk 
management is a systematic approach intended to provide 
decision makers with a scientific method to create the de-
sired variation from an unexpected outcome or risk [7]. Ad-
ditionally, it leads to increased confidence in decision mak-
ing by providing a realistic and systematic approach to ob-
tain more information on the risk inherent in the project [8]. 
The increase in size and the complexity of projects have 
made the ability to manage risks throughout the construc-
tion process a central element in preventing unwanted con-
sequences [9]. The objective of project risk management is 
to increase the probability and impact of positive events and 
decrease the probability and impact of events that are ad-
verse to project objectives [6]. The ultimate purpose of risk 
management is risk mitigation, which can be accomplished 
by revising a project plan so that uncertainty can be reduced 
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without any significant effect on project objectives [10]. 
The objective of the risk management process in the context 
of construction contract risks is summarized by Adams [11] 
as a way to  
 

gain awareness and understanding of the types and 
nature of risks inherent in the project with their 
likelihood of occurrence; to assess the potential 

impact of the risks and determine how best risk can 
be eliminated or controlled; and to help the devel-

opment of the most appropriate contract strategies 
with proper allocation of risk and optimum premi-
ums. (p.23) 

 
Risk management is practiced by all parties involved in a 

construction project, but each party has different reasons or 
concerns. For instance, clients are concerned with the best 
use of their capital resources, the likely cost of procuring the 
facility and their return of capital. On the other hand, con-
tractors are concerned with the decision whether to bid for a 
given project, the desired competitiveness of their bid and 
the most profitable way of completing the project. Although 
opinions vary as to what constitutes the stages in the process 
of risk management and the reasons for applying risk man-
agement, experts generally agree on the intended objective, 
content and outcome of the total process. 
 

Construction Project Risk 
 

Risk in construction can be described as a variable in the 
process of a construction project whose variation results in 
uncertainty of the final cost as well as the duration and qual-
ity of the project [12], [13]. Many project risks can be 
broadly identified as generic, but their precise nature on a 
given project is project specific [14]. Different approaches 
exist for classifying and categorizing project risk in groups. 
Risks can be categorized as internal or external. Internal 
risks include local and global risks such as availability of 
labor and material, productivity, design, site conditions and 
others. External risks include economic, physical, political 
and technological change risks [15]. El-Sayegh [16] catego-
rized risks similarly. Other broader approaches to risk clas-
sification have focused on the way risks are analyzed. Ad-
ams [11] classified risk to be either objective or subjective. 
Risks that are analyzed by the actual observation or calcula-
tion of their occurrence and impact on a project are often 
described as objective. They are analyzed quantitatively and 
often structured in probabilities. On the other hand, risks 
that are assessed based on beliefs about the risks rather than 
objectively recorded risk data are often referred to as sub-
jective risks. They are often analyzed qualitatively based on 
the analyst’s knowledge and experience of the risk. It was 
further argued that the majority of construction risks are 

contract risks such as payment delay, adverse ground condi-
tions and weather. All of these are subjective risks and there 
is often insufficient data for their objective analysis [11]. 
 

A study conducted by Kangary [17] on the top 100 U.S. 
construction contractors and other project participants found 
that the five most important risks are safety, quality of 
work, defective design and labor and equipment productivi-
ty. Tied for the last position were contractor competence 
and delayed payment. The study further found that risks 
related to labor, equipment and material availability, equip-
ment productivity and quality of work are risks that have 
always been allocated to the contractor. Hence, contractors 
perceive them as the most important risks. Tang et al. [18] 
found that the five most important risks common to all par-
ticipants of projects in the Chinese construction industry 
were poor quality of work, premature failure of the facility, 
safety, inadequate or incorrect design and financial risk. 
Beyond the five common risks, contractors ranked risk asso-
ciated with claims and disputes and force majeure as the 
fifth and sixth important risks, respectively. Another inter-
national study of risk management practices found client/
government as the major sources of construction risk [19]. 
Other studies have found that risk management has been 
traditionally applied instinctively, with risks remaining im-
plicit and managed by judgment and informed by experi-
ence [9], [20]. 
 

Risk Management Process 
 

The risk management process is a risk management mod-
el or methodology that is expressed in different steps or 
frameworks that outline risk management activities. Organi-
zations usually adopt either an informal approach or a for-
mal approach for the management of risks [5]. The informal 
approach views the risk in a subjective manner. Usually, the 
organization implementing it does not realize that they are 
operating any kind of risk management procedure. The most 
widely used techniques to this approach are provision of 
contingency funds and consulting experts to assess and re-
view the possible risks in a project. On the other hand, the 
formal approach consists of a set of procedures laid down 
by the organization for risk management process, which 
ensures that the process is more objective. Other studies 
have also found the prevalent use of informal risk manage-
ment systems among international contracting firms [18]. 
These techniques were deemed inadequate to effectively 
manage project risks. 
 

There are different approaches or strategies to manage 
project risks. As a result, different models or methodologies 
expressed in terms of the different steps to be followed in 
the risk management process have been developed. The use 
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of models or a formal procedure for risk management sets 
up a framework for the risk management procedures and 
allows the user to choose appropriate techniques depending 
on the project. The Project Management Institute [6] lays 
out the risk management process in four steps or stages in-
cluding risk identification, risk quantification, risk response 
development and risk response control. In its 2004 edition, 
six steps were outlined, which include risk management 
planning, risk identification, qualitative risk analysis, quan-
titative risk analysis, risk response planning and risk moni-
toring and control. Baker et al. [21] used five risk manage-
ment stages that include risk identification, risk estimation, 
risk evaluation, risk response and risk monitoring to identify 
the most employed risk responses in the construction indus-
try. Mills [22] applied risk management in three stages as 
risk identification, risk analysis and risk response. With 
different risk management processes, it is befitting to con-
duct a study of how top U.S construction firms apply these 
practices.  
 

Methodology 
 

The primary goal of this study was to investigate the cur-
rent status of risk management practices of major general 
contracting firms in the United States. One of the objectives 
of the study was to assess the extent to which study re-
spondents practice selected risk management techniques. 
The population for the study consisted of top Engineering 
News Record (ENR) 400 contractors listed in the ENR pub-
lication. Of this population, a sample of 200 participants 
was randomly selected to participate in the study. A struc-
tured survey questionnaire was used to gather information 
relative to respondents’ demographics and their risk man-
agement practices. These practices included risk identifica-
tion, risk assessment, risk response and risk monitoring. 
Prior to its administration, the instrument was validated 
through a three-member panel of experts to ensure its con-
tent validity. The panel’s recommendations and suggestions 
were incorporated into the final version of the instrument. In 
addition to their risk management practices, respondents 
were asked to indicate what they perceived to be major bar-
riers to implementing a risk management system in their 
organizations. A total of 40 completed questionnaires were 
returned, yielding a response rate of 20%.  
 

The data collected were analyzed using SPSS 17 soft-
ware. Descriptive statistics were employed in calculating 
the mean rating and for ranking the importance of project 
risks, frequently used risk management practices and major 
barriers to the implementation of risk management. A one-
way Analysis of Variance (ANOVA) was used to test for 
significant differences in the perceptions of project risk im-
portance and perceptions of barriers to the implementation 

of risk management among contractors with differing work 
specialties. The one-way ANOVA was also used to test for 
significant differences in the practice of risk management 
techniques among contractors with differing work special-
ties.  
 

Findings 
 

 In an attempt to gather background information relative 
to the types of construction work performed, respondents 
were asked to identify their top two work specialty areas. 
Figure 1 presents the contractors’ work classification based 
on their work specialties. As indicated in the table, 50% of 
the respondents engage in commercial and residential work, 
with 30% in industrial and highway and heavy construction. 
The rest are engaged in commercial and industrial work.  

 

Figure 1. Classification of Contractors Based on Work 

Specialties 
 

When asked if they implement any form of risk manage-
ment practices, an overwhelming majority (95%) responded 
in the affirmative. They also indicated that their companies 
have a formal written procedure for risk management. In 
order to assess the degree of importance placed on construc-
tion risks, respondents were asked to rank 14 identified pro-
ject risks based on their importance or severity on a scale of 
1 to 5, where 5 represents extreme risk, 4 represents high 
risk, 3 represents moderate risk, and 2 and 1 represent low 
and negligible risk, respectively. The mean rating values 
were determined using the following formula: 
 
                                                   5 

Mean Rating = ∑ W * Fi                            (1) 

                                                                            i=1             
                                                         n 
 where: 
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W = weight assigned or scale value of respondent’s  re-
sponse for the specified project risk: W=1, 2, 3, 4 
and 5;  

 Fi = frequency of the ith response;  
 n = total number of respondents to the specified project  

risk;  
 i  = response scale value = 1,2,3,4 and 5 for negligible 

risk, low risk, moderate risk, high risk, and extreme 
risk, respectively. 

 
Table 1 presents the respondents’ ranking of the identified 

project risks. As can be seen from the table, the top 5 pro-
ject risks identified to be very important or severe include 
safety, defective design, quality of work, financial risk and 
incompetence of subcontractors. 
  
Table 1. Ranking of Identified Construction Project Risks 

 
The top three ranked construction project risks in this 

study were consistent with the top three rankings of con-
struction project risks reported in a study conducted by Kan-
gari [17] in a 1995 survey of the top 100 U.S. contractors. 
These similar findings have serious implications for the 
construction industry. This means that safety, defective 
work and quality of work will continue to be important risk 
factors in the construction business. Therefore, contracting 
firms must continue to employ appropriate strategies to mit-
igate those risks.  

Further analysis was performed to assess how contractors 
of differing work specialties ranked the top 5 project risks. 
Table 2 shows a high level of consistency among the three 
major contractor groups. As shown in the table, safety, once 
again, was ranked as the number 1 project risk by respond-
ents who identified their construction specialties as com-
mercial/residential, industrial/highway/heavy and commer-
cial/industrial construction. A one-way ANOVA was per-
formed to test for differences in the perception of the three 
contractor groups, using a 0.05 level of significance. The 
results did not show any statistically significant differences 
in the perception of the top five construction project risks 
among the groups (Table 3). However, significant differ-
ences were found between the contractor groups relative to 
their perceptions of Delayed payment (F=3.384, p=0.045,) 
and Labor, Equipment and Material availability (F=3.842, 
p= 0.030). Thus, the degree of importance or severity of 
these two project risk areas was not viewed equally by the 
contractor groups.  
 

To assess their risk management practices, respondents 
were asked to rate their frequency of usage of commonly 
used risk identification, risk assessment, risk response and 
risk monitoring techniques. The rating scale ranged from 1 
to 5, where 5 represents “always”; 4 represents “very fre-

quently”; 3 represents “frequently”; 2 represents 

“occasionally”; and 1 represents “never”. These scales were 

also used to signify the weight of the responses. Data anal-
yses revealed that the three most frequently used risk identi-
fication techniques by contractors were site visit, checklist 
and brainstorming (Table 4). With the exception of site visit 
(F=8.422; p =.001), a one-way ANOVA showed no statisti-
cal significantly differences in the use of risk identification 
techniques among the contractor groups. Thus, the contrac-
tor groups differed in their use of site visit as a risk identifi-
cation technique.  
 

Table 5 presents the respondents’ mean ratings on risk 
assessment techniques. Among the ten risk assessment fac-
tors listed, the top three factors commonly used to assess the 
importance of risk by contractors were insurance coverage, 
financial capability (capacity to bear the risk) and allocation 
of risk. These findings parallel those of Tang et al. [18] who 
suggested that contractors have less capability to bear risk 
because they bid for jobs with narrow margins, which 
makes it difficult for them to deal with risks related to fi-
nance. Similarly, Kangari [17] found that contractors tend to 
give importance to risks that are allocated to them and are 
much more willing to assume risks as the use of insurance 
increases. Further analysis showed that the contractor 
groups did not differ in their use of the identified risk as-
sessment techniques, except in the use of the “economic 
condition of the country” (F=6.097; p=0.005). This means 

Project Risk Description Mean 
Rating 

Rank 

Safety 4.52 1 

Defective work  3.90 2 

Quality of work 3.87 3 

Financial risk 3.78 4 

Incompetence of subcontractors 3.77 5 

Claims and disputes 3.40 6 

Inflation and sudden changes in prices 3.33 7 

Delayed payment 3.33 7 

Defective materials 3.23 8 

Differing site conditions 3.12 9 

Labor and equipment productivity 3.12 9 

Labor, equipment and material availability 2.98 10 

Force majeure/Acts of God 2.93 11 

Site access/Right of way 2.79 12 
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Table 2. Ranking of Top Five Construction Project Risks Based on Contractor Classification 

Project Risk 
Overall (n=40) Commercial & Residential 

Const. (n=20) Industrial & Highway/ 
Heavy Const. (n=12) Commercial & Industri-

al Const. (n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 
Safety 4.53 1 4.60 1 4.50 1 4.38 1 
Defective design 3.90 2 3.80 5 4.00 2 4.00 2 
Quality of work 3.88 3 4.05 2 3.67 3 3.75 3 
Financial risk 3.78 4 4.00 3 3.58 5 3.50 5 
Incompetence of subcontractors 3.77 5 3.90 4 3.67 3 3.57 4 

Table 3. One-way ANOVA on Top Five Ranking of Construction Project Risks Based on Contractor Classification 

 Project Risk   Sum of 

Squares Df 
Mean 

Square F Sig. 

Safety 
  

Between Groups .300 2 .150 .156 .856 

Within Groups 35.675 37 .964     

Total 35.975 39       

Defective design 
  

Between Groups .400 2 .200 .171 .843 

Within Groups 43.200 37 1.168     

Total 43.600 39       

Quality of work 
  

Between Groups 1.258 2 .629 .474 .626 

Within Groups 49.117 37 1.327     

Total 50.375 39       

Financial risk Between Groups 2.058 2 1.029 1.091 .347 

Within Groups 34.917 37 .944     

Total 36.975 39       

Incompetence of subcon-
tractors 

Between Groups .742 2 .371 .266 .768 

Within Groups 50.181 36 1.394     

Total 50.923 38       

Risk Identification 
Techniques 

Overall (n=40) 
Commercial & Res-

idential Const. 

(n=20) 

Industrial & High-

way/ 
Heavy Const. (n=12) 

Commercial & 

Industrial Const. 

(n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 

Site visit 4.36 1 4.80 1 3.50 3 4.57 1 

Check list 4.18 2 4.15 2 4.00 1 4.50 2 

Brainstorming 3.95 3 3.95 3 3.92 2 4.00 3 

Using risk data 3.68 4 3.75 4 3.33 4 4.00 3 

Case-based approach 3.28 5 3.11 5 3.25 5 3.75 5 

Consulting experts 2.80 6 3.00 6 2.33 6 3.00 6 

Table 4. Mean Rating for Risk Identification Techniques 



——————————————————————————————————————————————–———— 

 

that the contractor groups differ in their use of economic 
conditions as a viable risk assessment technique. 
 

Contractors often use different techniques in responding 
to risks. Using the same ranking procedure, respondents 
were asked to rank seven identified risk response techniques 
based on their level of usage when responding to construc-
tion risks. As shown in Table 6, the top three ranked risk 
response techniques used by the contracting firms are: in-
surance, reducing the likelihood of occurrence and transfer-
ring the risk. When the responses were cross-checked 
among the contractor groups, similar rankings were found. 
Retaining the risk was found to be less popular among the 
tractor groups. This is not surprising as prudent contractors 
tend to shift the burden of risk to people who they feel are 
capable of assuming it. Further statistical analyses revealed 

no significant differences, in the opinion of the contracting 
group. How risk is monitored by the respondents was of 
interest to the researchers. The findings showed that most 
contractors surveyed in this study conduct periodic docu-
ment reviews to spot any potential risk (Table 7).  
 

Contractors often fail to practice risk management due to 
lack of time and other barriers [8], [20], [23]. To assess 
what the study respondents perceived to be barriers to their 
risk management efforts, they were asked to rank nine iden-
tified risk barriers based on their level of significance. The 
results showed that all of the barriers presented were rated 
with moderate to low significance (Table 8). Lack of joint 
risk management was found to be the most significant barri-
er to risk management implementation followed by lack of 
time and knowledge.  

Table 5. Mean Rating for Risk Assessment Techniques 

Table 6. Mean Rating for Risk Response Techniques 

Risk Assessment 
Techniques 

Overall (n=40) Commercial & Resi-

dential Const. (n=20) 
Industrial & High-

way/ 
Heavy Const. 

(n=12) 

Commercial & 

Industrial Const. 

(n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 

Insurance coverage 4.35 1 4.60 1 4.00 4 4.25 2 

Financial capability 4.28 2 4.30 3 4.25 1 4.25 2 

Allocation of risk 4.28 3 4.45 2 4.25 1 3.88 8 

Likelihood of risk occurrence 4.05 4 4.00 7 4.00 4 4.25 4 

Extent of the impact 3.95 5 3.75 9 4.00 4 4.38 1 

Quantity of work 3.95 6 4.15 5 3.42 9 4.25 4 

Location of project 3.93 7 4.05 6 3.67 7 4.00 6 

Contract method 3.90 8 3.75 9 4.08 3 4.00 6 

Duration of the work 3.80 9 3.95 8 3.58 8 3.75 9 

Economic condition of the country 3.73 10 4.20 4 3.00 10 3.63 10 

Risk Response 
Techniques 

Overall (n=40) Commercial & Resi-

dential Contractor 

(n=20) 

Industrial & Highway/

Heavy Contractor 
 (n=12) 

Commercial & 

Industrial Con-

tractor 
 (n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 

Insurance 4.25 1 4.40 1 3.83 2 4.50 1 

Reduce likelihood of occurrence 4.15 2 4.15 3 4.00 1 4.38 2 

Transfer risk 4.05 3 4.25 2 3.83 2 3.88 4 

Reduce consequences 4.00 4 4.00 4 3.83 2 4.25 3 

Contingencies 3.60 5 3.60 5 3.42 5 3.88 4 

Avoid risk 3.30 6 3.20 6 3.17 6 3.75 6 

Retain risk 2.85 7 2.70 7 2.75 7 3.38 7 
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 Conclusion 
 

This study was undertaken to assess the risk management 
practices of selected major contracting firms in the United 
States. The study found that an overwhelming majority of 
the contractors surveyed practice some form of risk man-
agement. These contractors also have formal written proce-
dures for risk management. Having a formal written risk 
management program is an indication of an awareness of 
the importance of risk management in their construction 
business.  
 

From this study’s findings, it can be deduced that safety, 
defective work and quality of work are important risk man-
agement factors in the construction industry. These three 
areas will likely continue to be focus areas of risk manage-

ment discussion in the industry due to the variation and 
complexity of construction projects. While contractors of 
various work specialties had similar perceptions towards the 
importance of project risks, they do not significantly differ 
in their practice of major risk management techniques.  
 

Contractors use a wide variety of techniques in their risk 
management practices. To identify any potential risk, con-
tractors often visit the site. They also prefer to use a check-
list. The most important risk assessment techniques com-
monly used by most contractors include insurance, financial 
capability and risk allocation. Insurance also happens to be 
a technique widely used by the contractors in responding to 
any potential risk. Contractors also respond to project risks 
by trying to reduce the likelihood of such risk occurring. 
When feasible, they simply find ways to transfer the risk to 
someone else who is perhaps able to bear the risk. 

Table 7. Mean Rating for Risk Monitoring Techniques 

Table 8. Mean Rating for Barriers to Risk Management Implementation 

Risk Monitoring 
Technique 

Overall (n=40) Commercial & Resi-

dential Const. (n=20) 
Industrial & High-

way/ 
Heavy Const. 

(n=12) 

Commercial & 

Industrial Const. 

(n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 

Periodic document review 3.98 1 4.10 1 3.67 2 4.13 1 

Periodic risk status report 3.63 2 3.50 2 3.50 3 4.13 1 

Periodic trend reporting 3.38 3 3.00 3 3.83 1 3.63 2 

Risk Management Barriers 

Overall (n=40) Commercial & Resi-

dential Const. (n=20) 
Industrial & High-

way/ 
Heavy Const. (n=12) 

Commercial & 

Industrial Const. 

(n=8) 

Mean Rank Mean Rank Mean Rank Mean Rank 

Lack of joint risk management 3.10 1 3.25 1 3.17 1 2.63 2 

Lack of time 3.00 2 3.10 2 3.17 1 2.50 3 

Shortage of knowledge 2.90 3 3.00 3 2.75 5 2.86 1 

Lack of risk consciousness 2.75 4 2.60 6 3.17 1 2.50 3 

Inappropriate risk allocation 2.65 5 2.50 7 3.00 4 2.50 3 

Unavailability of sound data 2.60 6 2.65 5 2.58 7 2.50 3 

Ineffective risk control and moni-
toring strategies 2.50 7 2.45 8 2.75 5 2.25 8 

Lack of formal risk management 
2.45 8 2.70 4 2.17 8 2.25 8 

Lack of expertise in risk manage-
ment 

2.20 9 2.15 9 2.17 8 2.38 7 
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One important aspect of risk management is monitoring. 
Monitoring the risk management process allows contractors 
to spot any potential problem towards achieving the intend-
ed results. The responding contractors often conduct period-
ic document reviews to detect any potential project risk. 
This technique was also found to be popular by international 
contracting firms as well. This could be due to the fact that 
only a few techniques were available for risk monitoring. 
Other alternatives include “Periodic Risk Status Report” and 
“Periodic Trend Reporting.” Although there was no single 
dominant barrier to risk management implementation, lack 
of joint risk management, risk consciousness, expertise in 
risk management and lack of time seemed to be the major 
barriers to risk management practices among the contracting 
firms. These areas need to be addressed in order to improve 
risk management practices. 
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Abstract 

 
In this study, the authors reviewed the role of genetic al-

gorithms (GAs) in engineering design optimization and the 
positions GA has within the domain of design optimization. 
Considering the context of designing an interior space, this 
study looked at the need to comprehensively search the so-
lution space, which is quite frequently overlooked. The 
small- to medium-sized spaces that people encounter in 
their day-to-day lives—such as public libraries, washrooms 
and classrooms—are planned in accordance with a common
-sense approach, but not necessarily involving a systematic 
procedure. When combining the methodical engineering 
design approach with the creativity of the interior space 
designers, innovative, optimal designs result. Even with less 
than a dozen artifacts in a room and few constraints, the 
total number of possible configurations will be a colossal 
figure, on the order of 10n. The huge number results from 
the innumerable permutations and combinations depicting 
the numerous possibilities of arranging the artifacts within a 
given space. Hence, instead of using 3D tools for designing 
such interior spaces, this study reviewed the use of an ex-
haustive exploration of the search space to find a global 
optimum. Based on a comprehensive literature review, the 
authors evinced that GA is a tool with immense potential in 
the domain of interior design and the field of engineering 
design as well. 
 

Introduction  
 

Vosinakis et al. [1] state that “advances in computer 
graphics technology have led to a shift in the process of 
interior space design from traditional conceptual sketches 
and drawings to the use of dedicated software environments 
for designing in 3D”. Previous studies [2], [3] have ap-
proached the interior design process using diverse methods 
ranging from conventional 2D tools to 3D immersive envi-
ronments. Of late, research in this area has focused on the 
application of VR. Several virtual reality and 3D applica-
tions have been designed and developed for facilitating inte-
rior design. However, one important factor that such earlier 
works have overlooked is the exploration and exploitation 
of search space. This is evident from a detailed survey of 

software tools [4] used by interior designers to facilitate the 
process of planning. 
 

Typically, for a constructed space, various allocations are 
derived [5] based on the artifact categories; even the maxi-

mum interior design planning efforts (pertaining to interior 
space configuration) do not explore the search space com-
prehensively. Hence, instead of primarily using 3D tools for 
designing such interior spaces, there is a need to integrate a 
multi-objective optimization technique with superior search 
capabilities so that the search space can be explored and 
exploited to find the global optimum. Over time, people 
tend to get accustomed to viewing common interior spaces 
being in a particular way, thereby inhibiting creativity. It is 
highly probable that the numerous interior spaces we come 
across on a daily basis could have been designed more opti-
mally and could have yielded better return on investments. 
Other than the economical aspect, such use will also enable 
better use of other material resources (artifacts).  
 

Interior Space Design: An Overview  
 

Effective interior space designs are typically purpose 
driven, implying that the design is very mindful of the need 
of the clients [1]. The design effort should give crucial at-
tention to the notion of ‘the function’ of the space; i.e., the 

function this interior space is going to serve. From the semi-
nal works of notable authors in the field [6-8], the im-
portance of interior design becomes lucid and it is also evi-
dent that the interior space not only directly and indirectly 
influences our activities at work and home, but also influ-
ences several other daily activities such as shopping, dining, 
etc. When designing interior spaces, Rengel [9] precisely 
states that “…we claim space and subdivide in particular 
ways to suit the needs of the project.” The key challenge is 
to perform this division or space allocation in a resourceful 
way so as to accommodate the goals of all of the stakehold-
ers including clients. It is important to note the words stake-
holders in the earlier sentence. Over the past few decades, 
due to the increasing diversity of the stakeholders involved, 
the process of designing interior spaces has evolved into a 
multifaceted and rather complex one.  
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Designing interior spaces today, besides involving plan-
ning and designing, involves various stakeholders from var-
ious fields such as ergonomics, aesthetics, architecture, en-
gineering, safety/emergency response and so on. This is the 
reason that Karlen [10] states that “space planning is not a 
simple process involving a single category of information; 

rather, it is a complex dovetailing of several processes in-
volving knowledge in many categories of information”. 
Such information is of a diverse nature ranging from Archi-
tectural Graphics [11] and Graphics Communication [12] to 
Environmental Psychology [13] and functional/visual de-
sign concepts [14]. In addition to these aforementioned fac-
tors, there is a whole set of factors associated with the hu-
man dimension mentioned several decades earlier by Panero 
and Zelnik [15]. Tools that can integrate advanced search/
exploratory capabilities to locate the appropriate layout and 
subsequently interact with the resultant design to manipulate 
it to the satisfaction of the planners and decision makers are 
needed. Such tools will be successful in accommodating the 
gamut of design processes ranging from the user-centered to 
the participatory design mentioned by Sanders [16].   
 

Configuring Artifacts in Interior 
Spaces  
 

A judicious configuration of the artifacts is an essential 
component in the design of efficient interior spaces. Ac-
cording to Kubba [5], “an understanding of the use and allo-
cation of space is the cornerstone in many design disci-
plines”. Comparing the time and effort dedicated to the ac-
tual construction of the space, the time involved in the spa-
tial configuration of artifacts within the interior space is 
much less proportional. Rengel [9] states that “the number, 
size, and placement of large pieces of furniture, fixtures, 
and equipment, has a major impact on the interior space”. 
With increasing construction and labor costs, the spatial 
arrangement of artifacts within an interior space should be 
treated with the same importance as the actual construction 
process itself. An improperly planned interior space results 
in underutilization of the constructed interior space.  
 

Currently, though, large-scale projects involving huge 
sums of money involve planners and designers to meticu-
lously plan the interior spaces, smaller spaces do not neces-
sarily involve such efforts. The small- to medium-sized 
spaces that we encounter on a daily basis such as public 
libraries, washrooms, classrooms, etc., are planned in ac-
cordance with a common-sense approach, but not necessari-
ly involving a systematic procedure. However, quite fre-
quently, in both of the cases mentioned above, only a very 
small fraction of the total search space is explored. Adjust-
ments to the arrangements are made as and when the need 

arises and is dictated by the expertise of the person(s) in-
volved in the process without necessarily following a stand-
ard protocol. This is in sharp contrast to the construction 
process, which follows a standard procedure in accordance 
with a well laid out set of rules, which may not be violated 
under any circumstances. Another important set of factors 
includes the various attributes of the artifacts such as size, 
location, orientation, color and texture. Selecting the appro-
priate geometric attributes for the artifacts is a crucial ele-
ment influencing the functionality (effectiveness) of the 
interior space [9], [10]. Besides, a suitable choice of the 
various attributes defining appearance—including color, 
material and lighting—not only carry aesthetic significance 
but is also believed to boost the functional effectiveness of 
the space itself. 
 

It follows from the above discussion that a competent 
framework for arranging artifacts in an interior space should 
not only comb through the search space efficiently, but 
should also provide a means to experiment with the attrib-
utes (geometry and appearance) mentioned above. Explor-
ing various alternatives (and combinations) and evaluating 
the resultant interior space so created by the particular ar-
rangement of the artifacts (both geometrically and appear-
ance-wise) is an essential prerequisite for ensuring the effi-
ciency of the interior space. The past several decades have 
witnessed notable developments in the disciplines of Com-
puter Science and Graphics, which have been well exploited 
within the realm of interior design. Using computers in 
planning interior spaces has undeniably increased search 
capabilities and aided organization of the overall design 
process.  
 

Interior Design: Computer-Based 
Techniques 
 

Several computer-based tools, ranging from Computer-
Aided Design (CAD) systems to Virtual Reality (VR) tech-
nologies, have been used to facilitate planning and design-
ing of interior spaces. In their work on the use of VR for 
supporting the design of interior spaces, Vosinakis et al. [1] 
stated that the “advances in computer graphics technology 
have led to a shift in the process of interior space design 
from traditional conceptual sketches and drawings to the use 
of dedicated software environments for designing in 3D”. 
The use of computer-based three-dimensional (3D) environ-
ments can reduce the time spent on the design process and 
facilitate concept evaluation [2], [3]. Of late, VR, especially 
desktop virtual environments, are being increasingly em-
ployed for designing and evaluating interior spaces. Numer-
ous studies in the past have approached the interior design 
process with diverse methods ranging from conventional 2D 
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tools to 3D immersive environments. The past few decades 
have focused on 3D environments, owing to advances in 
computer graphics and the subsequent growth in the capa-
bilities of the rendering environments. Of late, research in 
this area has focused on the application of VR. 
  

VR is a tool that has immense potential for application in 
numerous areas, especially design [17-19]. Several virtual 
reality and 3D applications have been designed and devel-
oped for facilitating interior design. However, one important 
factor that such earlier works have overlooked is the explo-
ration and exploitation of search space. This is evident from 
a detailed survey of software tools [14] used by interior de-
signers to facilitate the process of planning. A vast majority 
of the efforts to plan and design interior spaces seems to 
dwell on the capabilities of a 3D environment to facilitate 
the design process and even use interactive capabilities to 
enhance their functionality. A discussion of the pitfalls of 
such methods should start the design using a 3D design en-
vironment without relying on search optimization proce-
dures. Typically, for a constructed space, various allocations 
are derived [5] based on the artifact categories; even maxi-

mum interior design planning efforts (pertaining to interior 
space configuration) do not explore the search space com-
prehensively. Even a number such as 10,000,000,000 is a 
gargantuan figure for conventional techniques to handle. 
However, when humans are primarily responsible for han-
dling the interior space configurations, it is not practically 
possible to consider even a few thousand. 
 

The argument here is that for a typical design problem, 
the search space is very large and the optimal solution may 
be found only after sifting through and evaluating hundreds 
of thousands of plans. Hence, instead of primarily using 3D 
tools for designing such interior spaces, there is a need to 
integrate a multi-objective optimization technique with su-
perior search capabilities so that the search space can be 
explored and exploited to find the global optimum. The au-
thors of this study strongly believe that prejudice inhibits 
creativity, implying that when using the same strategies year 
after year, people tend to get accustomed to viewing interior 
spaces being in a particular way. The repeated use of similar 
tools and techniques also greatly restricts our ability to think 
outside the box. Relying on strategies that seem to have 
worked in the past can yield results along expected lines, 
but which may not necessarily be optimal. The use of heu-
ristic search optimization procedures to explore the search 
space allows sampling unexplored domains and results in a 
higher probability of retrieving the truly optimal solution. 
The above discussion demonstrates the need for a multi-
objective optimization tool that can explore the search 
space.  
 

Any design process should take into account the needs of 
the consumer as well as the stakeholders, and the frame-
work should include a functionality to validate if the pro-
posed plan will meet all of the demands. Despite outstand-
ing accomplishments in the discipline of engineering de-
sign, the design exercise continues to evolve into a multifac-
eted and complicated process, wherein meeting all of the 
objectives (of both the customer and the stakeholder) seems 
to be an overwhelming mission. A project that fails to meet 
one or more of the objectives initially set out signifies an 
enormous waste of time and effort, besides amounting to a 
financially liable encumbrance. Extreme caution should be 
employed in planning and designing interior spaces. The 
above discussion was not intended to imply that planning is 
not at all involved in such interior spaces, but the core of the 
argument here is that planning or configuring such spaces is 
not done in a methodical/systematic manner. Systematic 
configuration of spaces and the arrangement of spatial com-
ponents in various locations are either absent or minimal 
either because they are considered trivial (which is incor-
rect) or due to the computational complexity involved in 
formulating and solving such multi-objective optimization 
problems (MOO). 
 

Multi-Objective Optimization in 
Computer Graphics  
 

Computer Graphics (CG) involves several signature areas 
including construction graphics, animation and virtual prod-
uct integration. There are innumerable applications within 
the domain of construction graphics, wherein multi-
objective optimization (MOO) can be employed for solving 
problems involving combinatorial optimization [20], [21]. 
This section focuses on the various methods used for solv-
ing MOO problems. Multi-objective integer programming 
used to be a frequently employed method for finding solu-
tions to design problems involving multiple conflicting ob-
jectives. Earlier research efforts employed scalarization 
methods that collectively integrated all of the design objec-
tives into a single cumulative objective by using 
(subjective) weights. The optimization functions or algo-
rithms are executed a specified number of times with wide-
ranging sets of weights for the objective functions. As these 
weights are assigned subjectively, it is a challenging task to 
reach a consensus among the decision makers and stake-
holders with diverse backgrounds and interests. As a result, 
in view of the complex design situation and stakeholders 
with varied interests, more advanced tools should be used to 
facilitate informed decision making.  
 

Various MOO techniques including biologically inspired 
algorithms such as Simulated Annealing (SA), Particle 
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Swarm Optimization (PSO), Intelligent Water Drops 
(IWD), Charged System Search (CSS) and ant colony opti-
mization were explored from the perspective of their suita-
bility for design optimization. Simulated Annealing [22] is a 
notion based on the metallurgical processes in which a ma-
terial is heated and subsequently cooled in a controlled man-
ner to reduce the flaws and increase the size of the crystals. 
Swarm optimization procedures such as PSO are nature-
based computational procedures that perform optimization 
by repeatedly attempting to augment a potential solution in 
relation to a specific characteristic attribute or measure. The 
ant colony system [23] represents computational procedures 
that emulate the behavior of ants in finding the route to their 
food source. Other notable nature-based methods and 
swarm intelligence techniques include the behavior of 
schools of fish, flocks of bird, development of colonies of 
bacteria, etc. By and large, the aforementioned methods 
engender new solutions (points) in the parametric search 
space by commissioning operators on the prevailing solu-
tions and seek to direct the pursuit towards more optimal 
locations inside the search space.  
 

Wolpert and Macready [24], [25] stated that “the aver-
aged performance of all search algorithms over all problems 
is equal”, implying that the correct notion is to use the right 
algorithm for the right problem. After exploring and study-
ing various evolutionary algorithms, GAs [26] were chosen 
for this study. GAs are optimization procedures that involve 
improving candidate solutions by iterating through genera-
tion after generation with respect to a given measure of 
quality (fitness). Genetic Algorithms [27] are heuristic 
search procedures, which are based on the theory of natural 
evolution. GAs mimic the notion of genetic dynamics, fun-
damental to the evolutionary framework. GAs have been 
applied with remarkable success in a wide range of applica-
tions including industrial design, urban planning [28-31], 
route finding and shortest path [32], multi-objective site 
search problems [33], automobile/aircraft design and pro-
cess control. 
 

Traditional multi-objective design frameworks are not 
very efficient in deriving a set of Pareto optimal solutions, 
while MOGA can generate a set of reasonably diverse solu-
tions with minimal subjective intervention in a much faster 
and efficient manner. Secondly, as the solution space for 
design problems is essentially complex and enormous, GA 
offers a robust mode of balancing between computational 
efficiency and the quantity of solutions. Therefore, consid-
ering the inherent complex nature of modern design prob-
lems, the definitions of many objectives are not always non-
linear or additive [34]. GA overcomes the limitations of 
traditional methods owing to its efficiency in solving non-
linear, non--additive optimization problems without having 

to rearticulate or reformulate the design problem. In view of 
such outstanding merits and the explicit benefits over other 
optimization procedures, GA has been adopted in a large 
number of design and planning research projects ([34]; 

[29]). Considering the specific case of interior design, even 
with less than a dozen artifacts in a room and few con-
straints, the total number of possible configurations will be 
a colossal figure, of the order of 10n. The huge number re-
sults from the innumerable permutations and combinations 
depicting the numerous possibilities of arranging the arti-
facts within a given space. 
 

Evolutionary Computation and 
Genetic Algorithms in Graphics 
Applications 
 

Numerous examples of GA within the domain of comput-
er graphics can be found. Sims [20] applied evolutionary 
techniques of variation and selection to generate complex 
structures and textures for use in computer graphics. Nota-
ble works in creating graphic objects include those by Daw-
kins [21], Graf and Banzhaf [35], Sims [20] and [36], Todd 
and Latham [36]. Dawkins’ work on generating biomorphs 
is considered a seminal piece in the application of evolu-
tionary methods in graphics. Genetic algorithms have also 
been used for various diverse applications in computer 
graphics such as texture generation, lighting [37] and plant 
and animal rendering [35]. Chen et al. [38] employed genet-
ic algorithms to pick the best possible feature set for dis-
cerning computer graphics from digital photographic imag-
es. Yu et al. [39] used genetic algorithms for automatically 
extracting features and processing stereo images. Nishino et 
al. [40] developed an interactive graphics optimizer using 
immune algorithms and are continuing their work on using 
immune algorithms in Computer Graphics [41] by develop-
ing an interactive 3D graphics modeler by simulating the 
human immune system. Among other notable recent works, 
the study by Hastings et al. [42] is worth mentioning. Has-
tings et al. proposed the idea of employing evolutionary 
computation to generate a gamut of useful CG content in an 
easy, time-efficient manner. They demonstrated this by us-
ing Interactive Evolutionary Computation (IEC) for CG 
content generation including particle system effects. Also, 
Nishino et al. [43] applied IEC for CG content creation for 
mobile devices. Their framework facilitated the easy design 
of 3D CG content for use in mobile devices in a time-
efficient manner without compromising on quality of the 
final outcome. 
 

From the above discussion it should be evident that GA 
serves as an inevitable tool in CG, which is a discipline 
wherein several problems can be characterized as MOO 
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problems. With the ever-increasing complexity of CG appli-
cations and the escalating demands of the design industry, 
there is an imminent need for a tool like GA for solving 
multi-objective design problems in CG. Bertoline et al. [12] 
mentioned in their seminal work that “with the continued 
expansion of the ‘circle of people’ requiring technical infor-
mation, efficient tools such as CG have become an inevita-
ble part of the design process”. Hence, there is a need to 
present results in a user-friendly interface so that planners 
and decision makers (who may not necessarily be familiar 
with the GA) can still interpret the results and make in-
formed decisions. Nevertheless, as GA commonly offers a 
pool of optimal Pareto plans or designs, advanced tech-
niques are needed to evaluate and expedite the decision-
making process, while reducing subjectivity in which visu-
alization performs a vital role. Visualizing the candidate 
solutions of the design space is a lucid way to evaluate these 
optimal alternatives while minimizing abstraction. Typical-
ly, while using GAs for MOO, the procedure literally stops 
with the pool of the Pareto solutions; subsequently, one so-

lution from the Pareto set is chosen based on some higher 
level or expert knowledge. Arguably, these involve several 
subjective measures and this seriously undermines efforts to 
objectively select a plan without prejudice from the various 
stakeholders involved. Therefore, there is an imminent need 
for a tool to explore, analyze and evaluate the Pareto solu-

tions. By using 3D visual scene renderings, planners who 
are experts in the fields of design planning can identify de-
sirable or undesirable patterns [30].  
 

Desktop VR-based graphic visualization can meet the 
aforementioned need by facilitating not only the information 
presented, but also enabling alternative points of view 
(POV) and varying levels of detail (LOD), as illustrated in 
Figure 1. Figure 1 illustrates a library setting involving a 
variety of artifacts (furniture elements). Figure 2 illustrates 
other potential interior design scenarios, where GAs can be 
applied for interior design optimization. Aesthetic view 
quality is of significant importance in design. For instance, a 
structure blocking the view of a piece of art or some other 
feature of prominence specifically included to enhance the 
face value of a shopping mall is undesirable and, hence, 
such a design is not judicious [44]. Such wrong design as 
well as other interior design considerations for a variety of 
scenarios can be generated using GAs in interior design. 
 

Conclusion 
 

The ultimate purpose of any review is to identify gaps in a 
specific research domain by meticulously studying the work 
done in the field and to fit or appropriately position the cur-

Figure 1. Visualization from GA-based Optimization with Multiple POV 
——————————————————————————————————————————————–———— 

A REVIEW OF MULTI-OBJECTIVE DESIGN OPTIMIZATION AND THE USE OF GENETIC ALGORITHMS IN                                     37 
INTERIOR DESIGN OPTIMIZATION 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 38                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V5, N1, SPRING/SUMMER 2013 

rent research to fill in this gap. The use of heuristic search 
optimization procedures to explore the search space allows 
the sampling of unexplored domains and results in a higher 
probability of retrieving the truly optimal solution. Despite 
the outstanding accomplishments in the discipline of engi-
neering design, the design exercise continues to evolve into 
a multifaceted and complicated process, wherein meeting all 
of the objectives seems overwhelming. Genetic algorithms 
have immense potential in design optimization for the fol-
lowing reasons: 
● GAs have demonstrated a higher probability of con-

vergence within the parametric space and do not get 
trapped in the local optimum and try to find the glob-
al optimum. 

● GAs offer a diverse set of increasingly viable solu-
tions (preservations of useful variations) and have 
been efficiently employed for combinatorial optimi-
zation problems with extremely large search spaces, 
on the order of 10200 or 10300 . 

● GAs simultaneously evaluate many points in the pa-
rameter space, more likely GO (each generation ex-
plores different regions of the search space and the 
search is directed towards more likely places to find 
GO). 

 
By employing elitism, GAs try to retain the solutions with 

the highest fitness (so that the best solutions are not lost). 
The authors conducted a study of previous and current re-

search within the domains of MOO and interior design with 
the objective of finding appropriate MOO techniques to be 
applied for generating alternative interior design scenarios. 
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Abstract 
 

Engineering Research Assistants (RAs) earn real-world 
basic and applied research experience working on a medical 
device project team that is similar to what they will encoun-
ter in industry or as an appointed researcher in academia. 
Hand Opening Assistive Device (HOAD) Research parallels 
and underscores the recurring need for students of all engi-
neering disciplines to concentrate their earliest collegiate 
studies on Science, Technology, Engineering and Mathe-
matics (STEM). Focusing their attention on collaborative 
research assignments provides each RA with real-world, 
hands-on, Problem-Based Learning experience. Statistically, 
the more engineering RAs who succeed at an earlier stage in 
college, the more highly qualified engineering graduates 
will ultimately enter the workforce, increasing the STEM 
Pipeline.  
 

In this paper, the authors describe the course structure, 
how the project was documented using Dropbox, and the 
collaborative relationships within the university and indus-
try, for a Hand Opening Assistive Device (HOAD) that is in 
its sixth year of development. Also described are the two 
types of HOAD Research hand-orthotic devices under de-
velopment and their intended use as rehabilitative applianc-
es. In addition, the interaction of how graduate and under-
graduate RAs have participated on this team over the semes-
ters, taking the course for credit or as volunteers in order to 
gain the experience of working on a team lead by an engi-
neer with many relevant years of industrial experience. The 
steps in the development of the project are presented along 
with the contributions of various team members. The regu-
latory aspects of this project are described along with how 
an on-going search was made for competitive devices. Fi-
nally, the authors offer future directions for this project that 
include next-generation developments, partnering with the 
Veterans Administration and other educational institutions, 
selecting manufacturing facilities and setting up future sup-
ply chain distribution. This research project was conducted 
in a way that is uniquely similar to what would be encoun-
tered in industry or as an appointed researcher at any uni-
versity [1]. 

 

Introduction  

 
This research project team was directed by and under the 

collaborate efforts of Edward M. Land, the HOAD Research 
project P. I. of the Hand Opening Assistive Device (HOAD) 
Research project from Johns Hopkins University (JHU). 
HOAD Research is part of JHU’s Physical Medicine and 
Rehabilitation Department. The steps described in the de-
velopment of this research project are similar to what is 
typically found in industry [2-4]. 

 
First, a need was determined for the product under con-

sideration and patent searches were conducted in order to 
identify the types of hand deficits and affected population 
distributions. Other steps included writing specifications, 
brainstorming sessions for the most promising solutions, 
peer review evaluations, sketching, CAD design renderings 
and testing of potential solutions by building prototypes or 
simulation devices.  
 

RAs made contributions to this program in the following 
areas: a) they developed microprocessor software and driver 
electronics to control an active (computer-assisted) Hand 
Opening Assistive Device; b) they determined which of the 

FDA guidelines and procedures would lead to FDA approv-
al; c) they determined what materials and equipment would 

be most suitable; and, d) they developed a data-acquisition 
system to obtain finger force measurements. 
 

Over the past six years it has become clear that the major-
ity of RAs remain with HOAD Research as volunteers. Our 
collaborative basic and applied research efforts to produce a 
patented, robust medical device have demonstrated that ded-
icated research requires that RAs learn to work as a cohe-
sive team and that assignments be comprehensive and deliv-
ered on time. On a semester-by-semester basis there are 
between 6 and 8 undergraduate and graduate research assis-
tants from the biomedical engineering (BME), Mechanical 
Engineering, Materials Engineering, Electrical Engineering 
and Engineering Mechanics departments. Most surprisingly, 
RAs usually return for several years. One RA remained ac-
tive for five years. 
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Research Area  

 
This innovative, durable, washable, light-weight and com-

fortable, low-profile hand-assistive hand-orthotic glove was 
designed to serve as a rehabilitation (assistive device), splint 
or exercise appliance. HOAD’s patented devices provide 
finger extension force needed by individuals who lack hand-
extension ability as a result of stroke or other neurologic 
trauma (see Figure 1). HOAD’s research team developed a 
one-off, proof-of-concept, electrically powered assistive 
device and produced four mock-up versions of its passive 
(spring-assisted), hand-extension mockup. An articulating 
thumb assembly is currently under development for both 
passive and active styles. Each glove was designed to be 
easily adjusted or modified to produce a ‘best fit’ that would 
be available in different sizes and prescriptively customized 
to accommodate each client’s precise needs, while holding 
inventory to a minimum. Each hand-orthotic device would 
be capable of extending (or exercising) the closed fist of a 
particular class of stroke, accident victim or returning war 
fighter. 

Figure 1. Top View of HOAD Research’s Mock-up Actuator 

Blades into Glide Plate Stack 

 

Project Team  

 
Traditionally, the HOAD Research group solicits engi-

neering candidates who enjoy working with others in syner-
gistic team relationships. For the past 15 semesters, HOAD 
actively recruited biomedical engineering (BME) RAs un-
der a joint venture agreement with the Whiting School of 
Engineering (BME department) located at JHU’s Home-
wood Campus. Two semesters after having established a 
successful BME track record, HOAD began recruiting much
-needed mechanical (MechE) and engineering mechanics 

RAs and, beginning in the 2011 summer semester, electrical 
engineering (EE) candidates. Today, HOAD Research also 
enjoys recruiting engineering RA candidates from the Mate-
rials Department as well. 
 

All RAs learn to perform basic and applied research and 
the importance of conducting peer reviews in order to bene-
fit from lessons learned. HOAD Research recruits both vol-
unteers and credit-seeking candidates. The recruiting pro-
cess is coordinated with the assistance of each department’s 
engineering registrar and each candidate’s advisor or spon-
sor. Classes for credit-seeking candidates are capped at 
eight in order to take advantage of one-on-one mentee-to-
mentor opportunities. RAs report that they enjoy tracking 
down prior art (predicate) devices, discovering the potential 
benefits through testing and using new materials and pro-
cesses during lab periods. HOAD’s team of RAs carefully 
evaluates leading-edge device technologies, processes and 
competitive designs for consideration, as both passive and 
active designs mature. New inductees learn from other RAs 
who, in certain cases, have been with HOAD for multiple 
semesters. HOAD’s team of seasoned RAs eagerly takes on 
the responsibility of offering assistance/ instruction to new 
RAs. 
 

Additionally, a few more seasoned RAs enjoy taking on 
stretch assignments such as leadership training as a TA, 
learning Computer Aided Design, LabVIEW, or being able 
to assist new RAs with learning about CAD design and rap-
id prototyping. In the 2011 summer semester, HOAD re-
cruited a total of eight RAs (four volunteers and four credit 
seeking) and a total of eleven RAs in the fall semester, two 
of whom were seeking credit, became available. HOAD 
offered undergraduate and graduate opportunities to earn up 
to three (3) credit hours. Unfortunately, undergraduate ap-
plicants are ineligible to receive both compensation and 
credit consideration. 
 

Background and Selection  

 

The HOAD Research group was officially charted in Au-
gust 2006 as a Johns Hopkins, School of Medicine (SOM), 
Physical Medicine and Rehabilitation (PM&R) enterprise. 
HOAD’s charter was to develop an affordable, low-profile, 
comfortable and light-weight, hand-extension orthosis capa-
ble of opening the closed fist of a stroke victim or other 
neurologically impaired patient who is unable to open their 
affected hand. Co-inventors of the group consisted of three 
engineers, two scientists, two physicians and a prosthetist 
(see Acknowledgements). The heart and soul of HOAD’s 
team was vested in the support received from an on-going 
crop of JHU engineering RAs. 
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RA Participation  

 
Faculty and new RAs are given an interest inventory table 

to complete shortly after formal class registration. In this 
table, RAs rank a level of interest and competence for vari-
ous activities and skills [5] that will be needed by the pro-
ject over the semester. Engineering Research Assistants 
(RAs) and/or faculty indicate their proficiency, interest, 

willingness to learn, willingness to teach, and whether or 
not they are already working on it. At the conclusion, they 
assign weighted values for each category. Each time a new 
task is created and the need for a particular talent is deter-
mined, the table is reexamined and an individual or team of 
individuals is asked or assigned duties and responsibilities 
commensurate with the interest sheet self-assessment (see 
Table 1). 

Faculty #1 Faculty #2 Student #1 Student #2 Student #3 Student #4 Student #5 Student #6 Student #7 Student #8 Student #9

Clean up: HOAD I,WT (H) IP I I(L) I(L),WL I(L),WL IP I

Lab P,WT (H) IP I I(M) I(L),WL I

Project Management: Develop Milestone Event Schedule IP,WT (H) I(M) I(M),WL I(H),WL I(H),WL

Develop Parts Tree I,WT (H) I(H),WL IP I(H),WL I(H),IP

Implement Naming Convention I,WT (H) I,WL I(H),WL I(H)

Grant Administration Procedure Development IP,WT (H) I(H),WL I(H),WL I(H),WL

New Product Development

Funding Set-asides

Commercialization of New Products

Technical Skills: CAD I, WL I(H), WL I(H), P(M) P(L),WL P(L),WL P(M),I P(L),I(M),WL(H) P(M),I(M) I,P(M)

3D Animation I, WL I(H), WL P(L),WL I(H),WL WL,I I(M),WL(H) WL

Programming I P(H),WT

P(L),I(L),W

L P(L) P(L),I(M),WL(H) P(H),WT(H) I,P(M)

Photoshop I I(H), WL

P(M),WT,W

L I(H),WL P(H) P(L),I(M),WL(H) P(H),WT(H) I,P(M)

Rapid Prototyping (Training Required) I,WL I(H) I(H),WL I(M),WL WL I(H),WL(H) I(H),WL(H) WL

Tech Research Basic IP,WL (H) IP I,WL I,WL WL I,WL WL WL

Applied IP,WL (H) I,WL I,WL WL I,WL WL WL

Prior Art/Predicate Products IP,WL (H) I(M) I,WL I,WL I,WL I

Competitive Products IP,WT (H) I(M) I(M) I,WL I,WL I,WL

Materials Research IP,WT (H) I,WL IP I I

Selection IP,WT (H) I,WL IP I I,WL

Testing I,WT I(H),WL I(H),WL I I,WL I,WL

Next Gen Tech Electroactive Polymers I,WL I I,WL I I,WL I(H),WL(H)

TED/Peltier Devices I,WL I(M) I(H),WL I,WL I I,WL I(H),WL(H) I

Piezoelectric Devices I,WL I I,WL I I,WL I(H),WL(H) I

Micro Linear Actuators I,WL I(M),P(M) I I,WL I I,WL I(H),WL(H) I,WL

Passive Device I,WT I(M) I,WL I,WL

Active Device Bushing I,WT (H) I(H) I WL I,WL

Heating Elements I,WL I(M) I I WL I,WL

Housing Manifold I,WT (H) I(M) I WL I,WL I(H),WL(H)

Electrical Components I,WL I(H),P(M),WT(M)

I(H),P(L),W

L I(H),WL I,WL I(H),WL(H) I,WL

Microprocessor I,WL I(H),P(M),WT(M)

I(H),P(L),W

L I,WL I,WL I(H),WL(H)

Wireless Communication I I(H),WL I,WL I(H),WL(H)

Sensors and Controls I,WL I(H),P(M),WT(M) I(H),WL WL I,WL I(H),WL(H) I,WL

Battery Selection and Charging I,WL I(M) I(M), P(M) I,WL I,WL I(H),WL(H)

Prototypes Finish Mock-up IP,WT (H) I(L) I(M),WL I,WL WL I(H),WL(H)

Develop Passive Device Prototype IP,WT I(M),WL I(H),WL I
Lab Testing 

Development Finger Force Data Collection (Labview) I,WL I(H),P(M),WT(M) I,WL I,WL WL,I I,P(L),WL

Strain Gauge Force Mechanism I,WL I(M) I,WL I,WL WL,I I,P(L),WL

Establish Collaborations IP,WT (H) I

Patient Recruitment I,WL WL

Presentations IP,WL (H) I(H) P(M)

Grant Work Solicit funding IP,WT I(M) I(M),WL I(M),WL

Write up applications IP,WL (H) I(M) I(M),WL I(L),WL I,WL

File applications IP,WL (H) I(H),WL

Patent Research IP,WT (H) I(H),WL I,WL WL WL WL I,WL

Filing IP,WT (H) I(H),WL I,WL WL WL WL I,WL

FDA Protocol Testing I,WT I(M),IP I

Multilingual [Fill in Languages]

Spanish P(L) P(H) P(H) P4

German P(L) P(L) P(L)

Chinese P(H) P(H)

Korean P(H)

Italian P(L)

Hindi P(H)

French P(L)

Japanese P(M)

Legend:

Proficient P

Interested I

Willing to Learn WL

Willing to Teach WT

In Process (Already 

Working on it) IP

Level H [High], M [Medium], L [Low]

Table 1.  Faculty and Student Interest Inventory Sheet 
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Work Performed by HOAD 
Engineering Research Assistants 
 

Description of the Two Hand-Assistive 
Devices 

 
The Hand-Opening Assistive Device from HOAD Re-

search is a glove that contains special (purpose-built) hard-
ware to allow a patient with compromised hand functionali-
ty to open that hand. As of this writing, there are two ver-
sions in development: an unpowered, or passive, spring-
assisted version, and a powered, or active, computer-
controlled version. While both passive and active devices 
are related in form and function, they serve two distinct 
purposes. The passive device has a lower overall cost and 
complexity (see Figure 2) and may be adapted for a majori-
ty of stroke, accident and injury cases. The device is best 
suited for most applications involving neurological trauma 
to the head, neck, elbow, arm and hand resulting in a dys-
functional or poorly functioning hand. The highly custom-
ized, active device, however, has much tighter specifica-
tions, allowing for volitional control of individual fingers of 
the hand and discrete feedback to the computer (see Figure 
3). Note: Active Nitinol (NiTi) driven-hand HOAD orthot-
ics must be operated in a controlled (enclosed) environment 
such as the home or office. These devices are typically cus-
tom programmed to operate optimally indoors unless other-
wise specified. 

Figure 2. Passive Third-Generation Mockup 

 
The passive device is entirely mechanical. Straight strips 

of stainless steel, fiberglass, pultruded carbon or a super-
elastic NiTi material are elevated just above the fingers, and 
the force generated by each strip is sufficient to overcome 

the patient’s deficit. The patient is able to override the mate-
rial force by applying a controlled counterforce, permitting 
the patient to modulate hand function with controlled pa-
tient grip/articulation. The lifting actuator strips are integrat-
ed into channels in the glove to prevent lateral slippage and 
minimize the (low profile) height of the device to about one
-half inch. The blades are anchored just above the finger tips 
and travel above the knuckles, terminating above the hand 
(which also extends to the wrist), where a stack of PTFE-
coated fiberglass blades constrain vertical movement and 
allow for finger splay without blade clash. Easy access to 
the blades and the stack is provided via a zipper that is later 
“stop-stitch” sewn to prevent unintended access. The wrist 
is mobilized in a similar manner to the fingers, but the 
blades enter the stack from the reverse direction (from the 
elbow and beyond the wrist area). For the thumb, cylindrical 
rods of the same super-elastic NiTi (or pultruded carbon) 
are constrained in Teflon-coated padding or PTFE padded 
channels, which provide the same restorative force without 
overly restricting the natural range of motion of the thumb. 

Figure 3. Block Diagram of Active Device showing Control 

Circuitry 

 
The active device allows for fine control by providing a 

sufficient counterforce as compensation for the patient’s 
deficit, as well as being an on-demand device rather than 
applying constant force. This on-demand force is exerted on 
each finger individually by a NiTi strip that has been shape 
set annealed in a flattened form, mimicking a finger’s full 
extension. The patient retains the ability to close the hand as 
normal, as the NiTi is malleable below its transition temper-
ature. When the NiTi is heated (or in certain cases cooled), 
the material returns to its shape-set annealed form. This 
provides an evenly distributed force across the entire length 
of each affected finger and, in concert with the other fin-
gers, opens the hand by extending the fingers. 
 

In a pilot program or clinical setting, the passive and ac-
tive devices overlap in function offering each patient a 
unique and custom capability, where application and budget 
play key roles. The passive device requires lower labor and 
cost to produce, assemble and maintain, as the materials are 
chosen for strength and durability and require no batteries to 
operate. The device can be used in a controlled setting for 
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rehabilitation therapy, or for extended use in an outpatient 
setting. The active (computer-controlled) device is more 
expensive, but offers increased hand-opening control, creat-
ing a more versatile on-demand device [6]. In addition to 
inpatient and outpatient therapy, the device would be appro-
priate for patients with retained grip and permanent exten-
sion deficits, restoring function to an otherwise minimally 
useful hand. In addition, the granular control can restore 
function to single fingers or joints, correcting a wider range 
of deficits than the passive device (see Figure 3). 
 

Wireless EMG Sensing to Control an 
Active Prosthesis Device 
 

This research study explored the implementation of Radio 
Frequency Identification (RFID) technology in the teleme-
try of Electromyogram (EMG) signals to the processing unit 
of a hand-opening assistive device. The scope of the HOAD 
project orthosis, current EMG detection technology and the 
target EMG technology are presented here as well as the 
advantages and limitations of using RFID and EMG sensor 
technology. The mechanism of user control of current arm 
prostheses such as the Johns Hopkins University modular 
prosthetic limb [7] was examined in order to gain insight 
into how to optimally design the HOAD’s user control. 
 

The device was designed to operate under the control of 
its owner via myoelectric signals sensed by dime-sized sur-
face or implantable EMG electrodes, which are typically 
attached or inserted along the pectoral muscle of the user to 
detect the small voltages caused by contraction of any mus-
cle [8]. A central microprocessing unit processes these volt-
age signals and relays them to the Nitinol actuators control-
ling extension or contraction, grip, pinch force and speed of 

the HOAD-driven fingers. Coupling of passive micro-RFID 
tags and EMG sensors allows monitoring and wireless 
transmission of muscle stimuli to Nitinol actuators. A suffi-
cient number of distinct EMG signals must be detected to 
permit extending each lifting actuator. Ideally, HOAD will 
be intuitive to use, where unique EMG signals correspond-
ing to finger translation and/or rotation can be detected and 
matched to HOAD’s actuators.  
 

Figure 4 shows a simplified flowchart of the proposed 
operation of the HOAD which relays EMG signals via mi-
cro-RFID tags [9]. The user thinks about which finger he/
she wants to move, which in turn generates an EMG signal 
in the form of an upper-chest, pectoral muscle twitch. This 
signal (array) is detected by multiple EMG sensors–sixteen 
miniature surface electrodes are placed on the surface of the 
skin on the upper part of the chest, which is wirelessly con-
veyed to an on-hip or in-glove microprocessor within the 
glove orthotic housing via micro-RFID tags. The micropro-
cessor responds by sending an electrical command to Nitin-
ol actuator(s) so that the finger/hand moves accordingly. 
 

EMG signals detected by each selected sensor are ampli-
fied via an op-amp and filtered to reduce high-frequency 
noise (caused by the environment) and low-frequency noise 
(from traveling through the flesh to the skin) [10]. Surface 
muscle contraction detection is most advantageous because 
of its non-invasiveness; detection of weaker myoelectric 
signals could reduce the dexterity of HOAD fingers if inti-
mate contact with the skin is not maintained. The type and 
size of electrodes used will also affect the quality of the 
EMG signals. Wet-gel electrodes have the best skin imped-
ance values. Smaller electrodes limit cross-talk among elec-
trodes, but the smaller the electrode the higher its imped-
ance value. HOAD will also consider using a series of gold-

Figure 4. Miniature Surface EMG Sensor(s); Micro-RFID Tag; Miniature RFID Reader; RF Microprocessor; Nitinol Actuator 
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plated beryllium-copper convex contacts for the EMG chest 
pick-ups in lieu of wet-gel electrodes in order to decrease 
impedance values and possibly eliminate the gel applica-
tion. Patients will be trained over a two-month period to be 
able to twitch at most 16 minor pectoral muscles on the af-
fected side. JHU Applied Physics Labs has already devel-
oped a successfully working system and software to drive 
robotic appliances. This system or a wireless variant is cur-
rently under consideration as HOAD continues to develop a 
flexible EMG array, customizable for each patient.  
 

Micro-RFID tags are particularly attractive for implemen-
tation in a sensing network because of its small size and 
durability. They are lightweight and enable high-speed com-
munication over a short distance of a few feet and are exter-
nally powered by RF energy. Efficient wireless data transfer 
is a challenge for this project due to power and space con-
straints and possible inconsistencies in the radio bandwidth 
as the patient moves. The time delay from receipt of myoe-
lectric signals and transmission of commands to move actu-
ators may restrict the speed of HOAD’s real-time move-
ment. However, the type of micro-RFID tag selected for 
implementation will provide optimized functionality with 
these constraints.  
 

RFID is a popular wireless technology that uses radio 
frequency waves to broadcast energy and transmit data. A 
microchip with an antennae attached (RFID tag) receives an 
RF signal and transmits/responds a unique ID code (16-128 
numbers of bits) back to an RFID reader [11]. This identifi-
cation information is then relayed from the reader to com-
puters. Passive micro-RFID tags do not need batteries since 
they are powered by the radio frequency signal sent by 
transceivers, or RFID readers [12]. They can be as small as 
1/3 mm; size depends on antenna selection, which in turn 
affects range. Micro-RFID tags can be read up to 15 feet 
away through clothes, wallets and even cars, depending on 
the radio frequency. Micro-RFID tags can be active or pas-
sive. Passive micro-RFID chips have no internal power sup-
ply, while active tags are powered via batteries. Passive 
RFID tags draw power from the radio waves sent from the 
reader, which induce a current in the tag’s antennae. Low-
frequency micro-RFID tags use less power, are least affect-
ed by fluid-containing or metallic objects and have adequate 
transmission rates for most applications. High-frequency 
tags function around metallic and high water-containing 
items and have higher transmission rates and ranges. Low-
frequency tags tend to cost less than high-frequency tags; 
ultra-high frequency (UHF) tags have very high data trans-
fer rates and reading ranges, but the smallest penetrating 
abilities. However, UHF tags may be dramatically affected 
by the presence of fluids and metal. For HOAD’s purposes, 
high-frequency micro-RFIDs are recommended because of 
the speed and quantity of data that can be transferred.  

More EMG inputs could translate into a broader range of 
hand prehensile patterns such as enabling independent digit 
movement. However, more inputs could also increase user 
cognitive burden, thereby rendering the device difficult to 
control. Up to 32 channels are available for EMG inputs that 
can be detected on the pectoral muscle matrix. These micro-
RFID tags are read via a portable detector. RFID transpond-
ers for 16-32 micro-RFID tags tend to be very large 
(warehouse RFID readers occupy ~10 square inches) and 
require equally as large antennae to detect all of the tags. In 
addition, these detectors are very expensive (warehouse 
RFID readers cost ~$1,500).  
 

Devices with wireless EMG pickups permit the user to 
simply think about moving his/her arm; this integrates al-

most seamlessly with the normal process of moving an arm. 
This two-month learning curve is an important component. 
Patients are often delayed from using the affected hand until 
rehabilitation has occurred. There may be additional limita-
tions on precision and control of the movement of arm and 
hands, which directly relates to the number and type of 
EMG sensors used. The patient’s own ability to volitionally 
modulate the closing rate of their affected limb may help 
mitigate this potential limitation.  
 

Documentation  

 
Every element of an RA’s contribution to research is 

maintained interactively such that member RAs or faculty 
are able to review the latest version and, with permission, 
are allowed to review/edit any file of interest. In this man-
ner, anything stored in the HOAD Research group’s Drop-
box always includes the latest rendition under construction. 
Users may also elect to restore earlier versions should that 
become necessary as previous versions are archived. Figure 
5 is a sample of this format: 
 

Force Testing and Measurements  
 

As a prerequisite for customizing a HOAD glove-like 
device for a client, a physician, physiologist, physiatrist or 
clinician must measure the severity of the client's hand-
opening and/or closing deficit for each affected finger or 
other medical trauma that may qualify them as a suitable 
candidate to use any of the HOAD hand orthotic devices 
(see Figure 6). Patient dysfunction and severity measure-
ments must be collected in order to pre-qualify them and to 
determine the counter-force actuator blade(s) best suited for 
that particular patient. The HOAD Research group is cur-
rently developing a procedure with documentation to meas-
ure the finger strength deficit of each patient being evaluat-
ed. An electronic force measurement instrument is under 
consideration for retrofit to record such range of motion 
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(ROM) and tone needed to apply his or her maximum finger 
extension force against the instrument. A measurable volt-
age within the force measurement instrument is needed to 
repeat the process for each finger and thumb of the affected 
hand. This force measuring instrument may be connected to 
an input channel of National Instrument's data acquisition 
hardware (or permit the collected data to be downloaded via 
USB to a nearby laptop), allowing the data to be transferred 
to a computer running LabVIEW, a GUI-based program-
ming environment. Using a coding structure that HOAD 
research assistants are developing, the LabVIEW program 
will collect the force voltage data of each finger, calculate 
the force associated with the voltage data, and output a data 
table conveying the client's extension force for each individ-
ual trial and the deviation of the client's extension force 
from the norm. Alternatively, HOAD has developed a work-
ing relationship with Lafayette Instrument and has secured a 
signed NDA. HOAD expected to actively collaborate with 
Lafayette during the 2013 summer semester in order to de-
velop a series of adaptor kits that will permit both measure-
ment and testing of materials and patient deficits. Obtaining 
such data, the technician or clinician will be able to deter-
mine the type and number of NiTi, pultruded carbon (or 
equal) blades that should be assembled and installed into 

each specific actuator blade channel of the HOAD glove as 
a counterforce to match the client's individual needs, there-
by optimizing the HOAD glove's effectiveness for each in-
dividual patient. 
 

Meeting FDA Regulatory 
Requirements 
 
FDA Medical Device Approval Process for 
HOAD Research Unpowered and Powered Hand 
Orthotic Devices (An Overview) 
 

Navigating the FDA process for a medical device is often 
difficult, no matter the kind of device. Depending on the 
complexity and safety issues of the device, the approvals 
process can stall, move through convoluted steps and possi-
bly even revert to previous steps. Fortunately, there are clas-
ses and lecture series dedicated to explaining these intricate 
steps to developers. The HOAD Research team developed a 
broad knowledge base on the FDA process at a semester-
long FDA lecture series taught by visiting professors who 
currently work at the FDA. 

Figure 5. Generic “Dropbox” Website Offering 
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The “takeaways” from the class were talking with FDA 
officials and other medical device companies. This will ena-
ble HOAD Research team members to navigate the process 
effectively and compare and contrast both passive and ac-
tive orthotic devices and reference predicate devices cur-
rently on the market in order to qualify as a Class I device. 
Predicate devices may be found on the FDA website, which 
is an immensely useful resource for any device developer, 
no matter how big or small. The site is http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfPMN/pmn.cf 
 

The following process steps have been established by the 
FDA: 1) Investigational Device Exemption for preclinical 
trials based on HOAD’s assertion that other substantially 
equivalent devices (see Table 2) have been so classified; 2) 

Premarket Program Submission to determine its risk classi-
fication; 3) Design Controls to ensure that the device design 

conforms to end-user specifications; and, 4) Post-market 
Surveillance Program to check device safety post-FDA ap-
proval. An on-going search was made for competitive de-
vices and is indicated in Table 2. 
 

 HOAD Research will have to devise a clinical testing 
program for its two devices to show them as substantially 
equivalent to predicate devices currently on the market. Af-
ter completing this and following applicable JHU SOM 
guidelines, the HOAD devices can clear a 510(k) premarket 

notification while remaining substantially equivalent to a 
predicate device and avoid significant costs and time to pro-
cess. The HOAD device will likely spend less than the aver-
age amount of time in the FDA device process because evi-
dence of being substantially equivalent is provided. This 
could not have been done without significant research on 
the FDA website and the informative FDA lecture series 
hosted by Johns Hopkins—both extremely valuable teach-
ing tools. HOAD Research has now completed its pre-
production prototype hand-orthotic device training program. 
HOAD intends to begin discussions with an FDA-assigned 
navigator and follow his/her advice leading to full FDA 
compliance and buy-in.  
 

 Other Regulatory Agencies 

 
While in industry, the authors submitted hematology anal-

ysis equipment to various regulatory agencies. The FDA 
class of equipment was clearly defined and the path to take 
with the FDA was already established with other similar 
(predicate) devices within the company. However, the path 
to take with the FDA for these Hand-Opening Assistive 
Devices was a unique challenge. After attending the FDA in
-house lecture series at Johns Hopkins School of Medicine, 
and a workshop from Medical Design and Manufacturing 
(MD&M), the authors gained more knowledge of the re-

Company MSRP [$ USD]
Active/ 

Passive

Commercial 

or R&D
Use

Ease of dress 

(don/doff)

Light 

weight

Low 

profile

 Range of 

Motion

Wrist 

position
Comfortable

Weather 

Resistant

#1 7908 A C Full Y Y Y Y None Yes N/A

#2 38 P C Full N Y Y None Fixed Yes Yes

#3 305 (base) P C Full Y Y Y N/A None Yes Yes

#4 240 P C Supervised Y Y Y Partial None Yes Yes

#5 1000 A R&D Supervised N N N Partial Fixed N/A N/A

#6 1000 P C Supervised Y Y Y N/A N/A Yes N/A

#7 1690 P C Supervised N N N N Fixed No Yes

#8 119 P C Full Y Y Y None None Yes Yes

#9 N/A A R&D Supervised Y Y Y Full None Yes No

#10 40 P C

#11 N/A A R&D Supervised N/A N/A Y Partial None N/A No

#12 not on market A R&D Supervised N/A N Y Partial None Yes No

#13 117 A R&D Supervised N/A Y Y Partial Fixed Yes No

↓ ↓ ↓

#23 not on market No R&D Full Y Y Y Partial None No Yes

JHU HOAD Competitive A,P R&D Full Y Y Y Full Full Yes Yes

Table 2.  Competitive/Predicate Devices [sample extract]  
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quirements for these devices and how to receive up-to-date, 
FDA information related to medical devices. 
 

Since the active HOAD appliance includes electronic 
circuitry, another area that is to be examined is to apply for 
the equivalent of an Underwriters Laboratory (UL) listing, 
but use a harmonized standard IEC 60601-1, which also 
covers other countries. Additionally, HOAD may seek a 
specialized marking for medical equipment for the Europe-
an Union (CE Marking) when the devices are sold through 
licensees in Europe [13]. 
 

The Project Development Research 
Process 
 

Figure 6 describes mandatory process flow steps, from 
determining need for the product to world-wide distribution 
rights. Figure 7 provides an assembly overview of a typical 
HOAD Research group, hand-opening orthotic value-stream 
map. 

Figure 6. Process Flow Chart 

 

Intended Use  
 

Over a million stroke victims in the U.S. alone [1] are 
unable to open their affected hands. Yet, a portion of these 
individuals, estimated to be 266,000, retain the ability to 
volitionally control shoulder, arm and elbow and retain hand 
grip strength. HOAD’s charter is to develop comfortable, 
low-profile and robust hand-assistive glove-like devices, 
which enable the wearer to reopen the affected hand. The 
successful completion of each of these devices has strong 
national and global implications to the patient and to the 
marketplace. Three passive, spring-assisted designs are cov-

ered under a single U.S. patent (13/178,083); additionally, 

three active, computer-controlled, hand-orthotic iterations 
are covered by a single U.S. patent (8,348,810). These indi-
viduals have retained grip and the ability to direct their arm 
and shoulder movements. However, patients do not retain 
the ability to open the affected hand. Each customizable 
device will offer the stroke, traumatic brain injury (TBI), 
Spastic Cerebral Palsy (CP) or ulna nerve patient a counter-
force sufficient to extend their hands and wrists by over-
coming grip strength and undesired wrist positioning. 
 

Collaboration with Business and 
Industry  
 

Extensive collaborative relationships have developed over 
the past six years. Under a joint venture agreement between 
the JHMI School of Medicine, PM&R Department of the 
BME, MechE and Electrical Engineering and the Materials 
Departments at JHU Homewood campus, HOAD is contin-
uously fortified each semester with undergraduate and grad-
uate research assistants (RAs). 
 

A letter of understanding exists, permitting HOAD Re-
search to access first- and second-year medical students to 
participate in a pilot study and/or clinical trials as research 
efforts mature and the need arises for conducting these case 
studies or clinical trials. Over this same period, HOAD has 
been offered: 1) access to the use of rapid prototyping ma-
chines through a local Baltimore firm, PCS, and by Towson 
University; 2) material donations from BSST to co-develop 
a working Peltier (thermoelectric device); 3) a donation of 

$2,200 from the Northrop Grumman Corporation for a 
KEPCO JQE 0–150 VDC power supply, a Model 5015A, 
Power Designs Inc., 0–50 VDC power supply and a Tektro-
nix TDS 524A Digital Oscilloscope; 4) a plant tour, banding 

straps, tools and clamps from the Signode Corporation; 5) 

expensive NITINOL material samples from Johnson Mat-
they and Fort Wayne Metals Corporations; and, 6) a dona-

tion of about thirty (30) pairs of sample gloves from Ansell 
Health Care Products located in S.C. (military glove divi-
sion). Additionally, HOAD located a glove-designer source 
at Clemson University (Clemson Apparel Research), a 
strong glove designer/subcontractor. HOAD Research has 

Figure 7. Value-Stream Map  
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also been offered the service of a local military-type glove 
designer/fabricator and access to the Object Lab at Towson 
University that has a well-supplied Rapid Prototyping facili-
ty. Alternatively, HOAD has located, as a back-up plan, 
Carolina Glove and Safety Company located in Conover, 
N.C. 
 

Future Directions  
 

HOAD Research recently completed a fourth-generation, 
passive, spring-loaded, glove-like, assistive device mock-
up. Our first three mock-ups did not contain provisions for 
an articulating thumb, nor physical Nitinol (NiTi) actuator 
lifting elements, while the fourth version was designed to 
include these capabilities. These super-elastic (NiTi), stain-
less steel or fiber-filled (pultruded-carbon-impregnated) 
counterforce actuator elements were designed to permit a 
patient’s full hand to open easily, assuming that the patient 
already possesses the ability to extend and splay fingers. 
HOAD is constantly on the lookout for qualifying grant 
applications. HOAD has developed a host of grant opportu-
nities; two are internal JHU ATIP and the JHU/UMD Alli-

ance, while two others are the State of MD through TED-
CO; the remaining grant opportunity is being offered by the 

Coulter Foundation. Note that an internal Hopkins ATIP 
grant proposal opportunity re-occurs every six (6) months. 
 

Next-Generation Development  
 

It is important to note that over the past five (5) years, this 
enterprise, save for corporate contributions previously men-
tioned, was developed exclusively by volunteers. Credit-
seeking and volunteer engineering RAs have basically paid 
the university to participate in HOAD’s research program. 
RA contributions have been noteworthy in that they are 
required to produce term papers, that after faculty edits, are 
worthy of study (several have already been published fol-
lowing peer review) by other RAs who also support this 
program as new volunteer researchers. 
 

As hardware designs have matured, internal entities such 
as JHU Technology Transfer and outside organizations like 
Clemson University and MYOMO are beginning to take 
note. As mentioned earlier, HOAD has already received 
patent rights for a series of three (3) spring-assisted orthotic 
devices and a second patent covering a series of three (3) 
computer-controlled orthotic devices. Once HOAD’s de-
signs have matured by lab and bench testing, HOAD will be 
able to offer a prescriptive device, customized to meet a 
patient’s unique needs, by developing a pilot program and 
collecting data from pre-qualified individuals as case stud-

ies. HOAD’s goal is to offer these patients a better quality 
of life and to return the affected hand to usefulness. 
 

HOAD realizes sufficient grant funding must be infused 
to continue to drive this research to fruition in a timely man-
ner. Grant monies will permit us to complete research de-
sign efforts and have working devices suitable for RA and 
recruited Hopkins patients to test. These devices are subject 
to both FDA and JHU requirements. Upon completion, 
HOAD expects to recruit VA volunteers for testing and 
evaluation, conduct case studies, pilot program development 
and clinical trials, as needed. Active (computer-controlled) 
hand-orthosis models may have other useful implications in 
the development of assistive devices for other body parts or 
as a scale-to-need, lightweight alternative to heavy motor-
driven robotic tools and other actuators at the micro or mac-
ro levels. 
 

Conclusion  
 

Engineering RAs that joined the HOAD Research project 
team now have a road map of how a major collaborative 
research project functions involving faculty, undergraduate, 
graduate students and how to gain support within the uni-
versity and from industry. HOAD Research has learned how 
to structure a course to interest undergraduate and graduate 
students, who take the course for credit, and as volunteers. 
Engineering RAs learn individual elements and all phases of 
research and product development, which make them more 
knowledgeable as researchers and engineering candidates 
and, therefore, more attractive to academia or industry upon 
graduation.  

 
RAs eagerly participated in brainstorming sessions led by 

the Edward Land, the Director of the Hand-Opening Assis-
tive Device Project. Ed taught and mentored participants to 
work synergistically and drive HOAD Research to fruition 
by establishing a plan-forward, and never to be without a 
Plan-B as an alternate solution. From an interactive Mile-
stone Event Schedule, RAs were encouraged to select an 
area of interest that best suited them. In this way, RAs are 
able to accept leadership roles or work with assigned in-
structors and other RAs, who were willing to learn as the 
group conducting research or worked on CAD [14] render-
ings, etc. RAs who had previously expressed an interest in a 
particular subject were asked to make direct contributions in 
those areas; selected RAs have been included in this paper. 

As these two robust hand rehabilitative devices progress, 
and advance in sophistication, HOAD will be permitted to 
achieve the goal of enabling people with hand disabilities to 
improve their quality of life. 
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Abstract  
 

Construction bidding is a complex and highly dynamic 
operation involving difficult decisions that involve numer-
ous factors and experience. Similarly, decisions about ap-
propriate markup values to be assigned to new construction 
projects under study require complex analyses of integrated 
factors, some of which are specific to each project, while 
others are dependent on the experience of the analyst. In an 
attempt to provide decision makers in the construction in-
dustry with a better understanding of the consequences of 
their decisions, this paper presents a statistical methodology 
for assessing markup value. To that end, the adopted re-
search methodology: 1) utilized data from a set of complet-
ed construction projects; 2) identified a set of factors that 

govern decision making related to markup value assign-
ments; and, 3) developed an ordered probability model 

based on project characteristics and lessons learned in order 
to define appropriate markup percentages to be assigned for 
new projects. The outcomes illustrated in this research pro-
ject can provide decision makers with insight into factors 
that affect markup value evaluation and provide them with 
tools for assisting them in such decisions.  
 

Introduction 
 

Construction bidding is a complex and highly dynamic 
operation involving difficult decision making founded on a 
multidimensional analysis of interrelated and integrated 
factors that continuously change. Company decision makers 
are challenged to consider all of the relevant factors of their 
environment to enhance the probability of successfully de-
livering a profitable project. Cost engineers are required to 
use their best judgment and intuition to estimate costs, de-
velop budgets and plan for cost control in circumstances 
that must be augmented by previous experience. Such oc-
currences provide a history of bidding lessons learned in 
order to facilitate future decision making in a knowledge-
intensive industry. 

 
Construction markup is logically included in the construc-

tion bid estimate, which entails a complex set of factors that 
may be internal and/or external. Internal factors are those 

aspects related to the performance and ability of a firm to 
complete the required work such as the capacity, ability and 
experience of the in-house team, the nature of the project 
and scope of work, experience with similar projects, finan-
cial capacity of the firm, etc. [1]. External factors, on the 
other hand, include associations with the construction mar-
ket, at which the work is performed, including market sta-
bility, local/foreign, market risk, owner’s financial capacity, 
level of competition, etc. [1]. Due to the dynamics of the 
construction industry and the complexity of particular pro-
jects, multiple internal/external factors may coexist affect-
ing the bid/no-bid decision. Consequently, the lessons 
learned from past experiences are essential to the accuracy 
of markup through proper evaluation of internal/external 
factors. In an effort to minimize these risks and assist deci-
sion makers with their bid/no-bid decision-making process, 
previous researchers have utilized Artificial Intelligence 
(AI) and statistical methodologies in order to evaluate any 
indications of the factors affecting the costing or budgeting 
process. To expand upon the researchers’ knowledge in this 
field, this paper presents a statistical framework and meth-
odology for using ordered probability modeling to predict 
markup value in an incremental manner dependent upon 
project characteristics. Similar methodologies were devel-
oped to tackle different problems in the construction domain 
[2]. This paper represents a starting point in a line of re-
search that aims at developing a robust and automated meth-
odology for predicting markup values to be assigned to new 
bids based on lessons learned in previously completed pro-
jects. Similar frameworks have been addressed in the con-
struction and engineering research fields using Machine 
Learning tools [3] and simulation mechanisms [4], [5].  

 

Literature Review 
 

Construction markup is a critical decision that can influ-
ence the contractor’s ability to win or lose construction bids 
and future projects. A losing bid affects the contractor’s cost 
of doing business and places a significant burden on all of 
the project’s stakeholders to win another project in the fu-
ture. Therefore, the evaluation process needed to make a 
markup decision involves a complex analysis of interrelated 
factors involving more than just the characteristics of the 
project. These decisions place significant importance on 
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internal and external factors based on the company’s previ-
ous experience. Accordingly, the decision to bid is dynami-
cally changing, highly unstructured and characterized by an 
even higher degree of uncertainty. For these reasons, the 
knowledge required to make these markup decisions exists 
through the achievement of previously completed projects 
which subsists explicitly in the cost engineers own experi-
ences. Some of their experiences have been successful, 
while others have not. Regardless, the experiences of previ-
ous projects contribute to the success of future projects so 
that more informed markup decisions can be made in order 
to reduce and/or eliminate unforeseen errors. Thus, the re-
quired knowledge to make these decisions lacks any explicit 
chain of command to enable the success of future decisions 
for projects assimilating similar conditions. Facilitating this 
evaluation process will provide decision makers an im-
proved understanding of the factors necessary to concentrate 
their efforts on more value-added activities. Researchers 
have adopted a wide variety of techniques to model markup 
value decision-making processes; however, little has been 
accomplished in the way of statistical modeling using or-
dered probability to predict construction markup value. 
 

In 2012, Tamer et al. [6] developed a protocol to analyze 
profitability to understand the differences between the actu-
al and the estimated profit resulting from construction pro-
jects. The protocol identified relationships among cost and 
profit centers, so construction company decision makers 
would be able to: 1) recognize the changes in profit margins 
of projects; 2) improve their overall profitability by elimi-

nating problems from the relationships that affect prospec-
tive projects; and, 3) be selective of more profitable projects 

in the bidding phase [6]. Son et al. [7] proposed a hybrid 
predictive model using 64 variables related to the pre-
project planning stage of commercial building projects to 
integrate a support vector regression (SVR) model with a 
principal component analysis (PCA). Lee et al. [8] created 
an automated tool using matrix laboratory (MATLAB) to 
improve the uncertainty of activities’ costs in order to esti-
mate the best-fit probability distribution of cash flows, over-
drafts and profit. Mahfouz [9] and An et al. [10] proposed 
an automated Latent Semantic Analysis model with Support 
Vector Machines to assess cost estimates based on error 
ranges in order to improve construction cost decision mak-
ing. Hwang [11] developed decision support methodology 
to achieve more accurate cost estimates utilizing a dynamic 
regression model for the forecasting of construction index-
es. Similarly, Dogan et al. [12] utilized data related to de-
sign parameters and structural components for model devel-
opment and assessment. Decision trees were implemented 
to place weights on established factors that were further 
implemented through a case-based reasoning system [12]. 
Ammar et al. [13] examined the members of the Federated 

Electrical Contractors to determine the relationship between 
profitability and the size of firms whereas, Russel and Zhai 
[14] examined a stochastic analysis of economic and finan-
cial variables to predict contractor failure. 
 

As can be seen, these researchers have contributed an 
immense amount of knowledge through the advancement of 
construction bidding; however, there has been no considera-

tion of statistical methodologies using ordered probability 
modeling to predict contractor markup value. To fill this 
research gap, the authors of this current study proposed a 
prediction model for construction project markup value 
based on a project’s characteristics and lessons learned 
through ordered probit modeling. 
 

Ordered Probability Modeling 
 

“Ordered probability models (both probit and logit) have 
been widely used since the mid-1970s (see Mckelvery and 
Zavoina, 1975)” [15]. Ordered probit modeling is a statisti-
cal technique that finds the best fit for the data that are cate-
gorized, where there is a preference for one category over 
another. “Examples include situations where respondents 
are asked for quantitative ratings (for example, on a scale 
from 1 to 10, rate the following), ordered opinions (for ex-
ample, you disagree, are neutral, or agree), or categorical 
frequency data” [15]. 
 
The model function by developing a variable, z, in accord-
ance with Equation (1) [15] is: 
 

z = βX + ε                                    (1) 
 
where β is the vector of estimable coefficients for each of 
the variables in Χ, and ε is the random disturbance coeffi-
cient. 
 

The fitting of a newly encountered instance is defined by 
comparing z to predefined thresholds noted by µ in Equa-
tion (2) [15]. In other words, a markup value is allocated to 
category 1 if the calculated z is less than or equal to µ0 and 
category 2 if µ0˂z≤µ1, etc. The values of the thresholds are 
defined based on the tested data set in a similar manner to β. 
 

y = 1 if z ≤ µ0     

y = 2  if µ0 ˂ z ≥ µ1    

y = 3  if µ1 ˂ z ≥ µ2                                   (2) 

y = ………….. 
y = I  if z ≥ µ I-2 

 
Based on the aforementioned description, the probability 

of a newly tested project being assigned to a specific 
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markup value category is defined in accordance with Equa-
tion (3) [15]. 
 

P(y = 1) = Ф(-βΧ)     
P(y = 2) = Ф(µ1 -βΧ) - Ф(βΧ)    
P(y = 3) = Ф(µ2 -βΧ) - Ф(µ1 -βΧ)        (3) 
 ……………. 
 P(y = I) = 1 - Ф(µ I-2 -βΧ)   

  
where Ф is the cumulative normal distribution as per Equa-
tion (4) [15]. 
 

    (4) 
 
 

Research Methodology 
 

To that end, the adopted research methodology described 
in Figure 1 is threefold: 1) Data Preparation; 2) Factors 

Identification; and, 3) Model Development and Implementa-

tion.  

Figure 1. Research Methodology 

 

Data Preparation 
 

The data set used for the current research task included a 
total of 27 construction projects that were completed and 
had a complete set of construction documents and known 

markup values. The utilized projects included a total of 15 
construction projects and 12 change orders (see Figure 2) 
[1]. It is worth mentioning that the markup values of the 
analyzed projects ranged between a minimum of 1.5% to a 
maximum of 13.5%. Consequently, these values were 
grouped into 5 categories at 2.5% intervals. Table 1 shows 
the percentage of projects within each category. 

Figure 2. Data Percentage Distribution [1] 

 
Table 1. Project Distribution per Markup Category 

 

Factor Identification 
 

In attempt to identify a complete set of factors that govern 
decision making related to markup value, two steps were 
performed. First, a literature review of similar studies in this 
domain was made to identify an initial set of factors. Sec-
ond, based on the industry experience of the research team, 
some factors were compiled together and others were added 
to the list. To that end, a total of 32 factors were identified 
(see Table 2). Within the current task, the identified factors 
represent the vector of independent variables (X) in the 
model, while the markup categories were used as the inde-
pendent variable (y) (please refer to Equation 1).  
 

Category # Markup Percentage 
(%) 

Percentage of Project per 
Category (%) 

1 % ≤ 2.5 22 

2 2.5 ˂ % ≤ 5 22 

3 5 ˂ % ≤ 7.5 19 

4 7.5 ˂ % ≤ 10 15 

5 10 ˂ % ≤ 12.5 15 

6 % > 12.5 7 
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Model Development and Implementation  
 

The objective of this study was to validate a research 
methodology through the development of a statistical model 
for the prediction of markup values to be assigned to new 

projects based on specific project characteristics and exam-
ples learned from previous ones. Consequently, the data to 
be analyzed under the current task relate to finding the ap-
propriate markup value (dependent variable) based on prior 
knowledge of existing project factors (independent varia-
bles); the use of a probabilistic modeling approach was suit-

Item  Factor Definition  Type of Factor  

1  Intensity of the site visit  Ordinal 5:high–0:none  

2  Site clearness of obstacles during site visit  Ordinal 5:high–1:low  

3  Possibility of differing site conditions  Ordinal 5:high–0:none  

4  Level of site survey  Ordinal 5:high–1:low  

5  Experience with similar projects  Ordinal 5:high–1:low  

6  Details of existing data  Ordinal 5:high–0:none  

7  Level of details in project definition  Ordinal 5:high–1:low  

8  Level of details in project scope statement  Ordinal 5:high–1:low  

9  Level of details of the project drawings  Ordinal 5:high–1:low  

10  Level of details of the project technical specifications  Ordinal 5:high–1:low  

11  Level of details of the project general conditions  Ordinal 5:high–1:low  

12  Level of details of the project supplementary conditions  Ordinal 5:high–1:low  

13  Level of commitment of the company to the project  Ordinal 5:high–1:low  

14  Financial capacity of the company  Ordinal 5:high–1:low  

15  Financial capacity of the client  Ordinal 5:high–1:low  

16  Time to estimate  Numerical days  

17  Difficulty of the estimating procedures  Ordinal 5:high–1:low  

18  Estimator’s career experience  Numerical years  

19  Estimator’s field work experience  Numerical years  

20  Estimator’s experience with similar projects  Ordinal 5:high–0:none  

21  Estimator’s experience with field work in similar projects  Ordinal 5:high–0:none  

22  Capacity of the estimating team  Ordinal 5:high–1:low  

23  Number of others projects under estimation  Numerical integer  

24  Capacity of the architectural team  Ordinal 5:high–1:low  

25  Capacity of the procurement team  Ordinal 5:high–1:low  

26  Capacity of the technical office team  Ordinal 5:high–1:low  

27  Capacity of the quality control team  Ordinal 5:high–1:low  

28  Capacity of the quality control team  Ordinal 5:high–1:low  

29  Capacity of client  Ordinal 5:high–1:low  

30  Level of construction difficulty  Ordinal 5:high–1:low  

31  Level of competition  Ordinal 5:high–1:low  

32  Type of Project  Integer 1:Original Project –2: Change Order  

Table 2. Initially Identified Set of Factors 
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able. In addition, due to the fact that markup values of the 
studied projects were categorized in intervals of 2.5%, a 
modeling technique of ordered data was needed. The afore-
mentioned facts illustrate the suitability of an ordered probit 
model for the task being investigated. To that end, the pro-
posed methodology for model development is twofold. The 
first relates to identifying the effect of each factor on the 
markup value; i.e., it aims to define the relationship between 

the level of uncertainty in each separate factor on the proba-
bility of increasing or decreasing the markup value. The 
second is concerned with finding the best combination of 
factors that would lead to the highest prediction accuracy of 
the markup to be assigned to a newly encountered project 
based on its characteristics. These processes were per-
formed using NLOGIT, econometric software that is widely 
used for estimation and analysis of linear and nonlinear 
models, with cross-sectional, time-series and panel data 
[16]. 
 

The application of this staged methodology provided use-
ful insights into the main factors that govern decision mak-
ing related to markup values for the construction industry. 
 

Results and Discussion 
 

The outcomes of the implementation of the aforemen-
tioned research methodology are presented in Tables 3-5. 
The following sections provide a closer examination and 
discussion of 1) the analysis of the independent variables, 
and 2) the best fit of a prediction model. 
 

Analysis of the Independent Variables 
 

Table 3 shows the impact of each individual factor on the 
prediction of markup values. The impact of any variable can 
be defined through its t-stat value (Equation 5) [15], which 
is an indicator of a specific parameter being significantly 
different from zero. Additionally, a positive or negative sign 
defines this factor as having a tendency to increase or de-
crease the markup values, respectively. 
 
 
 

(5) 
 
 

For the purpose of illustration, two variables were exam-
ined, namely: “Site clearness of obstacles during site visit” 
and “Possibility of differing site conditions”. The former 
achieved a value of -2, which signifies that as no evidence 
of obstacles that might disturb the progress of work exist; 

the latter is the value of the markup to be assigned as the 
contingency level decreases. To understand the magnitude 
of this effect, one should examine the coefficient (β) of any 

Factor Definition  t-stat  

Intensity of the site visit  -1.66 

Site clearness of obstacles during site visit  -2 

Possibility of differing site conditions  1.93 

Level of site survey  -1.03 

Experience with similar projects  2.73 

Details of existing data  -1.67 

Level of details in project definition  -2.06 

Level of details in project scope statement  -2.87 

Level of details of the project drawings  1.88 

Level of details of the project technical specifications  2.3 

Level of details of the project general conditions  0.87 

Level of details of the project supplementary conditions  1.02 

Level of commitment of the company to the project  1.82 

Financial capacity of the company  0.9 

Financial capacity of the client  1.72 

Time to estimate  -1.87 

Difficulty of the estimating procedures  1 

Estimator’s career experience  1.8 

Estimator’s field work experience  0.52 

Estimator’s experience with similar projects  0.23 

Estimator’s experience with field work in similar projects  1.79 

Capacity of the estimating team  2.23 

Number of others projects under estimation  0.18 

Capacity of the architectural team  -2.19 

Capacity of the procurement team  -1.88 

Capacity of the technical office team  -1.21 

Capacity of the quality control team  -1.3 

Capacity of the quality control team  0.86 

Capacity of client  0.92 

Level of construction difficulty  1.51 

Level of competition  -1.64 

Type of Project  2.23 

Table 3. t-stat of Identified Factors 
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variable, attained by analyzing the factors separately, in 
relation to the nature of the factor assignment. As can be 
seen from Table 2, “Site clearness of obstacles during site 
visit” is assigned as an ordinal value between 5 (high) and 0 
(low). In addition, the β of “Site clearness of obstacles dur-
ing site visit” was found to be -1.07. Consequently, each 
increase of one unit in the value assignment leads to 1.07 
units of decrease in the markup value prediction. However, 
the latter attained t-stat and β values of 1.93 and 2.03, re-
spectively. This illustrates that as the ambiguity about the 
existence of differing site conditions increases, the model 
predicts an increase in the expected value of markup at the 
ratio of 1: 2.03. 
 
Table 4. Coefficients of Identified Factors 

Table 5. Threshold Values for the Best-Developed Model 

Although each factor might have an increasing, decreas-
ing or no effect on the prediction of markup values, only 
ones with statistical significance should be taken into con-
sideration. Within this context, at the one-sided confidence 
interval of 90%, a t-stat value above 1.3 is considered statis-
tically significant. Accordingly, the individual analysis of 
the 32 identified factors yielded a total of statistically signif-
icant factors 66% of which have directly proportional rela-
tions to markup value prediction, while 34% have inversely 
proportional ones. 
 

Best Fit of the Prediction Model 
 

Previously, the effect of each factor on the prediction val-
ue of markup percentages was identified. However, in real 
life, the problem is more complex than that of analyzing a 
single factor as these factors coexist and construction pro-
fessionals employ their judgment to define the precedence 
of one over the other. As a result, a model defining the sta-
tistical significance and highest prediction accuracy of new 
projects while factors coexist together is needed to capture 
the analytical methodologies performed by professionals in 
these cases. To achieve this goal, ordered probit models 
were derived by including factors that were identified to be 
statistically significant in an iterative manner. Throughout 
each iteration, a judgment about the suitability of the indi-
vidual variables was made based on their t-stat, while an 
assessment of the overall model was performed based on 
maximizing Chi squared (R2) and increasing ρ to be as near 
as possible to 1, both of which are measures of model fit-
ness [15].  
 

The outcomes of the best model are illustrated in Tables 4
-6, while the µ calculation is provided in Equation (6). In 
addition, Table 7 provides the variable designation of each 
factor, while Table 8 provides the relationship between cal-
culated µ and the markup category. The highest prediction 
accuracy of 67% was attained utilizing a total of 14 factors. 
A closer examination of the table highlights a number of 
interesting insights about the variables and their relation to 
markup value prediction. The following is a discussion of 
these findings:  

Factor Definition  Coefficient  
Coefficient 

Designation 

Constant 1.316  

Intensity of the site visit  -0.0352 β1 

Site clearness of obstacles dur-
ing site visit  

-0.3697 
β2 

Possibility of differing site con-
ditions  

0.0947 
β3 

Experience with similar projects  -0.0564 
β4 

Level of details of the project 
drawings  

0.0386 
β5 

Level of details of the project 
technical specifications  

0.0745 
β6 

Level of details of the project 
general conditions 

0.0452 
β7 

Level of commitment of the 
company to the project  

0.0059 
β8 

Financial capacity of the com-
pany  

0.0471 
β9 

Time to estimate  -0.00023 β10 

Estimator’s experience with 
similar projects  

-0.0621 
β11 

Number of others projects un-
der estimation  

0.0851 
β12 

Capacity of the architectural 
team  

-0.0073 
β13 

Level of construction difficulty  0.0356 
β14 

Level of competition  -0.0467 β15 

µi Coefficient 

µ0 0.43250057 

µ1 0.53122245 

µ2 1.00232976 

µ3 1.21359271 

µ4 2.0342423 
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Table 6. Model Parameters 

 
● After analyzing the data, there seems to be a general 

trend of increasing markup values, which is noted by 
the positive coefficient of the “constant”. This could be 
attributed to the fact that within the current market sta-
tus, there are great uncertainties about risk allocation, 
price fluctuations and general overhead allowance, 
among other aspects. Consequently, contractors tend to 
increase the markup values to cover unexpected costs.  
 

● The factor “Possibility of differing site conditions” has 
the highest effect on increasing the predicted markup 
value. This could be attributed to the fact that some 
standardized specifications include a statement illustrat-
ing that the owner does not guarantee that the contrac-
tor is not going to face differing site conditions. Such a 
statement delegates the majority of the risk to the con-
tractor, leading to an increase in the markup value. 

 
● Similarly, “Number of others projects under estima-

tion”, “Level of details of the project technical specifi-
cations”, “Financial capacity of the company”, “Level 
of details of the project general conditions”, “Level of 
details of the project drawings”, “Level of construction 
difficulty” and “Level of commitment of the company 
to the project” cause an increase in the predicted 
markup value in a descending order, respectively. This 
is attributed to the fact that these factors represent a 
perceived risk from the contractor’s point of view. Con-
sequently, there is a directly proportional relationship 
between their values and the increased markup esti-
mate.  
 

• On the other hand, the factor “Site clearness of obsta-
cles during site visit” has the highest effect on decreas-
ing the predicted markup value. As mentioned earlier, 
this is attributed to the nature of factor assignment. As 
the ordinal assignment increases, it means that the site 
was deemed to be clear of obstacles that might affect 
the work progress. Such issues decrease the expected 
risk on the contractor’s side.  

 
Table 7. Identification of Variables 

 

Table 8. Thresholds Definition per Markup Category 

Ordered Probability Model   

Maximum Likelihood Estimates   

Dependent variable MK% 

Weighting variable None 

Number of observations 27 

Iterations completed 27 

Log likelihood function -36.2873 

Restricted log likelihood -47.3877 

Chi squared 45.44079 

Degrees of freedom 15 

Prob[ChiSqd > value] = 0.000407 

Underlying probabilities based on Normal  

Factor Definition  Variable  

Intensity of the site visit  X1 

Site clearness of obstacles during site visit  X2 

Possibility of differing site conditions  X3 

Experience with similar projects  X4 

Level of details of the project drawings  X5 

Level of details of the project technical specifications  X6 

Level of details of the project general conditions X7 

Level of commitment of the company to the project  X8 

Financial capacity of the company  X9 

Time to estimate  X10 

Estimator’s experience with similar projects  X11 

Number of others projects under estimation  X12 

Capacity of the architectural team  X13 

Level of construction difficulty  X14 

Level of competition  X15 

Threshold Definition 

µi 

Markup 

Category 

Markup % 

µi ≤ µ0 
1 % ≤ 2.5 

µ0 ˂ µi ≤ µ1 
2 2.5 ˂ % ≤ 5 

µ1 ˂ µi ≤ µ2 
3 5 ˂ % ≤ 7.5 

µ2 ˂ µi ≤ µ3 
4 7.5 ˂ % ≤ 10 

µ3 ˂ µi ≤ µ4 5 10 ˂ % ≤ 12.5 

µi > µ4 6 % > 12.5 
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● Similarly, “Estimator’s experience with similar pro-
jects”, “Level of competition”, “Intensity of the site 
visit”, “Capacity of the architectural team”, 
“Experience with similar projects” and “Time to esti-
mate” cause a decrease in the predicted markup value in 
a descending order, respectively. This is attributed to 
the fact that an increase in the score of any of these 
factors represents a decrease in the risk associated with 
the project. 

 
µi  = 1.316+β1X1+β2X2+β3X3+β4X4+β5X5+β6X6+ 

β7X7+β8X8+β9X9+β10X10+β11X11+β12X12+ 
β13X13+β14X14+β15X15                                                  (6) 

 
where βi refers to the coefficients identified in Table 4 and 
Xi refers to the variables identified in Table 6. 
 

Conclusion 
 

In this paper, the authors proposed a prediction model for 
markup value in the construction industry through statistical 
modeling. To that end, the adopted research methodology 
utilized a data set comprised of 27 completed projects. The 
best developed model attained a prediction accuracy of 67% 
through the use of 14 project related factors.  

 
The adopted research methodology has some limitations 

that should be discussed. First, the number of projects used 
for model development should be increased to have a better 
inference to the general population. Second, the adopted 
factors that were collected through literature review were 
evaluated through the research team’s experience. However, 
the perspective of practitioners in the construction industry 
about the identified factors as well as others that may be 
added would enhance the model’s performance. Conse-
quently, these limitations and others, including defining the 
perspective of industry practitioners about the weights and 
precedence of the utilized factors, would be addressed with-
in the future work of the research team. 
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Abstract  
 

Roadway safety in Tanzania has continued to degrade 
despite numerous efforts made by the government and 
transportation agencies to make them safer. The causes and 
contributing factors to unsafe roadways span from roadway 
design deficiencies and human factors to a lack of enforcing 
traffic laws and regulations. For example, most major high-
ways are undivided and have two lanes without overtaking/
passing lanes, resulting in frequent head-on fatal collisions. 
Furthermore, most highways pass through urban and rural 
areas with a high volume of pedestrians, bicyclists and ani-
mals without pedestrian-crossing markings. More im-
portantly, even where pedestrian-crossing markings are 
available, most drivers do not yield to pedestrians; instead, 

pedestrians tend to have to yield to motorists. This causes 
numerous fatal collisions between pedestrians and motorists 
and creates difficult conditions especially for older people 
who share the roadway with other motorists. The objective 
of this study was to qualitatively analyze the causes and 
contributing factors affecting road safety, particularly of 
older people along major highways in Tanzania. To accom-
plish this objective, a 70 km (43.5 miles) section of the 
TANZAM (Tanzania-Zambia) highway was used as a case 
study by observing the roadway, traffic and crash character-
istics of this section. The data showed that there is still an 
increase in the number of crashes, which supports other 
studies in the literature. Solutions that could result in a de-
crease in the number of crashes include the separation of 
opposing traffic and separation of traffic and pedestrians. 
Furthermore, the enforcers of the roadway laws, rules and 
regulations should be stricter to make the road users respon-
sible for their actions, especially in the case of drivers. 
 

Introduction  

 

Tanzania has a total length of 85,000 kilometers of road 
network, of which 28,000 kilometers (17,399 Miles) are 
trunk and regional roads (i.e., arterials and collectors) under 
the Tanzania National Roads Agency (TANROADS). Out 
of these 28,000 kilometers of the network of roads, only 6% 
are paved (TANROADS, 2006). Tanzania had a total of 

577,949 registered vehicles composed of motorcars (14%), 
motorized 2- and 3-wheelers (9%), minibuses, vans, etc. 
(seating <20) (57%), trucks (7%), buses (4%) and other 
(9%) (National Roadways Safety Council). 
 

 Roadway safety in Tanzania has continued to degrade, 
despite numerous efforts by the government and transporta-
tion agencies to make them safer. The contributing factors 
to unsafe roadways are roadway design deficiencies, human 
factors and a lack of proper enforcement. Most major arteri-
als are undivided, two-lane roadways without overtaking/
passing lanes resulting in frequent head-on fatal collisions. 
Furthermore, most highways pass through urban and rural 
areas with a high volume of pedestrians, bicyclists and ani-
mals without pedestrian-crossing markings. More im-
portantly, most drivers do not yield to pedestrians, where 
pedestrian-cross markings are available. This causes numer-
ous fatal collisions between pedestrians and motorists and 
creates difficult conditions, especially for older people to 
cross a highway. 
 

The objective of this study was to qualitatively analyze 
the causes and contributing factors affecting safety of the 
road users, in particular older people along major highways 
in Tanzania. To accomplish this objective, a 70 km (43.5 
miles) section of the TANZAM (Tanzania-Zambia) high-
way was used as a case study. This section was a paved, two
-lane undivided highway, as shown in Figure 1, and was one 
of the high traffic carrying roads in Tanzania. The highway 
carries most of the traffic from the business city of Dar-es-
Salaam to 24 other regions in the country. Additionally, this 
highway connects the Dar-es-Salaam port to neighboring 
countries of Congo, Rwanda Burundi, Malawi and Zambia.  

Figure 1. Roadway and Traffic Conditions on Different 

Sections of the Roadways  
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Literature Review 
 

Road Safety is a serious problem all over the world and 
its severity is more pronounced in developing countries, 
especially in Africa. Traffic crashes and injuries constitute 
major health, economic and developmental challenges to 
African countries. For its 4% of the world’s motor vehicles, 
the fatalities on African roads exceed 10% [1]. In this re-
gard, Tanzania, being one of the African countries, was no 
exception. From road-crash statistics, the number of road 
crashes has increased year after year. For example, between 
1990 and 2000, the number of road traffic accidents rose by 
44% [2]. Furthermore, from 2000 to 2006, the total number 
of reported traffic crashes increased by 16.8% and the num-
ber of fatal crashes, resulting in one or more deaths, in-
creased by 67% both of which are higher than the popula-
tion growth of 7.8% in the same time period.  
 

As of 2001, road crashes cost the government of Tanzania 
nearly TShs. 20 billion annually [3]. These crashes cause 
not only deaths but also leave behind devastated families, 
loss of income to the nation and cause permanent disabili-
ties to crash victims. These road traffic accidents accounted 
for 56% of all patients admitted to Muhimbili Medical Cen-
tre, which is the largest medical center in Tanzania, due to 
injuries [2]. The risk of being killed in a traffic crash in Tan-
zania—relative  to the number of vehicles on the road—is 
20-30 times higher than in the U.S. and many countries in 
Western Europe [3]. 
 

A number of other studies [2-4] have documented the 
probable causes of crashes to be driver error, pedestrian 
error, cyclist error, drunk driving or fatigue, vehicle me-
chanical default, and road or environmental conditions. Of 
the aforementioned causes, human error accounts for more 
than 75%, followed by vehicle mechanical faults, which 
account for 17% [4]. The contribution of human error in 
causing crashes is not only confined to drivers but also to 
passengers, cyclists and pedestrians. It is common for pas-
sengers to try to board and disembark into/from a bus while 
it is in motion. The aforementioned passenger behavior is 
more pronounced in urban areas, especially during the rush 
hour when there are more passengers than the number of 
buses. Pedestrians in rural areas face different challenges 
from those in the urban areas. In rural areas, walking is a 
major mode of transport and pedestrians in these areas are at 
considerable risk, due to the higher speeds of traffic and 
lack of pedestrian facilities. Other reasons include the fact 
that pedestrians are not very knowledgeable of traffic regu-
lations governing road use, which is expected since most 
rural residents do not own or operate motor vehicles. On the 
other hand, in urban areas, pedestrians are forced to walk on 
the carriageway since some vehicles usually park on the 

sidewalks and sometimes the sidewalks are used by petty 
traders.  
 

In an effort to address road safety problems, the govern-
ment of Tanzania developed and implemented a comprehen-
sive road safety program. The program included develop-
ment of the National Road Safety Council (NRSC) for coor-
dinating road safety activities, mandatory driving school 
and installation of speed limiters on public buses, to name a 
few. Despite these efforts by the government and private 
agencies, the frequency of traffic accidents has continued to 
grow. Failure of the current efforts may be attributed to the 
following factors: 
 

The problem of road crashes in relation to its counter-
measures seems to have formed a vicious circle [5], as de-
picted in Figure 2. The occurrence of tragic road crash leads 
citizens to complain of the persisting road safety problem, 
which pressures the government to implement immediate 
countermeasures. Usually, the implemented countermeas-
ures are in effect only for a short period of time and people 
tend to forget and the bad driving habits resume until anoth-
er tragic crash occurs. This road accident circle calls for 
more long-term solutions rather than short-term counter-
measures.  

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 
 
Figure 2. Road-Crash Vicious Cycle 
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Corruption is one of the major impediments to the success 
of road safety efforts. For example, learner’s driver licenses 
and driver’s licenses are issued regardless of whether the 
person has the required knowledge and skills to operate a 
vehicle on the roadway [3]. This makes the mandatory driv-
ing school ineffectual and of no use. Additionally, it is com-
mon for violators of driving rules not to pay their fines, thus 
promoting dangerous driving behavior. 
 

Road-safety education has never been incorporated into 
the Tanzania educational curriculum and its effects are 
demonstrated by: 
 

• Engineers in Tanzania design and construct road-
ways with little consideration for safety. Some-
times, political decisions overrule the safety provi-
sions. For example, Chiduo and Minja [3] indicat-
ed in their study that “in one project it was very 
difficult to convince political leaders to allow the 
provision of sidewalks instead of an extra kilome-
ter of a paved road”. Had the politicians been edu-
cated on the importance of sidewalks to the people 
they serve, they would have considered safety first 
rather than massive provisions of unsafe facilities. 

 

• Like in developed countries, police officers do 
enforce the posted speed limits and drivers do tend 
to slow down in those sections. However, on the 
sections that do not have enforcement of the speed 
limits, drivers speed up. Drivers know where the 
enforced sections are as they inform each other of 
the presence of police officers through radios and 
cell phones, thus making enforcement all but im-
possible. 

 

• Most newly built/rehabilitated roads in Tanzania 
have road signs and markings installed for guiding 
the travelling public. However, over time, road 
signs are vandalized, stolen and sold as scrap metal 
and sometimes removed by drivers. With no speed 
limit signs, it is hard for police officers to enforce. 
Had the community been educated about the im-
portance of road signs, then none would have sto-
len or removed the signs. Additionally, scrap metal 
buyers would have reported the thieves to the au-
thorities. 

 
While these attempts to address the road-safety problems 

are recognized, the problem of traffic-crash recurrence per-
sists. This motivates the development of alternative counter-
measures that have long-term effects rather than the current 
short-term methods. 
 

Discussion 
 

Studies done on roadway crash characteristics have 
shown an increase in the number of crashes in the country, 
as shown in Figure 3(a). In addition, in Kibaha, through 
which the selected section goes, also shows a variation of 
crashes yearly with a general increase trend, as observed in 
Figure 3.  

(a) Distribution of Total Number of Crashes  

(b) Distribution of Crash Rates by Severity  

 
Figure 3. Distribution of Crashes Yearly 

 
Since car-pooling is the most common means of transpor-

tation on this section, most casualties result from high pas-
senger vehicles, as shown in Figure 4. The crashes that oc-
cur usually affect a larger number of people, since the vehi-
cles on this road carry 10 passengers or more. Other graphs 
showing distributions of crashes by age group and contrib-
uting causes are shown in Figure 5 through Figure 9.  
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Figure 4. Traffic Fatalities in Tanzania for Road User 

 

Figure 5. Traffic Fatalities by Age Group and Gender 

 

Figure 6. Traffic Injuries for Road Users by Different Age 

Groups  

Figure 7. Causalities by Vehicle Types in Kibaha  

 

Figure 8. Contributing Causes for Crashes in Tanzania 

 

 

Figure 9. Fatality Rate per Number of Fatal Crashes  

 

——————————————————————————————————————————————–———— 

ANALYSIS OF HIGHWAY SAFETY TANZANIA: A CASE STUDY OF TANZAM HIGHWAY (KIBAHA – CHALINZE SECTION)        65 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 66                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V5, N1, SPRING/SUMMER 2013 

Conclusions and Recommendations  
 

Over the years, the number of crashes has been increasing 
and this could be attributed to the increase in exposure fac-
tors such as the increase in traffic. However, the number of 
casualties for pedestrian and passengers over the age of 45 
has shown to be high in past years. This could be due to the 
fact that most sections are two-way, undivided highways 
with high-speed traffic interacting with other road users. In 
addition, the geometric conditions for the roadways are not 
conducive for mixed-road users. Specifically, the section 
does not have pedestrian crossing facilities and this imposes 
further challenges especially to older road users to cross the 
road. Lack of stringent enforcement is also one of the fac-
tors that contribute to traffic crashes. Speeding and overtak-
ing/passing on restricted areas is one of the major reasons 
for traffic crashes and passengers injuries. The improvement 
of roadway safety in this section and other sections in Tan-
zania needs to be in phases. The following are recommend-
ed steps that should be taken towards reducing the number 
of crashes on the roadways. 
 

An emphasis on educating road users on road safety and 
strict driver-licensing procedures is expected to significantly 
reduce traffic crashes. The importance of this aspect is also 
shown in a study done in Lima [6] that found that low pater-
nal education was one of the factors that predisposed chil-
dren to pedestrian traffic injuries. Looking ahead, studies 
are needed to further investigate the causes and contributing 
factors for injuries of older road users. Generally, older peo-
ple have impaired vision, are in poorer physical condition 
and have reduced mental abilities, making them more vul-
nerable to traffic crashes in two-way, undivided roadways. 
This is imperative because, like a recent study that showed 
that the data sources from studies done in urban Africa and 
Asia, there has been a low level of investment in the preven-
tion of injuries in most third-world countries [7], [8] in par-
ticular, injuries to children in the poorest regions. Standard-
ized traffic crash data collection is also very important in 
order to accurately understand the causes and contributing 
factors in traffic crashes for implementing safety improve-
ment countermeasures.  
 

Limitations  
 

The lack of enough traffic and crash information was one 
of the challenges in this study. Models were impossible to 
develop due to the limited data. However, efforts are being 
made to collect more information in order to provide further 
research on these roadways. 
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Abstract  
 

Effective instruction in Engineering and Technology re-
quires knowledge of how students understand key concepts 
in these disciplines. Incorrect mental models, deeply rooted 
in everyday experience, can significantly affect student 
learning. Evidence suggests that students who learn new 
material may already have some understanding and precon-
ceptions about the new concepts.  
 

Misconceptions about electricity by Engineering Technol-
ogy (ET) freshmen and first-semester sophomores (called 
novices) were analyzed and compared to the misconceptions 
of senior ET students. The study 1) targeted the correlation 
between student academic success (grades) and student mis-
conceptions, and 2) attempted to understand how accurately 
grades represent the knowledge of novices and senior stu-
dents. Non-equivalent groups of 20 novices and 22 seniors 
participated in this study. The mixed-methods research 
methodology included two phases. In the quantitative phase, 
all students responded to a Concept Inventory [1] to test 
their knowledge about fundamental concepts of electricity 
and electronics. During the qualitative phase, eight novices 
and eight seniors were interviewed to investigate their in-
correct responses from the previously taken Concept Inven-
tory. 
 

Two very interesting and unexpected results deserve at-
tention. First, in the novice group, a negative correlation 
between grades and misconceptions was stronger than in the 
senior group. Apparently, incorrect understanding of elec-
tricity in the senior group is frequently disguised by a more 
well-developed technical vocabulary. Notably, even the 
brightest high-GPA students had numerous mistaken be-
liefs. The other unexpected result was that the ambiguity in 
student responses was almost equal in senior and novice 
groups. While responding aloud and verbally articulating 
their knowledge, students often changed their incorrect re-
sponses for the correct ones, possibly only because they 
were able to hear themselves. 

Introduction  

 
The shortcomings in STEM education in the U.S. attract 

great attention at the Federal and State levels. The focus on 
STEM (and in particular on Engineering Technology) is 
closely related to concerns about the competitiveness of the 
United States in the global economy, and to the deficiency 
in numbers of domestic engineers and qualified workers [2-
4]. The problem is that even high-academic-performing 
Engineering, Technology and Science students after four 
years of college instruction continue to hold significant mis-
conceptions about scientific concepts and have misinterpre-
tations of phenomena such as electricity, force and light. It 
has been reported that the practical knowledge of students is 
also limited and students’ ability to solve problems is weak-
er than desired. Even with the increasing competency that 
occurs while moving from freshman to senior levels, stu-
dents learn how to follow familiar algorithms (e.g., to solve 
equations) but often they are unable to explain why they 
followed those algorithms [5-8].  
 

By analyzing student misconceptions about electricity, the 
researchers attempted to understand and evaluate the link 
between student grades and real knowledge obtained in col-
lege. The field of electricity was chosen because it contains 
scientific, technological and practical concepts, which are 
frequently misunderstood. A clear understanding of phe-
nomena is particularly important for Engineering (and Engi-
neering Technology) students because new graduates be-
come analysts, designers and problem solvers responsible 
for a wide spectrum of decisions at their work places. 
 

Background 
 

Learning is inseparably linked to the process of creation/
destruction of misconceptions. Previously cited studies in 
recent years have offered proof that many students do not 
understand science concepts in the same way as experts and 
scientists. Science concepts overlap in many ways with en-
gineering and technology concepts. Thus, students’ incor-
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rect understanding of scientific concepts and natural phe-
nomena affects their engineering and technological perfor-
mance. One of the major questions in research about mis-
conceptions is why students continue to have misconcep-
tions even after extensive instruction. The literature reports 
six of the most significant reasons for that: 
 
● Some difficult-to-learn science concepts may have 

developmental causes, but disappear when a learner 
grows up. However, this is not likely to be a key is-
sue for engineering students, since a majority of them 
are adult learners [9], [10]. 

● Concepts are more difficult to learn: 1) when they are 
not directly observable, and 2) when a macroscopic 
pattern emerges from unobservable microscopic phe-
nomena. The inability to directly observe key con-
ceptual quantities such as force and energy almost 
certainly contributes to the difficulty in learning 
about them. Concepts that are most difficult to learn 
are often emergent processes which people misattrib-
ute to direct causation [10], [11]. 

● According to Chi’s theory about ontological mis-
categorizations, concepts are misunderstood when 
features of one ontological category are applied to 
another category [12].  

● Referring to DiSessa [13], misconceptions are the 
product of a fragmented set of primitive mental con-
structs (phenomenological primitives or p-prims). 
“These are fundamental pieces of intuitive 
knowledge developed as a result of one’s experience 
with the world. They are context-free constructs that 
are abstracted from prior experience and employed to 
rationalize other phenomena” [14]. Misconceptions 
are generated by mistakenly activating a single p-
prim, or a set of p-prims, in an inappropriate context.  

● Ignorance is the other common reaction of learners to 
new information. There are seven distinct forms of 
response to unknown information and anomalous 
data [15]: ignorance, rejection, exclusion, abeyance, 
reinterpretation, peripheral change and theory 
change. Only one case in seven shows that new infor-
mation is accepted and the learner is ready to recon-
sider his/her theories and ideas. In the other six cases, 
the new information (data) is ignored. 

● The instructors’ own unclear understanding of natural 
phenomena and their use of incorrect analogies when 
teaching is the final reason. For instance, frequent 
analogies between water flow and electrical current 
are very popular for instructors in introductory elec-
trical courses. Some authors [16] expected to show 
proof that knowledge of hydraulics laws will help 
students better understand electrical circuits. The 
other example is the list of misconceptions about 

electricity [17] that are taught in middle and high 
school textbooks as correct scientific concepts. This 
issue raises two major questions: 1) the quality of 
science textbooks written for novice youth audiences, 
and 2) the professional preparedness of instructors 
teaching about natural phenomena and science in K-
12 and beyond. 

 

Research Questions and Hypotheses 
 
Two research questions guided this study:  
 

1. Is there a correlation between student academic suc-
cess (as represented by student grades in electrical/
electronics courses) and the number of misconcep-
tions about electricity?  

2. How accurately grades represent knowledge of nov-
ices and senior students? 

 
The study employed a mixed-methods methodology. The 
first research question was answered in the quantitative 
phase using correlational methods, while the answer to the 
second question derived from the qualitative phase using 
open-ended semi-structured student interviews.  
 
The following hypotheses were developed for the quantita-
tive analysis phase: 
 
H01: There is no correlation between student academic 

success (grades) and the number of misconcep-
tions. 

 
HA1a: There is a positive correlation between student 

grades and the number of misconceptions (i.e., if 
the grade is higher, the number of misconceptions 
is larger). 

 
HA1b: There is a negative correlation between student 

grades and the number of misconceptions (i.e., if 
the grade is higher, the number of misconceptions 
is smaller). 

 

Participants  
 

Twenty novices (freshmen and first-semester sopho-
mores) enrolled in the introductory-level course “Digital 
Fundamentals”, and 22 seniors enrolled in the senior-design 
course participated in the present study. All participants 
were students in the Electrical and Computer Engineering 
Technology (ECET) program at Purdue University, West 
Lafayette, Indiana.  
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Methods and Research Design 
 

Concept Inventory 
 

Despite the variety of accepted methods to detect and 
diagnose student misconceptions, Concept Inventories (CIs) 
have attracted most of the attention in engineering educa-
tion. This study employed the instrument entitled 
“Determining and Interpreting Resistive Electric Circuits 
Concepts Test”, DIRECT, version 1.0 [1]. Previously, this 
test had already been administered to roughly 1,200 students 
from high schools and universities across the United States. 
The reported [1] reliability (KR-20) of this test was 0.71. 
The CI contains 29 multiple-choice questions and takes ap-
proximately 30 minutes to complete. Every question of this 
CI provides 3-5 multiple-choice answers of which only one 
is the correct, and all of the others are distracters composed 
from previously identified common student misconceptions 
about electricity. The DIRECT CI was designed to test stu-
dent knowledge on: 1) the physical aspects of DC electric 
circuits, which is the ‘microscope’ view of what goes inside 
the circuit; 2) current; 3) differentiation between current and 

voltage; 4) understanding of the physical layout of the cir-

cuit and interpretation of circuit diagrams; 5) batteries that 

are in series or parallel; and, (6) resistance. 
 

Phase 1 
 
The research design included three major phases. Before 

taking the DIRECT Concept Inventory, general demograph-
ic information was collected from each participant that in-
cluded age, number of semesters in college and pre-college 
experience with electricity. The novice sample consisted of 
20 students, in the age range from 19 to 25 years old. Nov-
ices’ pre-college knowledge about electricity varied from a 
very basic high-school understanding to six years of mili-
tary school and work experience. The sample of seniors 
consisted of 22 students between the ages of 21 and 26. All 
senior students stayed in the same program for the last three 
years and did not change their majors. Also, all participants 
provided unofficial copies of their academic transcripts with 
lists of completed courses.  

 
Students were requested to highlight any course where 

concepts of electricity were taught. Gathering this infor-
mation was necessary for the calculation of the Average 
Grade in Electrical Disciplines (AGED). Basically, AGED 
is an analogy of student GPA but only in electrical/
electronics disciplines without elective courses. Traditional 
student GPAs were not used to exclude the impact of elec-
tive courses on total GPA. 
 

Phase 2: Quantitative 
 

Based on correlational research methods, all 42 partici-
pants responded to the CI questions in a ‘take-on-paper’ 
format. After collecting student responses, the numbers of 
correct and incorrect answers were calculated for every 
multiple-choice question. Since the distractors were adapta-
tions of existing misconceptions, when a student chose any 
distractor, she/he agreed and accepted a previously detected 
misconception. The observed numerical value of incorrect 
responses can be interpreted as an indicator of the number 
of misconceptions. Correlation coefficients between AGED 
and number of incorrect responses (misconceptions) were 
calculated for both groups. To visualize findings, scatter-
plots were designed for each student group. Plotting the data 
showed the direction (positive or negative) and the strength 
of relationship. 
 

Phase 3: Qualitative 
 

Sixteen volunteers (eight novices and eight seniors) were 
invited for individual 20-minute semi-structured interviews. 
Students explained why they chose a particular answer in 
the DIRECT test. Participants were not informed that they 
were asked to explain only their incorrect responses. This 
approach avoided biases if students attempted to change 
their responses if they had known that they got a wrong 
answer. The researcher’s role was not to judge correctness 
of responses, but rather focused on student confidence and 
ambiguity when they responded to the interviewer’s ques-
tions. All interviews were videotaped. All interview proto-
cols were transcribed and analyzed using an open-coding 
technique. 
 

Results: Quantitative Phase 
 

Pearson Correlation Coefficients (r) were calculated for 
each group of students to investigate correlations between 
incorrect responses to the Concept Inventory and students’ 
grades (AGED). For the novice group, r was equal to -0.554 
(P-value = 0.006< α=0.05), and for the senior group, r = -
0.389 (P-value =0.037 < α=0.05). Both coefficients were 
negative, which meant that as academic student perfor-
mance (grades) increased, there were lower numbers of mis-
conceptions. However, even though the correlations for both 
groups were statistically significant, they were not strong.  

 
The squared correlation coefficients (R), that measure 

how accurately grades predict misconceptions, for the nov-
ice group were R = 0.307 = 30.7 %, and for the seniors 
group R = 0.151 = 15.1%. On the freshman/sophomore lev-
el, grades may be considered as only a moderate indicator of 
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student misconceptions. With an increasing level of exper-
tise following to the senior level, misconceptions became 
more difficult to detect and were possibly hidden under sci-
entific terminology and a more well-developed scientific 
vocabulary.  
 
Table 1. Incorrect Responses to DIRECT CI and Grades 

(AGED) in the Novice and Senior Groups 

 

Table 2. Correlation Between AGED and Number of Incorrect 

Responses 

* Correlation is significant at the 0.05 level (1-tailed) 

Figure 1. Linear Regression of AGED and Incorrect Responses 

in the Novice Group 

 

Figure 2. Linear Regression of AGED and Incorrect Responses 

in the Senior Group 

 
Figure 3 visually represents the difference between the 

two populations in terms of frequencies of students’ incor-
rect responses. It shows that the peaks of the two distribu-
tions are located at different places. More specifically, most 
of the observations for seniors fell between 5 and 10, while 
for the novices they fell between 12 and 15 incorrect re-
sponses. 
 

Novices Seniors 

Stdnt 
# 

# of 
Incorrect 

Responses 

Stdnt 
AGED 

Stdnt 
# 

# of 
Incorrect 

Responses 

Stdnt 
AGED 

1 5 3.62 1 7 2.36 

2 7 3.46 2 3 3.71 

3 3 4.00 3 3 2.90 

4 17 2.47 4 5 3.69 

5 12 3.70 5 2 3.08 

6 5 2.09 6 7 3.92 

7 14 2.46 7 9 2.49 

8 17 2.18 8 4 3.24 

9 14 3.17 9 3 3.44 

10 15 2.46 10 10 3.52 

11 13 3.33 11 6 3.48 

12 13 3.26 12 13 2.32 

13 14 3.41 13 11 3.25 

14 15 3.53 14 4 3.33 

15 10 3.43 15 4 3.16 

16 21 1.77 16 16 2.62 

17 8 2.75 17 16 2.61 

18 12 2.46 18 11 3.07 

19 17 2.00 19 7 2.43 

20 17 2.46 20 7 2.24 

      21 6 2.38 

      22 11 3.01 

  Mean 
=12.45 

Mean 
=2.9 

  Mean 
=7.5 

Mean 
=3.01 

Novices AGED 

Incorrect 
Response 

Pearson Correlation -.554** 

  Sig. (1-tailed) P-value .006 

  N 20 

Seniors   AGED 

Incorrect Response Pearson Correlation -.389* 

  Sig. P-value (1-tailed) .037 

  N 22 
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Figure 3. Frequency of Incorrect Responses of Novices and 

Seniors 

 

Results: Qualitative Phase 
 
In this phase, eight novices and eight senior students were 

asked to explain their incorrect responses to DIRECT CI. 
Since the researcher’s role was not to judge correctness of 
responses, but rather to focus on student confidence and 
ambiguity during interviews, some important observed be-
havior characteristics of participants need to be addressed.  
 
Interviewer: You know, not too many instructors ask you  

“why” on exams… 

Freshman Interviewee …yea…. It’s different when you’re 

taking the test. You think about it to yourself, but 

then having to explain yourself and having ques-

tions about it … you start second guessing what 

you put down so you start becoming less… 

Interviewer: …confident? 

Freshman Interviewee ….confident… in what you put down 

… so I’m trying … 

 
In general, seniors were more confident about their re-

sponses than novices. The scientific and terminological vo-
cabulary of senior students was more developed than that of 
novices. The self-assurance of seniors was higher and they 
presented themselves more professionally. Even though 
both groups of students guessed and frequently said “I don’t 
know” or “I am not sure”, novices expressed their uncer-
tainty in a more relaxed manner; they admitted “I don’t 

know” more easily (stress-free), while seniors, on the other 
hand, explained their guessing and ambiguity by “I already 
forgot that; it was too long ago when I read that”. The re-

searcher had the impression that seniors were more con-
cerned about their “professional reputation” than novices. 

Ambiguity was detected in the novices’ interview-protocols 
17 times, and 16 times in the seniors’ protocols. Therefore, 
despite increased confidence and more highly developed 
vocabulary, seniors showed almost the same amount of hes-
itation responding to questions about electricity as did nov-
ices. Table 3 shows a summary of observed behaviors of 
seniors and novices during the interview process. 
 
Table 3. Behaviors of Novice and Senior Students During 

Interviews 

 
It is important to note that when students chose incorrect 

answers, it did not mean that they did not know the material. 
While reading aloud and verbally articulating their 
knowledge, students often changed their incorrect responses 
for the correct ones, apparently because they were able to 
hear themselves. Such changes were demonstrated 16 times 
in the novice group and 10 times in the senior group. The 
other observed tendency was that regardless of choosing the 
correct response, student answers may still show evidence 
of misconceptions. This occurred five times in the novice 

  
  
  
  
Behavior during interviews 

How many times 
this behavior was 
observed during 
interviews 

Novice 
N=8 

Seniors 
N=8 

Ambiguity: when responding students 
pronounced: “I am guessing”, or “I am not 
sure”, or “I am confused” 

17 16 

Student chose the correct response, but 
explanation of “why” still consists mis-
conceptions 

5 4 

From many unfamiliar choices, student 
chose simplest because it is easy to under-
stand and “is observable”. 

1 
1 
  

Student remembers how the concept was 
explained in the book/lecture, but he can-
not explain the logic behind his choice. 

1 1 

Having problems articulating knowledge 
(cannot explain the ‘microscopic’ aspects 
of current flow through the use of electro-
static terms such as electric field, potential 
difference, and interaction of forces on 
charged particles) 

  7 

Changing the response to the correct an-
swer after thinking aloud. 

16 10 

Thinking aloud, student changed the incor-
rect response to another incorrect one. 

1 1 

Thinking in the right direction but still 
made incorrect choice 

3 1 

Checking if math supports student’s 
guessing, and possibility of applying fa-
miliar equations to unfamiliar situation 

1 2 
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The other unexpected result was that an ambiguity in stu-
dent responses was almost equal in both the senior and nov-
ice groups. While responding aloud and verbally articulat-
ing their knowledge, students often changed their incorrect 
responses for the correct ones, only because they were able 
to hear themselves. 
 

A prime recommendation for teaching concerns the popu-
lar multiple-choice-test approach that is widely used in cur-
rent engineering technology programs. In those tests, stu-
dents are required to choose one answer from 3-5 offered 
distracters. Referring to the interview protocols of the pre-
sent study, grades based only on the results of multiple-
choice tests are not always the best indicator of students’ 
real knowledge and conceptual understanding because of 
the high percentage of guessing. Also, evidence suggests 
that when students repeated aloud their test answers, they 
sometimes changed their responses to the opposite distract-
ers. In classroom settings, when instructors test a large num-
ber of students (for example, 150-300 people) in a short 
period of time, the multiple-choice test might be the only 
appropriate instrument. But in settings with a relatively 
small number of students (up to 30-40 people), implement-
ing other knowledge-assessable tools would provide instruc-
tors with more objective information about the real stu-
dents’ conceptual understanding of the material. The alter-
native to multiple-choice test instruments might include oral 
exams (when students respond aloud to the instructor’s 
questions) or open-ended written exams (students exhibit 
their knowledge). These types of exams may require more 
grading time but will result in more accurate assessments. 
 

Limitations of the Study 
 

In discussing the results of the present study, a few limita-
tions need to be addressed:  
 

1. All interviews and data analyses were conducted by 
one researcher. Thus, there is a possibility for biasing 
the data towards finding particular misconceptions. 
Although the researcher tried to avoid leading the 
students during the interviews, motivating them to 
express their own opinions, a few occasions were 
noted in transcribing protocols. Students repeated 
exactly what was said by the interviewer. A few 
times the researcher had the impression that inter-
viewees did not take seriously their responses, an-
swering in a way to satisfy the researcher. To mini-
mize such interviewee responses, the researcher re-
stated the question and asked the interviewee to re-
peat aloud his/her thinking. To minimize the possibil-
ity for biasing, the researcher asked three faculty 
members for their feedback and data verifications.  

group and 4 times in the senior group. Three novices and 
one senior had thought in the right direction, but still made 
incorrect choices. One senior and one freshman changed an 
incorrect response to another incorrect one. Also, before 
making a decision, one novice and two seniors needed to 
calculate the values to decide what response to choose. 
Without values, they did not know which response was 
right. They needed to check if mathematics supported (or 
not) their guessing and if they could apply familiar equa-
tions to an unfamiliar situation. 
 

These observations showed how students acted while 
performing on the test. The observations helped to answer 
the second research question about how accurately student 
grades represent knowledge. Typically, in the U.S., the ma-
jority of exams in undergraduate engineering programs are 
established by ‘taking a multiple-choice test’. The study 
showed that students often disagreed with their own test 
responses after thinking aloud. Usually, a verbal articulation 
allowed them to answer correctly. It should be noted that in 
taking the DIRECT CI, students were not under exam stress 
and did not have psychological pressure to get a good grade. 
In real exam settings, however, the emotional stress may be 
an additional factor that impacts student decisions and test 
performance. 
 

Conclusion and Recommendations 
for Teaching Practice 
 

Two of the most interesting and unexpected results found 
were the following. First, in the senior group, their correla-
tion between grades and misconceptions was less than that 
of the novice group (R seniors =15.1 % compared to R nov-
ices = 30.7 %). Before conducting the study, the researchers 
presumed that the correlation between grades and the num-
ber of misconceptions for the senior group should be strong-
er than for the novice group, expecting that students with 
high grades should have fewer misconceptions. The results 
showed the opposite: for seniors the link between grades 
and misconceptions was weaker than for novices. An incor-
rect understanding of electricity in the senior group fre-
quently is hidden by well-developed technical vocabulary. 
Even the brightest high-GPA students had numerous mis-
taken beliefs. The researchers supposed that the main reason 
for such a case in the senior group was due to undetected 
past (when seniors were freshmen) misconceptions. As a 
result, new knowledge was built on incorrect basic infor-
mation. “If misconceptions are not recognized early in the 
course, the student will not only fail to understand much of 
the new material, but worse, s/he is likely to dress up his 
misconceptions in scientific jargon, giving the false impres-
sion that s/he has learned something about science” [4]. 
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2. The student sample only consisted of participants 
from one (Electrical Engineering Technology-EET) 
department at Purdue University in West Lafayette, 
Indiana. Therefore, attempts to generalize the results 
across a more diverse population or different settings 
would be not supportable without further research. 

  
3. Longitudinal methodology would be more appropri-

ate: the same student sample would have to be exam-
ined during two or three years for the purpose of their 
conceptual development. The present study was not 
longitudinal. Novices and senior students were not 
the same participants over time.  
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Abstract 
 

 Despite the energy savings associated with energy-
efficient technological innovations, their diffusion has been 
slow in the complex U.S. sociotechnical environment. 
While critics disagree, energy program advocates insist that 
energy programs promote the diffusion of these technolo-
gies and eventually reduce energy consumption. In order to 
better understand the environment in which energy-efficient 
technologies exist and the extent to which energy programs 
contribute to the pursuit of energy efficiency, the relation-
ships existing among electricity consumption, energy pro-
grams and U.S. socio-economic factors were investigated in 
this study.  
 

Specifically, this study sought to assess the best predic-
tors of commercial electricity consumption and estimate the 
overall impact of selected energy programs on electricity 
consumption, while controlling for socio-economic factors. 
Using secondary data for the 50 states and Washington, 
D.C. over a four-year period, a multiple regression model 
confirmed that some energy programs and contextual fac-
tors have statistically significant relationships with commer-
cial electricity consumption. Overall, energy programs are 
responsible for approximately 5% of the variation observed 
in U.S. commercial electricity consumption.  
  

The findings can provide engineers, technologists and 
innovators with an understanding of the multifaceted U.S. 
sociotechnical environment and its impact on the diffusion 
of energy-efficient technologies and electricity consump-
tion. Project developers, policy makers and program admin-
istrators may use the study’s findings to make informed 
decisions regarding their portfolio of energy programs. In 
order to have a comprehensive approach towards providing 
effective energy-efficient solutions in this post-modern era, 
stakeholders have to understand these dynamics and incor-
porate them into their overall decision making. The success-
ful implementation of energy programs could increase the 
diffusion of energy-efficient technologies and, eventually, 
reduce U.S. electricity consumption. Ultimately, this could 
lead to reductions in energy waste, environmental degrada-
tion, energy imports, energy prices and demands for ex-
panding energy generation and distribution infrastructure. 
 

Introduction  
 

High energy consumption levels have been a primary 
concern to U.S. federal and state governments, environmen-
talists and other stakeholders because they worsen U.S. de-
pendence on foreign oil and environmental degradation. The 
quest for improved energy efficiency in the U.S. has led to 
the innovation and implementation of a wide range of ener-
gy-efficient technologies. The U.S. Department of Energy 
(DOE) promotes the innovation and use of energy-efficient 
strategies through its energy policies and programs with the 
intent of reducing energy consumption.  
 

Energy-Efficient Technologies 
(EETs) 
 

The pursuit of energy efficiency within built environ-
ments has fostered technological innovations and led to the 
development of EETs such as low-emissivity windows, en-
ergy-efficient mechanical systems and renewable energy 
systems [1-4]. EETs are believed to utilize less energy in 
comparison to their conventional counterparts. Despite the 
improvements in EETs, there has been slow progress in the 
adoption and diffusion of these technologies. The four types 
of barriers to the market penetration of EETs are awareness, 
cost, capabilities and transaction costs [5]. The categories of 
the obstacles to the efficient use of energy are institutional, 
market, organizational and behavioral barriers [6]. Conse-
quently, energy efficiency programs (EEPs) have been de-
signed and implemented by U.S. states to enhance the diffu-
sion of EETs [7]. Many EEPs place emphasis on the resi-
dential and commercial building sectors. 
 

Energy Consumption in the Commercial 
Buildings Sector 
 

The commercial sector is defined as “an energy consum-
ing sector that consists of service-providing facilities and 
equipment of businesses; Federal, State, and local govern-

ments; and other private and public organizations, such as 

religious, social, or fraternal groups” [8]. The U.S. popula-
tion is expected to increase by 21% between 2006 and 2030, 
with an accompanying increase from 74.8 billion square feet 
to 100.8 billion square feet in commercial floor space [9]. In 
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2006, primary energy usage by the commercial sector was 
239.7 thousand BTUs per square foot, and is expected to 
reach 248.3 thousand BTUs per square foot by 2030 [9]. 
Office, education, healthcare and lodging buildings con-
sume the largest amounts of commercial energy. Electricity 
became the dominant fuel in this sector in the 1990s. It is 
the fastest growing fuel with a projected increase of 44% by 
2030 from its 2006 levels [9]. The major uses of commer-
cial electricity are shown in Figure 1 [10]. 

Figure 1. Electricity Use in Commercial Buildings 
 

The commercial sector consumed 1,319 billion kilowatt-
hours (kWh) of electricity in 2011 [11]. These high levels of 
electricity consumption are impacted by the characteristics 
of the complex U.S. socio-technical environment [12]. 
 

Control Variables: Contextual Factors 
(CF) 
 

Contextual factors are the physical and socio-economic 
characteristics of a state’s environment that influence its 
energy consumption, as indicated in the literature [12], [13]. 
The CFs used as control variables in this study were: cli-
mate, price of electricity, population, median household 
income, four U.S. census regions and Gross State Product. 
 

Climate (CL) 
 

Climate refers to the long-term weather conditions in a 
particular region. It influences the amount of energy re-
quired to maintain acceptable room temperatures in build-

ings. Extreme climatic conditions tend to demand higher 
energy consumption; consequently, climatic conditions in-

fluence the willingness of the public to acquire EETs, as 
well as the willingness of states to implement EEPs. The 
U.S. has eight climatic zones (CZ) in the climatic map 
adopted by the International Code Council (ICC) and the 
American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE). In this map, each 
county is assigned a CZ number based on its prevailing 
weather conditions [14]. The zones range from CZ1 to CZ8, 
with CZ8 being the coldest and CZ1 the warmest. Most U.S. 
states are in CZ1 to CZ7, with Alaska being the only state in 
CZ8. In this study, the warmer states, which were in CZ1 
through CZ4, were re-classified as Research Climate Zone 1 
(RCZ1), and the colder states, which were in CZ5 CZ8, as 
RCZ2. It was expected that states in RCZ2 will have higher 
levels of electricity consumption. 
 

Price (PE) 
 

Price refers to the amount of money given in exchange for 
a product. The price of energy is influenced by the type of 
fuel, weather patterns, government subsidies and regula-
tions. Generally, when the price of energy goes up, less en-
ergy is used. Price has been used as a control variable in 
several studies [12], [15], [16]. It was expected that states 
with higher electricity prices would have lower levels of 
electricity consumption.  
 

Population (POP) 
 

Population refers to the estimated number of people living 
in a specific area. It impacts energy consumption due to its 
influence on the demand for travel, housing, consumer 
goods and services. Generally, when population grows, 
more energy is consumed. The 20.6 million U.S. households 
in the Northeast used 2.52 Quads of energy, while the 40.7 
million households in the South used 3.25 Quads [17]. It 
was expected that states with larger populations would have 
higher levels of electricity consumption. 

 

Median Household Income (MHI) 

 
The term household refers to the number of people occu-

pying a building, and their total income in part determines 
their ability and willingness to purchase energy and related 
technologies. The 2005 Residential Energy and Consump-
tion Survey (RECS) revealed that approximately 40% of 
U.S. households had incomes above $50,000 and consumed 
47% of the electricity, while the remaining 60% had in-
comes below $50,000 and consumed 52% of the electricity 
[17]. Generally, wealthier consumers have higher standards 
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of living and, therefore, use more energy. It was expected 
that states with higher median household income would 
have higher levels of electricity consumption. 
 

U. S. Census Regions 
 

The U.S. is divided into four census regions: Northeast, 
Midwest, South and West [18]. Regional variations associ-
ated with housing characteristics, occupant types (owner or 
renter), types of fuels, energy prices, industry structure and 
population sizes have an impact on regional energy con-
sumption patterns. In 2005, the Northeast region had the 
highest energy intensity level (52.4 thousand BTUs per 
square foot), compared to the South which had the lowest 
level (37 thousand BTUs per square foot) [17]. However, 
the South consumed 14.8% more electricity per capita com-
pared to the Northeast [15].  
 

Gross State Product (GSP) 
 
GSP is “a measurement of a state’s output; it is the sum 

of value added from all industries in the state” [19]. It is an 
indication of the wealth of a state and reflects its level of 
business and industrial activity. Since energy is used to gen-
erate wealth, and the wealthy states use more energy, strong 
relationships exist between GSP and energy. A 10% in-
crease in GSP was associated with a 10% increase in elec-
tricity sales [16]. A percent change in GSP resulted in a 
0.48% increase in electricity consumption [15]. In addition 
to CFs, energy program advocates insist that EEPs have an 
impact on energy consumption, over and above the impact 
from CFs.  
 

Independent Variables: Energy 
Efficiency Programs (EEPs) 
 

EEPs are all governmental efforts that influence energy 
consumption, irrespective of organizational origin or mode 
[20]. Well-designed EEPs are expected to overcome market 
barriers, accelerate the diffusion of EETs and reduce energy 
consumption [5], [12], [15]. EEPs reduced electricity sales 
by 60% relative to the case where no EEPs were implement-
ed [16]. The Public Benefits Funds (PBF) program was sig-
nificantly associated with a decrease in the natural log of 
per capita electricity consumption [15]. 
 

The independent variables in this study were selected 
EEPs which met the following criteria: i) Aim to improve 
energy efficiency in the U.S. buildings sector; ii) Have ex-

isted for at least 10 years; iii) Have been adopted by at least 

20 U.S. states; iv) Hold readily accessible state-level data 

for statistical analysis; and, v) Have been discussed at the 

International Energy Agency. They are the State Energy 
Program, the Building Energy Codes Program, the Financial 
Incentive Program, the Lead By Example Program, the Pub-
lic Benefits Funds Program, the Appliance Standards Pro-
gram, the Leadership in Energy and Environmental Design 
Program and the ENERGY STAR Program. 
 

State Energy Program (SEP) 
 

The SEP was created by the DOE to lead in the pursuit of 
energy efficiency. It provides states with funds to address 
their priorities, with a 20% match under annual formula 
allocations. For example, Georgia received $1,058,000 
(77%) in federal SEP funds with a state match of $250,000 
(23%) [21].  
 

Building Energy Codes Program (BC) 
 

The BC program was developed when the DOE was man-
dated to provide states with support in the development, 
adoption, implementation and enforcement of progressive 
energy codes. These programs are given the legal power to 
coerce consumers to utilize EETs during the design and 
building process. In 2009, Massachusetts was the first state 
to adopt a performance code that was at least 20% more 
energy efficient than the mandated code [22]. A typical state 
building codes program could reduce energy consumption 
by 4.8 TBTUs by 2020 [23]. The American Council for 
Energy Efficient Economy (ACEEE) rates states’ building 
codes based on compliance and stringency. In 2010, Massa-
chusetts had one of the highest ACEEE-BC scores, while 
North Dakota had one of the lowest [22]. 
 

Financial Incentive Program (FI) 
 

FI programs are used to promote the diffusion of EETs. 
States offer incentives such as loans and tax credits to indi-
viduals and businesses, with the goal of reducing the effec-
tive cost of EETs to consumers. Most EEPs provide rebates 
for EETs or renewable technologies [24]. It is hoped that as 
sales increase, EETs will be cheaper, allowing them to func-
tion in the market without incentives [25]. Tax incentive 
programs could reduce energy consumption by 10 TBTUs 
by 2020 [23]. However, the effectiveness of FI programs is 
yet to be confirmed with empirical evidence [26]. The 
ACEEE rates states based on their FI programs. In 2010, 
Massachusetts had one of the highest ACEEE–FI scores, 
while North Dakota had one of the lowest [22]. 
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Lead By Example Program (LBE) 
 

The LBE Program is hosted by the U.S. Environmental 
Protection Agency (EPA). The categories set by the EPA 
include improving energy efficiency in facilities and inte-
grating energy efficiency and renewable energy measures 
[27]. The rising costs of energy in state budgets (about 10%) 
makes it crucial for states to implement energy efficiency 
strategies themselves and provide policy support to drive 
clean energy and energy efficiency measures [28]. A typical 
state facilities program could reduce energy consumption by 
23 TBTUs by 2020 [23]. The ACEEE rates state LBE pro-
grams based on their adoption of policies that will influence 
their operation of energy-efficient public facilities. In 2010, 
California had one of the highest ACEEE-LBE scores, 
while North Dakota had one of the lowest [22].  
 

Public Benefits Funds Programs (PBF) 
 

PBF programs encourage energy conservation and load-
management strategies. This program is implemented by 
utility and non-utility organizations. California has one of 
the largest PBF programs in the U.S. PBFs are used to fund 
energy efficiency, renewable energy and low-income energy 
initiatives, with funding generated through a small sur-
charge on electricity consumption [15]. PBFs provide infor-
mation, technical assistance and resources to users to en-
hance the diffusion of energy conservation measures [29]. 
PBF programs resulted in a decrease of 13.4% in per capita 
electricity consumption [15]. The Consortium of Energy 
Efficiency (CEE) collects data on PBF programs. 
 

Appliance Standards (AS) 
 

The energy crisis in the mid-1970s triggered the advent of 
minimum efficiency standards for appliances. The 1987 
National Appliance Energy Conservation Act developed 
appliance standards for several appliances such as ovens, air 
conditioners, heat pumps and refrigerators. The ACEEE 
rates states AS programs based on the potential savings per 
customer generated through 2030 from their current appli-
ance standards. ACEEE projected savings of 122 billion 
BTUs per customer for California [22]. 
 

Leadership in Energy and Environmental 
Design Program (LEED) 
 

The LEED program was developed by the U.S. Green 
Building Council (USGBC) to develop a framework for 
designing and implementing practical and measurable green 
building design, construction, operation, and maintenance 

solutions. LEED initiatives include legislation, executive 
orders, resolutions, ordinances, policies and incentives 
found in 45 states, including 442 localities, 35 state govern-
ments and 14 federal agencies and institutions in the U.S. 
[30]. The increase in the demand for LEED-certified build-
ings has coerced construction organizations to develop spe-
cific management practices to enhance their attainment of 
LEED project goals [31].  
 

According to the U.S. General Services Administration 
(GSA), compared to the average commercial building, green 
buildings consume 26% less energy [32]. The median Ener-
gy Use Intensity (EUI) for LEED buildings is 24% below 
the national average [33]. Several researchers have docu-
mented the efficient performance of LEED buildings [12]. 
Although on average LEED buildings used 18%–39% less 
energy than other buildings, another 28% to 35% of LEED 
buildings used more energy [34]. 
 

ENERGY STAR Program (ENSTR) 
 

In the 1990s, the EPA introduced its first ENSTR build-
ing program. Indeed, the results from modeling software 
revealed that ENSTR buildings could reduce energy con-
sumption by 30%; also, a study showed that energy efficien-

cy for ENSTR buildings ranged from 12% to 50%, which 
was still above the average building [35]. 
 

Rationale of the Study 
 

The socio-technical environment in which EEPs are im-
plemented in order to promote the diffusion of EETs is 
complicated. This large and technical energy system can be 
described drawing from institutional theories as well as the-
ories in sociology and economics [36]. It is cluttered with 
human behavior, building characteristics, technology, indus-
try practices and economic conditions. To compound this 
problem, there are conflicting opinions regarding the impact 
of EEPs as well as the accuracy of the energy savings docu-
mented by EEP administrators and advocates [15], [16], 
[37], [38]. For example, the rebound effect occurs because 
EETs reduce the effective cost of energy to the public and, 
as a result, increases public consumption of energy [37]. 
This could be an explanation for the counter-intuitive find-
ings from a study which revealed that the presence of EETs 
in buildings correlated with higher energy intensities [39]. 
Also, the decline in the energy consumption of new refriger-
ators from 1,800 kWh/year to about 800 kWh/year in 1990 
was not because of energy efficiency standards or other pol-
icies, but rather to increasing electricity prices [38]. Some of 
these skeptical and theoretical conclusions have limited 
merit as they lack substantial supporting empirical evidence.  
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The conflicting opinions regarding the sustained and long
-term impact of EEPs on energy consumption in real-world 
settings confirms the crucial need for additional empirical 
studies to contribute to the ongoing discourse. Also, the 
extensive investments made into EEPs merit that studies 
should be conducted to better understand their impact. The 
question remains as to which EEPs and CFs are the best 
predictors of U.S. commercial energy consumption. In par-
ticular, absolute electricity consumption is of interest be-
cause of its impact on electricity infrastructure and other 
investments needed for the supply and distribution of elec-
tricity. Also, overall energy consumption has serious impli-
cations due to the environmental degradation associated 
with the production, transportation and utilization of elec-
tricity. 
 

Empirical studies have analyzed EEPs, but few have con-
sidered multiple EEPs within their complex implementation 
environment. This current research project differs from pre-
vious similar studies because it: i) targets the commercial 
sector; ii) focuses on electricity consumption; iii) specifies a 

model using eight EEPs, while controlling CFs; iv) utilizes 

the most recent state-level energy data; and, v) places em-
phasis on the implementation environment.  
 

Theoretical Framework 
 

The foundational principles for this study are derived 
from theories associated with socio-technical systems, diffu-
sion of innovations, program implementation and systems 
theory. A system is “an organized or complex whole; an 

assemblage of things or parts interacting in a coordinated 
way” [40]. This consists of: 1) objects, which are the ele-
ments within the system; 2) attributes, which are character-

istics of the system; 3) internal relationships among the ob-

jects; and, 4) an environment, which houses the system [41]. 

The pursuit of electricity efficiency in the U.S. buildings 
sector occurs within a large and complex system, which 
extends to include technological, environmental, social, 
economic, political and physical sub-systems. This system 
interacts with innovations, institutions and economies, giv-
ing rise to socio-technical systems [42]. The socio-technical 
systems framework incorporates science, technology, mar-
kets, socio-cultural regimes and policies [42]. 

 
Within these systems and subsystems are integral policies 

and programs designed and implemented to advance the 
diffusion of EETs and reduce energy consumption. There 
are several studies on program implementation [43-45]. 
Program implementation theory (PIT) describes the mecha-
nisms whereby program services are delivered to partici-
pants and also expounds on the processes whereby program 
components interact to produce desired outcomes [46]. An 

overview of program theory links program implementation 
to program outcomes, while cautioning that a program can 
fail even if it is well implemented [47]. Higher levels of 
implementation led to better outcomes [44]. The successful 
implementation of EEPs enhanced the adoption and diffu-
sion of EETs and led to improved energy efficiency [48]. 
Limited program success is caused by poor program design 
and implementation [29]. The characteristics of program 
implementation are referred to as implementation dimen-
sions. Past studies have concluded that program implemen-
tation dimensions such as dosage and resource availability 
have an impact on program outcomes [44], [49]. 
 

Program success is largely determined by resource availa-
bility and funding [44], [50]. Financial resource availability 
is a significant predictor of quality implementation as it 
provides money for training, support, and communication; 

as such, it is indirectly a predictor of implementation effec-
tiveness [51]. Higher program expenditures yield a greater 
range of programs to offer and a greater reduction of power 
sales [16].  
 

In view of the extensive financial investments in EEPs, it 
is important to assess the impact of financial investments on 
energy efficiency. In this study, PBF and SEP were used as 
measures of state resource availability. If adequate, resource 
availability should influence energy consumption. It was 
expected that higher PBFs and SEPs would be associated 
with lower levels of commercial electricity consumption. 
 

Dosage refers to how much of an original program is de-
livered and is characterized by measures of quantity and 
intervention strength [44]. Several studies have confirmed 
that higher dosage yields better outcomes [44]. In this study, 
the measures of dosage were as follows: ACEEE state 
scores for BC, FI, SLE and AS; number of LEED buildings 

in a state; and, the number of ENERGY STAR buildings in 

a state. 
 

State energy programs differ in scope, size, duration, pro-
gram input, complexity, innovativeness, methods and ac-
tions [52]. The diversity in program characteristics results in 
variability in program implementation; as such, there are 

variations in program outcomes across states. This present 
research exploited the variability in state energy program 
implementation and outcomes to investigate the extent to 
which program implementation influences the attainment of 
program outcomes. It is logical to expect that states with 
higher levels of program implementation dimensions would 
be associated with lower levels of electricity consumption.  
 

Unfortunately, little is known about the extent to which 
state-level program implementation affects program out-
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comes. This stems from four main difficulties: 1) the chal-
lenge of measuring implementation levels across states us-
ing standardized tools or methods; 2) the challenge of gain-

ing access to consistent and accurate state-level records; 3) 
the challenge of isolating EEPs and accurately measuring 
their independent impact on energy consumption; and, 4) 

the challenge of credibly isolating the impact of EEPs from 
other CFs that also affect the diffusion of technologies and 
electricity consumption. Some analysts used econometric 
techniques to isolate energy savings attributed to pro-
grams—from savings attributed to energy price, economic 
growth and weather impacts [29]. Working with these chal-
lenges, the relationships existing among EEPs, CFs and 
commercial electricity consumption—were investigated. 
 

Statement of the Problem 
 

The two-fold problem of this study was to 1) determine 
the best predictors of U.S. commercial electricity consump-
tion, and 2) estimate the impact of state energy programs on 
commercial electricity consumption, over and above the 
impact of state contextual factors. 
 

The following null hypothesis (H0) and alternative hy-
pothesis (H1) were developed to statistically test the signifi-
cance of the relationships existing among state commercial 
electricity consumption, state energy efficiency programs 
and state contextual factors. 

 
H0: There are no statistically significant relationships 

existing among state commercial electricity con-
sumption, state energy efficiency programs and state 
contextual factors. 

H1: There are statistically significant relationships exist-
ing among state commercial electricity consump-
tion, state energy efficiency programs and state con-
textual factors. 

 
The selected EEPs and their expected relationships with 
electricity consumption are as follows: 

1. State Energy Program (SEP) – negative (i.e., as SEP 
increases, electricity consumption decreases) 

2. Building Energy Codes Program (BC) – negative 
(i.e., the presence of BC decreases electricity  con-
sumption) 

3. Financial Incentive Program (FI) – negative (i.e., the 
presence of FI decreases electricity  consumption) 

4. Lead By Example Program (LBE) – negative (i.e., 
the presence of LBE decreases electricity consump-
tion) 

5. Appliance Standards Program (AS) – negative (i.e., 
the presence of AS decreases electricity consump-
tion) 

6. Public Benefits Funds Program (PBF) – negative 
(i.e., as PBF increases, electricity consumption de-
creases) 

7. Leadership in Energy and Environmental Design 
Program (LEED) – negative (i.e., as LEED  in-
creases, electricity consumption decreases) 

8. ENERGY STAR program (ENSTR) – negative (i.e., 
as ENSTR increases, electricity consumption  de-
creases) 

 
The selected state contextual factors and their expected rela-
tionships with electricity consumption are as follows: 

 
1. Climate (CL) – positive (i.e., as CL increases, elec-

tricity consumption increases) 
2. Price of electricity (PE) – negative (i.e., as PE in-

creases, electricity consumption decreases) 
3. Median household income (MHI) – positive (i.e., as 

MHI increases, electricity  consumption increases) 
4. Population (POP) – positive (i.e., as POP increases, 

electricity consumption increases) 
5. Gross State Product (GSP) – positive (i.e., as GSP 

increases, electricity consumption increases) 
6. U.S. Census regions (NORTHEAST, MIDWEST, 

SOUTH and WEST) – positive or negative 
 

Methodology 
 

This quantitative study adopted U.S. states as the appro-
priate units of analysis [16]. Time-series, cross-sectional 
data for the 50 states and Washington, D.C. from 2006 to 
2009 constitute the 204 observations for the panel data anal-
ysis. The secondary data used in the statistical analysis for 
this present study were obtained from the following govern-
mental and non-governmental sources: ACEEE, BEA, CEE, 
EIA, EPA, DOE, ICC, U.S. CENSUS BUREAU and 
USGBC. 
 

Multiple regression analysis (MRA) was used to assess 
the relationships existing between the dependent and inde-
pendent variables [53]. In particular, a hierarchical MRA 
approach with panel data analysis (using SAS) was adopted 
because it allows the addition of a block of EEP variables, 
after the block of CFs was introduced into the model. Panel 
analysis handles autocorrelation and the minimization of 
unstable regression coefficients when multiple assessments 
are taken over time. The addition of different blocks of vari-
ables at different levels was necessary in order to estimate 
the overall impact of EEPs on electricity consumption, over 
and above the impact of CFs on commercial electricity con-
sumption.  
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Statistical Analyses  
 

The first part of the statistical analysis involved the use of 
means and standard deviations to describe the datasets. The 
second part utilized multiple regression (panel data) analysis 
to estimate the relationships existing among CFs, EEPs and 
electricity consumption. Statistical Analysis Software (SAS) 
was used to conduct all inferential statistical analyses at a 
10% level of significance, as used in similar studies [16]. 
Two conceptual regression models were used to analyze the 
research hypotheses: 1) the partial model (with only the 
control variables–CFs) and 2) the full model (with all of the 
independent variables–CFs and EEPs). The conceptual par-
tial model and the conceptual full model are shown in Equa-
tions 1 and 2 respectively. 

 
ELScit = β0 +β1 CLit +β2 PEcit +β3 MHIit + β4 POPit  

 +β5GSPit +β6 NORTHEASTit +β7 MIDWESTit 

+β8SOUTHit+β9 WESTit                                        (1) 
 

ELScit = β0 +β1 CLit +β2 PEcit +β3 MHIit + β4 POPit  

 +β5GSPit +β6 NORTHEASTit +β7 MIDWESTit 

 +β8SOUTHit+β9 WESTit + β10SEPit +β11BCScit 

 +β12BCCit + β13FIit +β14LBEit + β15PBFcit  

+ β16ASit + β17LEEDcit + β18ENSTRcit + εI            (2) 

 
where, ELSci – Annual commercial electricity retail sales 
(BTUs) in State i [11]; β0 – Constant; CLi – Research Cli-
matic Zone for State i [14]; PEci – Price of Commercial 
Electricity in State i [54]; MHIi – Median Household In-
come in State i [55]; POPi – Population of State i [56]; GSPi 
– Gross State Product (in billions of dollars) of State i [57]; 
NORTHEASTi – Dummy for States in the NORTHEAST 
[18]; MIDWESTi – Dummy for States in the MIDWEST 
[18]; SOUTHi – Dummy for States in the SOUTH [18]; 

WESTi – Dummy for States in the WEST [18]; SEPi – State 
Energy Program Funds for State i [58]; BCSci – ACEEE 
Score for Commercial Building Energy Codes Program 
(Stringency) in State i [59]; BCCi – ACEEE Score for Com-
mercial Building Energy Codes Program (Compliance) in 
State i [59]; FIi – ACEEE Score for Financial Incentive Pro-
gram in State i [59]; LBEi  – ACEEE Score for Lead By 
Example Program in State i [59]; PBFci – Budget (in mil-
lions of dollars) for Public Benefits Funds Program for the 
commercial sector in State i [60]; ASi – ACEEE Score for 
Appliance Standards Program in State I [59]; LEEDci – 
Number of LEED commercial buildings in State i [61]; 

ENSTRci – Number of ENERGY STAR commercial build-

ings in State i [62]; εI  – random error term; and t-time (2006
–2009).  
 

The initial run involved only the control variables (CFs) 
in the conceptual partial model (Equation 1). Using a back-

ward method, the variables that were not statistically signifi-
cant and/or had a minimum impact on the R2 value were 
dropped. This resulted in the final partial model and its Co-
efficient for Determination (R2) being noted. Following this, 
the second run involved all of the CFs and the EEPs in the 
conceptual full model (Equation 2). Again, using a back-
ward method, the variables that were not statistically signifi-
cant and/or had a minimum impact on the R2 value were 
dropped. This resulted in the final full model and its R2 be-
ing noted. The difference between the R2 value of the final 
partial model and the final full model gives an indication of 
the extent to which EEPs contribute to electricity consump-
tion, over and above the contribution from CFs. 
 

Results and Discussions 
 

A descriptive analysis of the raw data revealed that the 
South led in most of the measures of the independent varia-
bles, closely followed by the West and Midwest. The South 
consumed over 42% of U.S. commercial electricity, while 
the Northeast consumed only about 16%. It was interesting 
to observe that the two lowest commercial electricity con-
suming regions (Northeast and West) had the two highest 
PBFc funding levels, about 32% and 50%, respectively. On 
the other hand, the South and the Midwest, which were the 
two highest commercial electricity consuming regions, were 
associated with the two lowest PBFc funding levels, about 
6% and 11%, respectively. Table 1 shows a summary of the 
descriptive statistics for the continuous and discrete varia-
bles used in this study. It provides an indication of the cen-
tral tendencies and the variability of the raw data collected 
for the analysis. 

 
Table 1. Descriptive Statistics for Continuous and Discrete 

Independent Variables  

Variable Minimum Maximum Mean 
Std. 
Deviation 

ELSc 6.80E+12 4.27E+14 8.83E+13 9.06E+13 

PEc 5.14 29.72 9.65 3.46 

MHI 34,733.00 68,059.00 49,846.81 7,591.60 

POP 5.12E+5 3.69E+7 5.93E+6 6.63E+6 

GSP 23.65 1910.00 272.39 328.90 

SEP 1.51E+5 3.06E+6 6.54E+5 5.08E+5 

PBFc 0.00 474.00 22.83 63.99 

LEEDc 0.00 638.00 40.62 66.24 

ENSTRc 0.00 3,495.00 182.07 396.90 



——————————————————————————————————————————————–———— 

 

The mean SEP funding amount was about 3% of the 
mean PBFc funding amount. Thirty-four percent of LEEDc 
buildings and 37% of ENSTRc buildings were located in the 
West, closely followed by the South. The mean of LEEDc 
was 22% of the mean of ENSTRc. In order to minimize the 
impact of non-normal data, all of the ACEEE-score varia-
bles were converted to dummy variables. 
 

The MRA for the conceptual partial model (Equation 1) 
yielded the final partial model after the variables, which 
were not significant and/or had a minimal impact on the R2 
were eliminated. The variables eliminated were NORTH-
EAST, WEST and MIDWEST. The variables remaining in 
the final partial model were CL, PEc, MHI, POP, GSP and 
SOUTH. The R2 value of the final partial model was 
0.8817, indicating that its retained variables explain 88.17% 
of the relationship between the dependent and independent 
variables. This step was followed by the initial run of the 
conceptual full model (Equation 2). Again, the variables 
with high p-values and/or with a minimum impact on the R2 
value were eliminated from the conceptual full model. This 
resulted in the final full model, also known as Model 1, in 
this study. Compared with their respective conceptual mod-
els, the final partial model and the final full model (Model 
1) had fewer independent variables, more statistically sig-
nificant variables, higher R2 values and lower root MSE 
values. Table 2 shows the fit statistics for Model 1. 
 
Table 2. Fit Statistics for Model 1 

An R2 value of 0.9300 indicates that the retained variables 
explain 93% of the relationship between the dependent and 
independent variables. The change or difference between 
the R2 of Model 1 and the R2 of the partial model shows that 
EEPs contribute about 4.83% of the variation in ELSc. In 
order to test the significance of the change in R2 an F-test 
was conducted. Following the methods adopted by other 
researchers [63-66], the new F-test results are shown in Ta-
ble 3. 
 

The change in R2 is statistically significant as the calcu-
lated F-value (127.65) was greater than the critical F-value 
(F 0.1, 1, 186 = 2.71). Coupled with the large effect size (0.70), 
these results confirmed that EEPs have a statistically signifi-
cant impact on electricity consumption. The parameter esti-
mates for the independent variables in the final full model 
(Model 1) are shown in Table 4. 

 

Table 3. F-test for Change in R2 

The effect size (f2) was calculated using formula (R2 Model 1 - R
2 partial model) / 

(1 - R2 Model 1). A pseudo F test for the change in R2 was obtained by multi-
plying f2 by (n-k-1), where k is the number of independent variables. [64-
67].  
 
 
Table 4. Parameter Estimates for Model 1 

*** Significant at 0.01 level 
** Significant at 0.05 level 
* Significant at 0.1 level 

 
Derived from Table 4, the regression equation for Model 1 
(Equation 3) is written as: 
 
ELSc = –3.5E11 - 5.57E11PEc + 2.57E8MHI 
 + 12,322,169POP + 3.06E10GSP – 6.81E10PBFc  
 – 1.65E10LEEDc + 1.94E13SOUTH  

– 3.10E12CL + 501,781.50SEP                           (3) 
 

There were four contextual factors (PEc, MHI, POP and 
SOUTH) and two energy programs (PBFc and LEEDc), 
which have statistically significant relationships with com-

SSE 2.00E+27 DFE 194 

MSE 1.03E+25 Root MSE 3.21E+12 

R-Square 0.9300   

Variable Estimate Standard Error t Value Pr > |t| 

Intercept -3.50E+11 1.26E+13 -0.03  0.9779 

PEc -5.57E+11 2.65E+11 -2.10 0.0367** 

MHI  2.57E+8 1.17E+8 2.19 0.0298** 

POP  1.23E+7 1,143,922.00 10.77 <.0001*** 

GSP 3.06E+10 2.43E+10 1.26 0.2102 

PBFc  -6.81E+10 2.24E+10 -3.04 0.0027*** 

LEEDc -1.65E+10 7.90E+9 -2.09 0.0376** 

SOUTH 1.94E+13 5.715E+12 3.40 0.0008*** 

CL -3.10E+12 5.44E+12 -0.57 0.5701 

SEP 501,781.50 1,913,171.00 0.26 0.7934 

Test R2 for 
Final 
Partial 
Model 

R2 for 
Final Full 
Model 
(Model 1) 

Change 
in R2 

Effect 
Size (f2) 

F - Calcu-
lated Value  

F-test 
for 
chang
e in R2  

0.8817 0.9300 0.0483 0.70 
(Large) 

127.65 
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mercial electricity consumption. MHI, POP and the SOUTH 
had positive relationships with commercial electricity con-
sumption, while PEc, PBFc and LEEDc had negative rela-
tionships. As such, there was enough evidence to support 
the conclusion that these six variables are significant predic-
tors of commercial electricity consumption.  
 

Population  
 

The coefficient for POP had a positive sign, which indi-
cates that each additional person is associated with an in-
crease of 12,322,169 BTUs in annual state commercial elec-
tricity retail sales. As expected, more people use more ener-
gy to meet their needs. This corroborated the descriptive 
statistics which showed that the South, with the highest pop-
ulation, also had the highest levels of commercial electricity 
retail sales. Occupants of commercial buildings utilize elec-
tricity primarily for lighting, cooling, heating and operating 
computers and other office equipment. As populations in-
crease, more energy technologies and electricity are needed 
to meet the business demands, leading to increases in elec-
tricity consumption. 
 

Census Region – South 
 

Out of the four census regions, the South had the strong-
est relationship with annual state commercial electricity 
retail sales. It was associated with an increase of 1.94E13 
BTUs. Since there was a positive correlation between popu-
lation and electricity consumption, the SOUTH effect may 
be attributed to its large population. Also, the South has the 
most buildings and the highest electricity intensities [38]. 
Buildings in the South use electricity as the major fuel for 
their cooling, lighting and office equipment needs. Actually, 
the South uses proportionally more electricity than other 
U.S. census regions. The preference in the colder U.S. states 
is for natural gas, which is the cheaper alternative to elec-
tricity. This could be the reason why the other regions were 
not statistically significant in this model. Future studies 
should adopt natural gas consumption as the dependent vari-
able. 
 

Median Household Income 
 

The coefficient of MHI had a positive sign, which indi-
cates that a dollar increase in MHI was associated with an 
increase of 2.57E8 BTUs in annual state commercial elec-
tricity retail sales. MHI is a reflection of the living standards 
of occupants in a particular state. Consumer theory suggests 
that increased income makes consumers more likely to have 
excess income, making them more willing and able to ac-
quire more commodities (electricity) to meet their needs and 

wants, assuming all else remained the same. An increase in 
wealth is expected to result in increased demands for effi-
ciency and comfort, leading to higher demands for energy 
technologies and subsequent increases in electricity con-
sumption.  
 

Price of Electricity 
 

Price had a statistically significant negative coefficient. 
An increase of one cent in PEc was associated with a reduc-
tion of 5.57E11 BTUs in annual state commercial electricity 
retail sales. Consistent with demand curves in foundational 
economic theories, an increase in the price of electricity 
reduces the capacity and willingness of consumers to use 
electricity, resulting in a decrease in electricity consump-
tion. In particular, business-minded occupants of commer-
cial buildings are known to aggressively review their busi-
ness costs on a regular basis in order to maximize profits 
through reductions in energy costs. As such, most commer-
cial building occupants are likely to be committed to the 
correct installation and utilization of EETs. Although these 
findings seem to support the control of energy price in order 
to regulate energy consumption, price control by competi-
tive markets is generally preferred by capitalists. 
 

Public Benefits Funds 
 

The coefficient for PBFc had a negative sign, which indi-
cated that a one million dollar increase in PBFc funds was 
associated with a decrease of 6.81E10 BTUs of annual state 
commercial electricity retail sales. These results corroborat-
ed the descriptive statistics, which showed that states with 
lower electricity consumption have higher PBFc funds.  
 

Leadership in Energy and Environmental 
Design Program 
 

Although a voluntary program, the LEED program was 
associated with electricity consumption reductions. The 
coefficient for LEEDc was negative and indicated that an 
increase of one LEEDc building was associated with a de-
crease of 1.65E10 BTUs in annual state commercial elec-
tricity retail sales. The direction and value of the coefficient 
for LEEDc provides preliminary evidence to support the 
claim that LEED buildings could lead to improved electrici-
ty efficiency and reductions in nationwide commercial elec-
tricity consumption. 
 
The graphs associated with the fit diagnostics for Model 1 
are shown in Figure 2. 
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Figure 2. Fit Diagnostics for ELSc 

 
The assumption that the errors are normally distributed 

was confirmed, as illustrated in Figure 1 (graph at the lower 
right corner). It is also shown that the histogram of the re-
sidual data closely follows a normal distribution. Further-
more, with the exception of some extreme points, most of 
the residual data in the quantile plot (graph at the lower left 
corner) lie close to or on a straight line, indicating a good fit 
of the model. An initial concern was the possibility of a 
multicollinearity issue, as the correlation matrix (Table 5) 
indicated a high correlation between POP and GSP.  
 
Table 5. Correlation Matrix 

As such, additional correlation tests between the depend-
ent variable and POP and GSP were conducted. The tests 
indicated that stronger correlations existed between POP 
and the dependent variable. These results provide a strong 
indication that multicollinearity will not be an issue for 
those variables, especially since the intent of this study was 

only to identify the predictors of electricity consumption 
[53], [63], [68]. While CL, SEP and GSP were not statisti-
cally significant, they were left in Model 1 because drop-
ping them reduced the R2 value of Model 1. 
 

The p-values of NORTHEAST, MIDWEST, WEST, 
LBE, AS, BCS, BCC, FI and ENSTR indicate that these 
variables are not statistically significant. Also, their pres-
ence reduces or barely contributes positively to the R2 value 
of Model 1; as such, they were dropped from Model 1. This 

leads to the conclusion that they are not significant predic-
tors of commercial electricity consumption. These findings, 
in part, seem to support the propositions made by EEP crit-
ics that EEPs do not a significant impact on energy con-
sumption. 
 

SEP, LBE, AS, BC, FI, and ENSTR were not statistically 
significant in this model. Subsequently, there was not 
enough evidence to reject their related null hypotheses, 
which claimed that no statistically significant relationships 
exist between EEPs and electricity consumption. These 
findings in part support the propositions made by EEP crit-
ics that EEPs do not have significant impacts on energy 
consumption. 
 

Summary  
 

These results are encouraging as they demonstrate that, in 
an attempt to reduce energy consumption, EEPs are being 
implemented on an increasing basis in the U.S. commercial 
sector, especially in the West. Even more importantly, some 
of the EEPs demonstrate the potential to significantly re-
duce electricity consumption. The resources available to 
EEPs and the extent to which EEPs are implemented con-
tribute to program success. In particular, programs with 
adequate financial resources such as the PBFs are able to 
acquire the products, materials, equipment and other re-
sources needed to effectively implement their program ob-
jectives and reach their targeted populations. In the long 
term, these programs are able to permanently improve the 
energy-efficient characteristics of building units, as well as 
occupant behavior. The significant impact of the PBF pro-
gram on electricity consumption could be associated with 
the length of its existence, its direct and continuous involve-
ment with building occupants and its high levels of funding. 
The strength of this program is that it increases consumer 
awareness and has the capacity to permanently change their 
energy-related decision making. The continued support of 
this program is highly recommended. 
 

The effectiveness of the LEED program could be associ-
ated with the program’s structure and the self-motivated 
nature of its consumers. Its integrated project delivery ap-

CL PEc MHI POP GSP SEP PBFc LEEDc SOUTH

CL 1.000 0.106 0.007 0.061 -0.007 -0.027 0.074 -0.089 0.731

PEc 1.000 -0.127 0.231 -0.254 0.164 0.104 -0.110 0.099

MHI 1.000 0.255 -0.250 -0.042 0.067 -0.102 0.113

POP 1.000 -0.954 0.195 0.273 -0.086 0.005

GSP 1.000 -0.339 -0.389 0.010 0.009

SEP 1.000 0.145 0.581 -0.004

PBFc 1.000 -0.364 0.149

LEEDc 1.000 -0.092

SOUTH 1.000

Correlations of Parameter Estimates
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proach ensures that professionals are engaged very early in 
energy-efficiency-related decision making. This method 
almost guarantees energy-efficient designs, construction and 
facility management solutions that minimize energy con-
sumption. This strategy is especially effective when 
matched with LEED building owners who have an innate 
desire for energy efficiency, which led to their voluntary 
pursuit of the LEED certification in the first place. Com-
pared with the participants of mandatory building energy-
code programs, LEED consumers are self-motivated and 
more likely to implement energy-efficient strategies in a 
more sustainable manner. This raises questions regarding 
the role of occupant behavior in the pursuit of energy effi-
ciency. The effectiveness of this program could also be the 
result of the emphasis placed on the correct implementation 
of energy-efficient technologies and strategies even after the 
building is certified. This improves long-term consumer 
behavior. In light of this, occupants of LEED commercial 
facilities are more likely to employ trained and informed 
facility managers to supervise and monitor the use of energy 
and, hence, maximize the benefits from the program. With 
the recent surge in the number of LEED buildings, it is ex-
pected that LEED will continue to play a key role in the 
quest for energy efficiency in the U.S. buildings sector. 
 

Conclusion  
 

The diffusion of energy-efficient technologies and the 
ultimate attainment of reductions in commercial electricity 
consumption are influenced by the U.S. sociotechnical envi-
ronment. The three contributors to reductions in electricity 
consumption are the price of electricity, the Public Benefits 
Funds Program and the LEED Program. Together, these 
energy programs are responsible for approximately 5% of 
the variation observed in U.S. commercial electricity con-
sumption. These findings support the notion promoted by 
energy program advocates that these energy programs in-
crease the diffusion of energy-efficient technologies and 
eventually reduce energy consumption. On the other hand, 
median household income, population and the South were 
associated with increases in electricity consumption. These 
factors influence the diffusion and use of energy-efficient 
technologies and should be considered during the design, 
development and implementation of these technologies. 
They should also be considered by policy makers and pro-
gram administrators during the development of energy pro-
gram portfolios. An integrated approach towards providing 
effective energy-efficient solutions requires that all stake-
holders understand these dynamics and incorporate them 
into their energy-related decisions. 
 

Future research should investigate the impact of occupant 
behavior on commercial electricity consumption. In view of 

the fact that the continued implementation of the Public 
Benefits Funds Program and the LEED Program were en-
couraged, detailed studies should focus on the best practices 
of these programs so that they can be emulated by other 
energy programs. Also, the impact of energy programs on 
natural gas consumption should be investigated, as it is a 
cheaper alternative to electricity and the primary source of 
energy in the colder regions of the U.S.  
 

In conclusion, the effective implementation of some ener-
gy programs in the U.S. sociotechnical environment could 
increase the diffusion of energy-efficient technologies and 
decrease U.S. commercial electricity consumption. In the 
long term possibly leading to reductions in U.S. energy 
waste, environmental degradation, energy imports, energy 
prices and demands for expanding energy generation and 
distribution infrastructure. 
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