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CHAPTER 1. INTRODUCTION

1.1-Overview
The construction  in d u s try  lags beh ind  o ther in d u strie s  in 

adopting innovative new  technologies. The need  to accelerate th e  ra te  of 

technological adoption in  th e  co n s tru c tio n  industry  h a s  been  well 

identified an d  docum ented  in  the lite ra tu re  (Mitropoulos an d  T atum ,

2000). This adoption com es from con tin u o u sly  seeking, recognizing, 

a n d  im plem enting new  technologies th a t  im prove construction  p rocesses 

(Laborde a n d  Sanvido, 1994).

Teicholz (1994) recom m ended u p d a tin g  the cu rren t co n s tru c tio n  

procedures u sed  to tran sfe r  d a ta  an d  inform ation  by taking advan tage  of 

new  inform ation technology (IT) opportun ities. The term  “inform ation  

technology" encom passes all aspec ts  of com puting, netw orking, an d  

com m unications technologies applied to th e  generation a n d  u s e  of 

inform ation in the p lann ing  a n d  operation  of all kinds of ta sk s  (Feeser,

2001). B ecause advanced ITs are now  available, the co n s tru c tio n  

in d u stry  is in  a  position to  m ake sign ifican t progress in  en h an c in g  

construction  operations.

In fact, so m any new  ITs now ex ist th a t  industry  m an ag ers  a re  

often confounded w hen th ey  p lan  a  new  system  (Jung a n d  G ibson, 

1999). This situation  requ ires new app roaches of evaluating ITs.
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Much IT re sea rch  focuses on  assessing  IT’s value and  

understand ing  th e  d e te rm in an t of th a t  value. R esearchers have 

developed m any ap p ro ach es  to help firm s select the ir IT reso u rces more 

wisely.

In evaluating  ITs, m any  research ers  em phasize th e  economic 

characteristics of th e  technology. For exam ple, m ost of th e  ea rlie r work 

th a t evaluated ITs relied on  financial m odels concentrating  o n  firm-wide 

strategies for m axim izing the  re tu rn  of investm ent (Mora a n d  Weber, 

1999). Techniques su ch  a s  the  net p re se n t value (NPV), in ternal rate o f 

return (IRR), an d  payback  period are u se d  to select th e  technology th a t 

yields the h ig h est expected payoff. O ther economic decision  criteria 

include the m axim in  criterion in w hich decision m akers m axim ize the 

m inim um  possible payoff or m inimize the possible losses. In o ther 

words, decision m ak ers  select the b e s t of the w orst possib le outcom es. 

On the o ther h an d , in the  m inim ax regret criterion, decision  m akers 

a ttem pt to m inim ize the regret th a t  they m ay experience after the 

selection (Burton e t  al, 1986).

O ther research ers  took a  second approach  a n d  s tu d ied  w hether 

the technology w as critical for organizational perform ance (Nord and  

Tucker, 1987). M itropolous and  T atum  (2000) reported  th a t  m any 

researchers agreed  th a t th e  diffusion of a  new technology depends
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primarily on  its a ttrib u tes  w ith o u t the research ers  identifying w hether or 

how these  a ttrib u tes  in te rac t to influence the technology’s adoption.

A th ird  approach  to IT evaluation a ttem p ts  to understand  the 

determ inan ts of IT usage. For example, th e  Technology Acceptance 

Model (TAC) specifies th a t perceived u se fu ln ess  a n d  perceived ease of 

use  are d e term inan ts  of u se r  satisfaction. The in ten tion  of u se  depends 

on u se r expectations ab o u t w hether a  p articu la r technology will resu lt in 

enhanced jo b  perform ance w ith  reduced effort.

The u se r’s in tention  to u se  a  technology is m odeled a s  a  weighted 

linear function  of h is a ttitu d e  toward technology’s perceived usefu lness 

and ease of use . The rela tionsh ip  implies th a t  th e  easier the technology 

is to u se  a n d  the more usefu l it is perceived to be, the  more pronounced 

the u se r’s  intention to u se  th e  technology (Davis e t al, 1989). The 

correlation between the in ten tion  and  perception of usefu lness and  ease 

of use  determ ines the extent to which the in ten tion  is indicative of the 

model’s validity.

A Likert-type questionnaire is used  to elicit the end  u se r’s 

perception of w hether the technology will enab le  him  to accom plish 

tasks m ore quickly, improve h is  performance, increase  his productivity, 

enhance h is  effectiveness, a n d  m ake his job  easier. O n the o th e r hand,
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th e  perception of ea se  of u se  is ad d re sse d  by su ch  questions a s  w hether 

learning technology is  easy, flexible, a n d  interactive.

Inform ation technology re se a rc h  h as  been constra ined  by a  

shortage of h igh-quality  m easu res  of key determ inan ts of IT u se r 

acceptance (David e t  al, 89). M ora a n d  W eber (1999) po in t o u t  th a t 

because assessing  th e  value of IT is  still a  controversial sub jec t in  the 

literature, there  is a  need  to develop a  sound  planning a n d  evaluation  

methodology for IT program s th a t  reduces IT investm ent r isk  and  

facilitates m ore accu ra te  planning.

Because the m ajo r roadblock to evaluating alternative ITs is  the 

complexity of the  selection decisions, th is  research  a ttem p ts to develop a  

decision tool en su rin g  th a t IT decisions are  easily a n d  rationally  

evaluated in th e  construction  industry .

1.2-The Rationale for Multi Attribute Utility Theory
The preceding evaluation m eth o d s focus on one type o f u se r

satisfaction: w hether it is based on econom ic considerations or on  the 

u se r’s perception o f the technology’s  usefu lness an d  ease  of use. 

Economic factors, a n d  u se r’s perception  are only some of m an y  relevant 

m easures of IT usage success. Lim iting the selection problem  to one of 

these approaches could  lead to unw ise  decisions. For exam ple, a
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technology m igh t be u s e r  friendly b u t n o t econom ical, o r  economical b u t 

very com plicated.

This research  su g g e s ts  ano ther ro b u s t type of IT evaluation based  

on the m u lti-a ttrib u te  u tility  theory (MAUT). The ap p ea l of MAUT is 

tha t it com bines techn ica l, economic, a n d  risk  factors in to  one aggregate 

utility index. U ser p ercep tio n  of all of these  factors is implied in the 

evaluation of u tilities. Moreover, the existing m odels, unlike MAUT, do 

not estab lish  system atic  p rocedures for selecting IT.

1.2-Problem Statement
B ecause the u se  o f  ITs in the construc tion  in d u s try  is of prim ary

im portance today, dec ision  m akers in  m any  co n s tru c tio n  applications 

often face technology selection  issues. There are h u n d re d s  of ITs on the 

m arket. B ach technology h a s  its own technical, econom ic, and risk  

considerations th a t m ake th e  selection process a  difficult one. The 

selection decision involves m any tradeoffs am ong technology attributes. 

Rarely is a n  alternative sim ultaneously  b es t in all a ttr ib u te s , placing a  

burden on  construc tion  decision m akers. C urrently  th e re  is no tool th a t 

rationalizes a n d  facilita tes th is  com plicated decision-m aking process.

1.3-Research Objective
The prim ary objective of this research  is to develop a  decision tool

th a t helps decision m ak ers  select an d  evaluate th e  appropriate  IT for
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construction  applications. This sy stem atic  evaluation methodology will 

be based  up o n  th e  “Utility" theory a n d  referred to as  th e  M ulti-Attribute 

Utility Model (MAUM).

The con tribu tions of th is re sea rch  a re  m any fold. First, the model 

in troduces a  ro b u s t decision tool n o t yet used  for construction 

applications th a t  can  successfully  be im plem ented in  m any  engineering 

a n d  project m anagem ent selection issu es . For exam ple, the  model can 

evaluate a  wide variety of construction  alternatives su c h  a s  equipm ent, 

construction  m ethods, project types, b ids, an d  technologies.

Second, th e  research  focuses on  one application: selecting the best 

b a r  code and  Radio Frequency Identification (RFID) system  a s  examples 

of d a ta  cap tu re  technologies for construction  m ateria l testing 

laboratories. Moreover, the study  in ten d s  to evaluate th e  differences 

between the preferred technologies a s  well as the m o st im portant 

technology a ttrib u tes  favored by Inform ation technology professionals 

(ITPs) an d  technicians in governm ent and  private testing  labs. 

Furtherm ore, the research  exam ines th e  common belief th a t RFID 

system s are always superior to b ar code system s.

1.4-Methodology
There a re  four d istinct stages to th is  research. In  th e  first stage,

th e  m ulti-attribu te utility  theory (MAUT) w as carefully exam ined. The
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theory  is suitable, ro b u st, a n d  flexible because it allows one to combine 

all of th e  evaluation concerns a b o u t the technology u n d e r  investigation, 

su c h  a s  technical, economic, a n d  r isk  factors. An extensive study  of the 

u sefu lness, robustness, an d  lim ita tions of th is theory w as also m ade in 

th is  stage.

In the second stage, b a r  code and  RFID technologies were 

selected as exam ples of ITs w here m any decision m akers struggle to 

select th e  best configurations for th e ir  needs. A com prehensive literature 

review resulted  in an  u n d e rs ta n d in g  of the different configurations of b a r 

code a n d  RIFD system s on th e  m arket.

The third stage involved approaching m any  construction  

organizations th a t cu rren tly  have o r expect to have d a ta  cap tu re  

technology selection issue. T his effort resulted in  the  selection of six 

construc tion  m aterial testing  lab s  in Iowa. This stage involved (1) 

u n d erstan d in g  the cu rren t sam ple identification an d  te s t d a ta  recording 

system , and  (2) identifying the  appropriate technology alternatives for 

th ese  labs. Technologies’ a ttr ib u te s  were elicited to d is tin g u ish  am ong 

different alternatives. A survey w as designed to elicit the needs an d  

preferences of both lab techn ic ians and ITPs a t these  labs. These 

preferences were th en  analyzed a n d  quantified to bu ild  th e  model’s 

s tru c tu re .
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The fourth stage involved the model form ation, calcu lations, and  

analysis u sing  the  d a ta  o b ta in ed  in the th ird  stage. This stage revealed 

th e  technology’s m ost im p o rtan t a ttrib u tes  according to lab  decision 

m akers, produced dec ision  m akers’ u tility  curves, an d  calcu lated  

interm ediate an d  aggregate utilities for technology alternatives. Merit 

rankings for ten  of th e  m o s t com m on d a ta  ca p tu re  system s (5 b a r  code 

an d  5 RFID system s) w ere developed. Sensitivity analysis w as also 

perform ed to better u n d e rs ta n d  the dynam ics of th e  technology selection 

process a n d  to provide recom m endations.

1.5-Organization of this Study
To develop a  m odel th a t evaluates th e  use of ITs in  the

construction  industry , C h ap te r 2 in troduces th e  MAUM. C h ap te r 3 

explains the  model developm ent process for evaluating b a r  code and  

RFID system s in co n stru c tio n  m aterial testing  labs. C hapter 4  p resen ts 

the resu lts  and  d iscu sses  them , and  C hap ter 5 p resen ts th e  sum m ary, 

recom m endations, an d  conclusions.

Supplem entary m ateria ls  are also available in the A ppendixes. 

Appendix A reviews previous literature related to  b ar code a n d  RFID in 

the construction  industry . Appendix B p re sen ts  a  brief b ack g ro u n d  of 

bar code technology. Inform ation ab o u t RFID technology a n d  its 

lim itations is found in  Appendix C. Appendix D review s some
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applications w h ere  b a r  code an d  RFID system s com pete to serve certain 

construction  op era tio n s. Appendix E co n ta in s  the  survey questions used  

to develop th e  m odel’s s tru c tu re . A ppendix F  shows som e of the u se rs’ 

utility curves th a t  are  u se d  in th is  analysis. Appendix G provides a  

sum m ary of in te rm ed ia te  an d  aggregate u tility  calculations. Appendix 

H outlines th e  m odel calculation procedure.
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CHAPTER 2 . THE MULTI-ATTRIBUTE UTILITY THEORY 
(MAUT)

D uring  the la s t tw o decades, the u se  of MAUT to evaluate rival 

options h a s  become a n  accep ted  practice th ro u g h o u t governm ent an d  

in d u stry  (Bard e t al., 1989). The MAUT h as also been  explored in  o th e r 

fields’ lite ra tu re  su ch  a s  econom ics, behavioral research , an d  in d u stria l 

engineering, b u t so far it  h a s  no uses in the construc tion  world. The 

MAUT is in troduced  in  th is  s tudy , because it provides a  good system atic 

approach  for evaluating  different construction alternatives. The MAUT 

m ethodology helps decision m akers com pare an d  select am ong com plex 

a lternatives (Geoffrion e t  al., 1972). The p rocedures described in th is  

chap ter explain the  general fram ework of the theory.

2.1-The MAUT and Principal of Decomposition
W hen the evaluation  problem  has m ultiple dim ensions, intuitive

ju d g m en ts  may becom e exceedingly difficult. To facilitate the decision­

m aking process in  su c h  com plex problems, the  MAUT w as developed. 

A uthors have also called th is  tool of utility m easu rem en t MAUM an d  

MAUA. Though the  final le tter is different, all of th e  term s refer to  the 

sam e idea. The letter “T” m ay refer to technology o r theory; “M” refers to 

m easurem ent; and  “A” refers to analysis (Winterfeldt an d  W ard, 1986).
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The theory’s  b as ic  idea is th a t  th e  selection  issue  can  be broken 

down into a lternative  a ttr ib u te s . B ased u p o n  th e  u se r’s tradeoffs am ong 

attribu tes, im p o rtan ce  w eights are  q u an tified  an d  sing le-attribu te  

utilities are  m easu red . Finally, sing le-a ttribu te  utilities a re  com bined to 

develop w ith one single aggregate u tility  index  for each alternative. The 

m ain consideration  is  how  to s tru c tu re  a n d  a ssess  an  aggregate u tility  

function su ch  th a t:

U (JC,»JC2’....X,) = f  .... E quation  1

Where Ui d es ig n a te s  a  utility function  over single a ttr ib u te  x l  

Since th e  form al proofs appear in  th e  literature , the  d iscu ss io n s  in 

th is  chapter will m erely  a ttem pt to illu s tra te  the p lausib ility  o f the 

concepts w ithout delving into too m any  m athem atical proofs. The next 

sections d iscu ss  som e im portan t concepts o f the  MAUT.

2.2-The Hierarchical Structure of the MAUT

2.2.1-Defining evaluation objectives
The evaluation  them e in the MAUM model is b ased  u p o n  how

m uch each  a lte rn a tiv e ’s  a ttrib u tes achieve the objective of the 

com parison. O rganizing the model in  a  h ierarch ical s tru c tu re  is a  good 

way to define d ifferent levels of objectives. The high-level objectives 

represent overall objectives. Then each  high-level objective m ay  b ran ch

permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

into a  n u m b e r of low-level objectives th a t  a re  finally defined in  term s of 

alternative a ttrib u tes .

The rela tionsh ip  b e tw een  objective levels is  su c h  th a t  the  low-level 

objectives sh o u ld  an sw e r th e  question, “How sh o u ld  the  high-level 

objective be realized?” T he an sw er to the  q uestion , “W hy is the low-level 

objective im p o rtan t?” confirm s th e  relevance of th e  low-level objectives to 

its h igher level. I te ra tin g  su c h  questions a n d  an sw ers  identifies 

unexpected  gaps in th e  m odel’s s tru c tu re  (Pitz, 1984).

2.2.2-Defining alternative attributes
To ca p tu re  an d  qu an tify  all th a t is m ean t by  a n  objective, several

a ttrib u tes  m igh t be defined  u n d e r  each  objective. A ttribu tes represent 

the low est level of th e  objective hierarchy. T hose a ttr ib u te s  are the 

indicators th a t  m easure  how  each  alternative su cceed s in  m eeting the 

objectives. Because ea ch  alternative shou ld  have a t  leas t one a ttribu te  

th a t is n o t available in  o th e r options, each  a lternative  m u st m ake 

unique con tribu tions to  th e  evaluation objectives.

2.2.2.1-Attribute characteristics
O nce a  satisfactory  level of determ ining th e  a ttr ib u te s  is reached, 

the quantification p ro cess begins by defining su itab le  a ttribu te  

m easures. For example, the  “cost” a ttrib u te  is  m easu red  in dollars. 

U nfortunately, not all a ttrib u te  m easures are  quan tifiab le . However, 

those non-quantifiable a ttr ib u te s  can be defined in  a  subjective way. An
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example of non-quan tiflab le  a ttr ib u te s  would be th e  “friendly u se  of a  

new technology." The subjective ra tings for th is a ttrib u te  would depend 

on the personal ju d g m en t of the  decision m aker.

Subjective a ttr ib u te  scales m ight have some so rt of system atic 

b ias and  unreliability; however, they  are  n o t necessarily inferior to non- 

subjective m easu res (Campbell, 1975). Bias arises a s  m uch  from the 

way scale scores are  u se d  as from th e  m ethod of generating them  (Pitz, 

1984). Subjective a ttr ib u te s  have the  advantage of being inexpensive 

and  fast. They are  of a  g rea t help w hen non-subjective m easu res a re  not 

available for certa in  a ttrib u tes . Subjective m easures also save tim e and  

money w hen the  process of developing sim ilar non-subjective m easures 

is too com plicated or n o t direct.

2.2.2.2-Number of attributes
All a ttrib u tes  th a t  can  achieve the evaluation objectives m u s t be 

considered, w hether they  are subjective or non-subjective a ttr ib u te s , as 

long a s  the decision m aker views them  as  valid, appropria te , and  

credible. The problem  w ith too m any a ttribu tes is th a t they  m ake the 

analysis cum bersom e. Thom pson (1982) recom m ended th a t  no more 

th an  15 to 20 a ttrib u tes  be analyzed. W hen alternatives have too m any 

im portant a ttribu tes, the  analyst should  focus on the m o st im portan t 

ones.
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2.2.3-Uncertainty in the model
The validity o f th e  in form ation  u sed  in the evaluation process can

be questioned (Cook a n d  C am pbell, 1979). W hether th e  cu rren t 

available inform ation a b o u t eva lua ted  options an d  th e ir  a ttr ib u te s  can 

really predict the fu tu re  perform ance of the alternatives is uncertain . 

For example, the  su ccess  of one technology in a  construction  application 

does not g uaran tee  th a t  the sam e technology will p roduce th e  sam e 

resu lts  considering different tim e fram es, users, or environm ents or 

construction  sites.

2.2.3.1-Methods of incorporating uncertainty in the model
The decision of w hether to  consider uncerta in ty  in  th e  m odel or

ignore it to simplify th e  analysis m u s t be m ade in th e  early  stages of 

model development. As a  ru le, if the absence of u n ce rta in ty  in the 

model affects the decision, it shou ld  be considered.

U ncertainty c a n  be included in the evaluation m odel in  m any 

implicit or explicit ways. The n ex t sections d iscuss th ree  of these 

methods. The first two m ethods a re  implicit approaches to incorporating 

uncertainty  in the model quantification  process. The th ird  m ethod is 

explicit, because certa in ty  is included  as  an  additional a ttr ib u te  for each 

technology. Figure 1 sum m arizes the  three m ethods of incorporating  

uncertain ty  to the model.
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2.2.3.1.1-Adjusting attribute utility in the quantifying stage
The sim plest w ay to  co n sid er u n ce rta in ty  in  the  m odel is ignore it

in  the  modeling stage a n d  to implicitly incorporate it in  the 

quantification stage. The u n ce rta in  a ttr ib u te  u tility  for a n  op tion  is 

ra ted  less th a n  in  th e  ca se  of certain ty , implying u n ce rta in ty  

consideration.

A djusting the  a ttr ib u te  ratings o r u tility  levels is a n  accep tab le  

approach  if involving u n c e rta in ty  in the m odel is  n o t very im p o rtan t o r if 

th e  m odel s tru c tu re  is so com plex th a t explicitly adding u n ce rta in ty  in 

the  m odel m akes it too com plicated to be developed an d  u tilized  (Pitz 

an d  Killip, 1984).

Asa
weighting

factor

Asanatrfbute

Figure 1. Methods of incorporating uncertainty in MAUM
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2.2.3.1.2-Incorporating uncertainty in the attribute weightings
T here a lso  m igh t be some concerns ab o u t th e  validity or the

relevance o f one of th e  a ttribu tes , considering the  objectives. For 

example, th e  read in g  speed of a  b a r  code scan n er m ight be more 

im portant fea tu re  a t  a  point-of-sale in  a  departm ent sto re  m ore than  it is 

in  a  sm all w areh o u se  th a t  only con tains a  few bu lk  item s. In this case, 

it is certa in  th a t  th e  reading  speed is a  relevant a ttr ib u te  a t  the point-of- 

sale. B ecause o f th e  uncertain ty  o f the im portance o f th e  “reading 

speed” a ttr ib u te  in  th e  w arehouse case, the weight of th e  attribute 

should be low er th a n  it is in point-of-sale applications, w hich certainly 

requires h igh  read ing  speed.

2.2.3.1.3-Including uncertainty as a characteristic attribute
In troducing  uncerta in ty  as  one or more of the  op tion  a ttribu tes

enables th e  eva luato r to express uncerta in ty  in a n  explicit form. It is 

possible th a t  reducing  uncertainty  m ight be one of the  m odel objectives 

or a ttrib u tes . For example, uncerta in ty  can be viewed a s  a  technology 

attribute. E ach  technology can  be rated  in te rm s of th e  level of 

uncerta in ty  th a t  it engenders. The best rate  is assigned  to the 

technology w ith  th e  lowest level of uncertain ty . This m ethod  avoids the 

explicit definition of uncertain  outcom es and frees the  evaluator from 

worrying a b o u t th e  probability of uncerta in  consequences.
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2.2.4-Determining single-attribute utilities
By u n d ers tan d in g  th e  evaluator’s p reference for the selected

attribu tes , it  is possible to derive u tility  functions for quantifiable 

a ttrib u tes  over the considered  a ttribu te  m easu rin g  scales. Having su ch  

utility functions m akes i t  possible to m e asu re  the single-attribute 

utilities for each  alternative, based  on w here it  fits on  the utility curve. 

For non-quantifiable a ttr ib u te s , the evaluato r’s  d irec t utility a ssessm en t 

can  be u sed .

2.2.5-Assigftning attribute weights
For each  alternative, the aggregate u tility  value is determ ined by

adding th e  p roduct of th e  m ultiplication of e a c h  single-attribute u tility  

w ith its assigned  weight. A ttribute w eights reflect the contribution  o f 

each a ttr ib u te  in the  overall utility index. A ttribu te  weights are  no t ju s t  

m easures o f im portance; they  also reflect th e  range of variation along 

the a ttrib u te  m easuring scale. If the range of varia tion  is very small, th e  

a ttribu te  w eight d im inishes and  may exclude the  a ttribu te  from th e  

model. For example, if all of the a lternatives’ costs  are very close, th e  

weight assigned  to the “cost” attribu te is very sm all if it fails to clearly 

d istingu ish  am ong alternatives.

2.2.6-Checking attribute utility independence
To calculate the single-attribute u tility  functions, certa in  forms of

utility independence should  exist am ong a ttribu tes . Independence
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assum ptions req u ire  th a t th e  decision  m aker’s preference for a ttribu te  

levels shows un ifo rm ity  a s  changes a re  m ade to o th e r a ttr ib u te s  (Pitz 

a n d  Killip, 1984).

The cond ition  of the u tility  independence m ust hold to  separately 

calculate the u tility  functions for e a c h  attribu te. In o th e r words, the 

u tility  function fo r each  single a ttr ib u te  m u s t be in d ep en d en t of the 

o th er a ttrib u tes’ u tilities.

The u tility  independence condition  can  be exp lained  by the 

following exam ple. For any  two a ttrib u te s , Y and  Z, co n sid er y i, y2 , zi, 

a n d  Z2  to be d ifferen t levels of Y an d  Z. If zi is preferred to Z2 w hen Y is 

a t  the  yi level, th e n  zi m u st be preferred  to Z2  when Y is a t  th e  y2  level, 

indicating th a t th e  preference am ong levels of the firs t a ttr ib u te , Y, is 

unrela ted  to th e  level of the  second a ttribu te , Z. T hus it is  sa id  th a t 

a ttribu te  Z is independen t of a ttrib u te  Y.

As Figure 2 shows, Keeney a n d  Raiffa (1976) analogized the 

concept of a ttr ib u te  utility independence a s  a  hypo the tica l lottery. 

U nderstanding th e  analogy between these  hypothetical lo tte ries  an d  the 

concept of u tility  forms the  basis for obtaining s ing le-a ttribu te  utility 

functions. For th e  tw o-attribute case  show n in Figure 2, th e  certainty  

equivalent y  for a  50-50 gamble yielding a ttribu te  values y i, a n d  y2 given 

th a t  a ttribu te  Z is  held fixed a t  zo (lottery 1), does no t sh if t if z is held 

fixed a t some o th e r  level zi (lottery 2).
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50% 50%

(yi,zO
Lottery 1 Lottery 2|

(yA,zi)(y'SZb)
(y2,zo) (y .̂zi)

50% 50%

Figure 2. The analogy between utility independence and
hypothetical lotteries

T his m eans th a t  th e  certain ty  equivalent y  depends solely on the 

yi an d  y i  values a n d  n o t on  th e  fixed value of z. In  o ther words, the 

preference between th e  two lotteries involving different am oun ts of 

a ttribu te  Y does n o t d ep en d  on  the fixed level of a ttrib u te  Z, implying 

th a t Y is  utility in d ep en d en t of Z, because th e  conditional utility for 

lotteries o n  Y given Z does n o t depend on  a  particu lar level of Z 

(W interfeldt and  W ard, 1986). In this case, th e  u tility  function for Y can 

be considered  w ithout referring  to any p a rticu la r z.

If a ttrib u te  u tilities a re  found to be dependen t, the  assessm en t of 

utilities becom es veiy difficult. However, the  problem  can  be solved by 

redefining a ttrib u tes  to be preferentially independen t, com bining one or 

more of them , or elim inating  the  a ttribu te from  the  analysis (Pitz and  

Killip, 1984).
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2.2.7-Utility aggregation rules
The m odel s tru c tu re  differs accord ing  to th e  problem  analyzed. In

theory, it is possible to u se  several m ethods for com bining single­

a ttrib u te  u tilities w ith  th e ir  corresponding  weights in the model 

(Winterfeldt an d  W ard, 1986). The following parag raphs d iscu ss  the 

additive an d  m ultiplicative a ggregation  rules.

2.2.7.1-Additive rule
The additive ru le  is the  sim p lest aggregation rule, where single­

a ttrib u te  u tilities a re  m ultiplied w ith  th e  attribu te  w eights an d  sum m ed. 

The additive ru le can  also be analogized using the  hypothetical lotteries 

show n in  Figure 3. Lottery 1 h a s  a n  equal chance of getting e ith e r the 

lowest level of each  a ttrib u te  (yo, zo) o r norm al levels of y, an d  z. In 

lottery 2, there  is always a  no rm al level of one a ttrib u te  an d  the  lowest 

level of th e  other, for example, (y, zo) o r (yo, z). The indifference between 

lottery # 1 a n d  lottery #2 analogize th e  additive rule.

50% 50%

(y.z)
Lottery'll ___ Lottery2 (

  (yo.zo) ---------

50% 50%

(y.zo)

(y°,z)

Figure 3. The additive rule and the concept of lottery indifference
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To m athem atically  prove th is  point, U (yo, zo) is  normalized by 

setting th e  aggregate utility of th e  low est a ttribu te  levels to equal 0.

i.e ., U (yo, zO) = 0.

Taking th e  expected u tility  for each  lottery,

1 /2  U (y, z)+ 1 / 2  U (yo, z0) = i/2 U (y, zO) + 1 / 2  U (yo, z)

And su b s titu tin g  for U (yo, zO) = 0,

U (y, z) = U (y, zO) + U (y0, z) E quation  2

By defining U (y, zO) = ky Uy (y), and  U (yo, z) = k* Uz (z), where ky 

an d  kz a re  th e  a ttribu te  w eights; and su b s titu tin g  in Equation 2, 

one o b ta in s  th e  following additive rule:

U (y, z) = Ky Uy (y) + Kz Uz (z) E q u a tio n  3

2.2.7.2-Multiplicative rule
The previous additive ru le  h a s  the d isadvan tage th a t  it does not 

allow for in te ractions am ong th e  attribu tes. R elationsh ips am ong 

a ttrib u tes c a n  be described a s  “supplem entary” o r “com plem entary .” For 

the  tw o-attribute case, com plem entary  relationship  req u ires  th a t both 

a ttrib u tes be a t  satisfactory levels a t  the sam e time. The supplem entary  

relationship im plies th a t having one a ttribu te a t  a  sa tisfactory  level 

su b stitu te s  for a  less satisfactory level of the o ther a ttr ib u te .

For exam ple, the rela tionsh ip  between technology perform ance 

an d  its res is tan ce  in a  h a rsh  environm ent c a n  be described  as
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com plem entary. High technology perfo rm ance is  no t appreciated  if the 

technology can n o t w ith s tan d  the  w ork ing  conditions. Technology 

resis tance  to th e  w orking env ironm ent is also  not beneficial if the 

technology does n o t m eet th e  expected perform ance s tan d ard s. In  th is 

case, the  m ultiplicative ru le  can  w ork  a s  a  d iscounting  factor for bo th  

perform ance an d  resis tan ce , if one of th e m  does no t perform well.

O n the o th er h an d , th e  re la tionsh ip  betw een technology “cost” an d  

“risk ” is a n  exam ple of a  su p p lem en tary  relationship , which im plies th a t 

it m ight be acceptable to get a  risk y  technology for a  cheap  price or 

p resum ably  risk-free technology for a n  expensive price. In th is  case , the 

satisfactory  level of one a ttrib u te  co m p en sa tes  for the less sa tisfactory  

level of th e  other.

Keeney an d  Raiffa (1976) developed a  general form th a t considers 

different in teractions am ong a ttrib u tes . If a ttrib u tes  are m utually  u tility  

independent, th en  the ir aggregate u tility  function can  be expressed  a s  

follows:

U  (jc ) = Zw/W.-(X-) + S A r  WiWjUi (x )Uj (xP +
I K j

£  k 2 Wi Wj Wm Ui (x) U j( X j ) u J x J  + + ...... + k"  f l  W, Ui ( x )  E quation  4
i < j < m  < = l

In the preceding equation, the u tility  for each  a ttribu te  Ui, Uj Um

is m ultiplied by its weight Wi, W j,.... wm, a s  well as by a n  add itiona l
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interaction  p a ra m e te r  (fc) o r by its power. All a ttr ib u te  in teractions in the 

model are b ased  o n  fc k  is in te rp re ted  as a  p a ram ete r th a t determ ines 

th e  m anner in  w hich the single-attribute u tilities in te rac t with each 

other. All of th e  preceding term s a re  added together. As Equation 4 

shows, the  pow er of the in teraction  param eter k  increases as  the

num ber of in te rac ting  term s increases (W interfeldt, 1986). As the

absolu te value  of k  increases, the  attribute rela tionsh ips involve more 

in teractions. W hen there are  no interactions am ong attribu tes, the 

in teraction factor k  reduces to zero, and  th e  u tility  aggregation

relationship  tu rn s  o u t to be an  additive relationship.

If k *  0 , th en  by m ultiplying Equation 4 by k, adding 1, and  

factoring, one ob ta ins the m ultiplicative utility function  derived, in its 

sh o rt form, b y  Keeney and  Raiffa (1976) as follows:

kU(x) +1 = (x,) + 1] E quation  5

then,

V(x) = lf[{kw,u, (x,) +1] -1  \!k  E quation  6
i=i

W here the  symbol ]”J  indicates tha t the term s inside the brackets

are  m ultiplied together. W ithin the brackets, Wi an d  Ui rep resen t single­

attribu te  u tilities and  weights, respectively. As Keeney an d  Raiffa (1976)
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proved, k  is the in te rac tio n  factor th a t  is defined by the following 

relation:

Equation 7
«=i

So, E quation 6  c a n  be w ritten  a s  follows:

U(x) = [fl[*w,a, (*,) +1] -11/ [ f l P  + kw, ] -1  ] Equation 8
i=i i=i

2.2.7.2.1-Relation between the hypothetical lottery concept and 
attribute interactions

Keeney and  Raiffa (1976) in te rp re ted  the  a ttribu te  in teractions 

using the hypothetical lo tteries in Figure 4 . It is  assum ed  th a t a  m ore 

risky lottery (lottery 2) is su ch  th a t it is possib le to get the h ighest level 

of both Y  an d  Z  (Y  best, Z  best) or the low est level of each (Y  worst, Z  worst)* 

On the o th e r hand , for th e  less risky lo ttery  (lottery 1), it is always the 

highest level of one a ttr ib u te  and  the low est level of the other, i.e., (Y 

best, Z  worst), O r  (Y worst, Z  best).

-Lottery 1 >

50%

—  (A best* ® worst) <

—  (A worst’ ® best)

50%

50%

 Lottery 2»

(A best’ ® best )

(A  worst’ ® worst )

50%

Figure 4. Interpreting the attribute interactions using hypothetical
lotteries

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

25

To b e tte r  explain  how th e  hypo the tica l lotteries c a n  rep re sen t the 

supp lem entary  an d  com plem entary  rela tionsh ips am ong a ttrib u tes , 

lottery #1 a n d  lottery 2 are depicted  on  a  Y-Z axis a s  in  Figure 5. If 

lottery 2 is p referred  to lottery 1, th e  decision  m aker ap p aren tly  w an ts  to 

increase th e  w orst a ttribu te  to com plem ent the increase in  th e  other 

attribute. O therw ise, the full benefit of the  increase of th e  good attribu te  

is not exploited, w hich implies a  com plem entary  re la tionsh ip  su c h  as 

the  rela tionsh ip  betw een technology, reliability, and perform ance.

O n th e  contrary , preferring lo ttery  1 in  Figure 5 im plies th a t  the 

preference o f doing well occurs in  a t  le as t one a ttribu te , m ean in g  tha t 

achieving a  satisfactory  level of one a ttrib u te  m akes achieving  a 

satisfactory level in  the  second a ttr ib u te  of low im portance. T his would 

analogize a  supplem entary  rela tionsh ip  between a ttrib u tes  Y a n d  Z in 

Figure 5.

W hen th e  two lotteries a re  equally  attractive to th e  decision 

m aker, th e  im plication is th a t the  two a ttribu tes Y a n d  Z a re  not 

interacting. In  o ther words, the decision m aker is not willing to tradeoff 

am ong a ttr ib u te  levels. W hether the  lo tteries are  perceived a s  equivalent 

depends o n  the decision m aker’s preference toward th e  considered 

attributes.
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Attribute Z

Best beat.worsr

Worst bear worst,

Worst Best Attribute Y

Figure 5. Using hypothetical lotteries on x-y axis to interpret the 
interaction between two utility attributes

In  o ther words, th e  decision m aker’s preference for these 

hypothetical lotteries reflects the  interaction betw een a ttribu tes. The 

following section explains how  the hypothetical lo tteries can  be used  to 

calculate th e  interaction p aram ete r k.

2.2.7.2.2-Calcutation of the interaction parameter k
The three hypothetical options (A, B, an d  C) in Figure 6 are

derived from  lotteries #1 a n d  #2 in Figure 5. O ptions A an d  C are fixed 

and  rep resen t two extrem es in  which one a ttrib u te  is  a t  th e  best level 

and  th e  o ther is a t the w orst level. Option B rep resen ts  a  gamble in
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w hich it is possib le to  get bo th  a ttr ib u te s  e ith er in the ir best o r  w orst 

levels together.

The p u rpose  o f th is  approach  is to figure o u t the  decision m ak er’s 

preference ab o u t p u sh in g  one of the  a ttr ib u te s  to its b es t level com pared 

to push ing  the  o th e r  one to its  b e s t level. By this, the  decision m aker 

can  implicitly ass ig n  interaction am ong a ttrib u tes .

Option Attribute
Y

Attribute
Z

Indifference
probability

Best Worst Py

Best Best

Worst Worst

Worst Best Pz

Figure 6. Calculations of indifference probabilities

This approach , developed by Keeney a n d  Raiffa (1976), requires 

obtaining the  decision m aker’s indifference probabilities (py> a n d  p z) 

between option A a n d  lottery B, as  well a s  between option C an d  lottery 

B. For exam ple, th e  indifference probability, p y, in Figure 6 m easu res 

the  willingness of the  decision m aker to risk  losing everything on 

a ttribu te  Y (in option A) for a  chance to gain  everything in te rm s of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

28

attrib u te  Z  (in lottery B). To obtain  pz, the  sam e p ro cess  is repeated for 

option C a n d  lottery B.

S ince th e  indifference probabilities (py, p z) reflect the tradeoffs 

am ong a ttrib u te s , th e  m e th o d  described here explicit th e  issue of risk  in 

exchanging levels o f on e  a ttr ib u te  for levels of a n o th e r  (Pitz and  Killip, 

1 9 8 6 ) .  C onsequently , Py a n d  p z represent the  relative w eight of a  change 

in one a ttr ib u te  from  its  w orst to its b es t level on  overall utility 

(W interfeldt an d  W ard, 1 9 8 6 ) .  If the decision m a k er views th is change 

as  u n im p o rtan t, he  will ass ig n  a  high indifference probability, because 

the gam ble is no t a s  a ttrac tiv e  a s  the fixed option.

As Keeney a n d  Raiffa ( 1 9 7 6 )  prove, the indifference probabilities 

can  be converted in to  in teraction  weights depend ing  on th e  sum  of p y 

and  pz. If the  sum  is  equal or close to 1 . 0  ( 0 . 9 - 1 . 1 ) ,  there is no 

in teraction  between Y a n d  Z, an d  the additive in teg ra tion  ru le  holds (Pitz 

and  Killip, 1 9 8 4 ) .  O n th e  o th e r hand, if the su m  of p y an d  p z does not 

add u p  to 1.0, then  the  p aram eter k  can  be ca lcu la ted  a s  follows:

k  = ( 1 -  p y- p z) /  PyPz E quation  9

Note th a t since p y a nd P z  are such th a t 0  £  s  1 ,  E quation  9  limits k

to -1 £ k  £ ao. For exam ple, if p y - pz -  0 ,  k  -  <».; a n d  if p y - p z - i, k  = - 1 .

It is also c lea r th a t w hen  p y  + p z » l , f c  = 0  an d  the additive ru le  applies.
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2.2.8-The aggregate utility function
Once p a ra m e te r  k  is determ ined , E quation  8 can  be u sed  to

calculate the aggregate u tilities for eva luated  options. To simplify the 

form of th is eq u a tio n , the  scaling c o n s ta n t k  c an  be com bined w ith Wi a s  

follows:

By setting  Wi* = k im  E quation 10

And su b s titu tin g  for w f in  E quation  8, the aggregate utility  

function can  be expressed  a s  follows:

= , U,(x ,)] - .] / [ l i [ .  + W. , ] - H  E quation  11
ia| |a |

For the  tw o-attribu te  case, th e  in te rac tion  w eights for Y an d  Z can

be expressed by su b s titu tin g  for E quation  9 into E quation  10 a s  follows:

vuy = (1- py- p z) /  Pz E quation  12 
Wz* = (1- Py- Pz) /  Py E quation  13

Using E q u atio n s 11, 12, a n d  13 m akes it m uch  easie r to  calculate

the aggregate u tilitie s  for all evaluated options. Note th a t each  a ttrib u te

in Equation 11 c a u se s  the term  in  w hich it is included to deviate from

1.0. O n the o th e r  hand, if e ither Ui or w*i is equal to zero, the  term

equals to 1.0 so it  does no t affect th e  p ro d u c t of o ther term s.

It should  be noted th a t the in te rac tion  w eights can  be larger th a n

1.0 or negative. The negative w eights can  occur w hen the  su m  of the

indifference probabilities exceeds 1.0, m eaning th a t the risk y  option (B
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in Figure 6) is seen  as  u n a ttra c tiv e  com pared to  th e  fixed options. This 

im plies a  negative in te rac tion  o r supp lem en tary  relationship am ong 

a ttribu tes . O n th e  o ther h an d , w hen the  risk y  option B is seen to be 

m ore attractive th an  fixed options, the s u m  of the indifference 

probabilities will be less th a n  1.0 an d  th e  in teraction  weights in  

E quations 12 a n d  13 will becom e large an d  positive.

This u n u s u a l form of in teraction  w eights m ak es sense because w*i 

determ ines bo th  in  w hat d irection  an d  by how  m u c h  the term  (1+ w*iUi) 

in  Equation 11 deviates from  1.0. If all of the  w*i a re  positive and  large, 

th e  aggregate u tility  will be large only if all th e  single-attribute utilities 

are  large. One sm all u tility  will obviously red u ce  th e  aggregate utility. 

For com plem entary a ttrib u tes , the  aggregate u tility  will be high only if 

all single a ttr ib u te  utilities a re  a t  satisfactory levels. On the o ther han d , 

if all w*i are negative, any  one single a ttrib u te  utility  will increase the  

aggregate utility . This is desirable w hen th e  relationship am ong 

a ttrib u tes  is supplem entary.

The next chapter explains how the previous theory w as used  to 

co nstruc t a  m odel th a t evaluates two types of d a ta  cap tu re  technologies.
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CHAPTER 3 . DEVELOPING A MODEL THAT SELECTS 
AMONG DIFFERENT BAR CODE AND RFID SYSTEM S IN 

CONSTRUCTION MATERIAL TESTING LABS

D uring the  search  for co n stru c tio n  organizations hav ing  data  

cap ture selection issu es, some m ateria ls  testing laboratories expressed 

the ir in te rest in  applying the m u lti-a ttr ib u te  utility m odel (MAUM). One 

governm ent lab  a n d  five private lab s  in  Iowa partic ipated  in  th is  study 

(see Table 1).

Table 1. Material testing labs participating in the study

Lab Name Type Location

o Iowa Department Of 
Transportation (IDOT) 
material testing laboratory.

Government Ames

o Wyle laboratories Inc. Private Waterloo
o Certified Testing Services Inc. Private Sioux City
o Patzing Testing Laboratories Private Des Moines
o American Testing and Engineering Private Quad City
o Robert Nady Test Lab Private Des Moines

In th is  s tudy , th e  m u lti-a ttribu te  u tility  theory (MAUT) is u sed  to

develop a  m odel th a t  helps decision  m akers a t  th ese  lab s  assess 

different b a r code a n d  radio frequency  identification (RFID) system s for 

identifying a n d  recording sam ple te s t  resu lts. B ar code a n d  RFID 

technologies are  selected because they  are  the m o st com m on data  

cap ture technologies today.
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T he m odel developm ent s ta r t s  by defining the  selection problem in 

co n stru c tio n  m ateria ls  testing la b s  an d  identifying different bar code 

and  RFID system s alternatives. D eterm ining evaluation  objectives and  

defining a ttr ib u te s  serving those objectives, a ttr ib u te  u tility  functions, 

and  a ttr ib u te  w eights are n ecessary  to form th e  m odel structure . 

Objective u tilities a re  calculated a n d  com bined to o b ta in  the aggregate 

u tilities fo r th e  evaluated b ar code an d  RFID system s.

It m u s t  be noted  th a t th e  words “technology” o r “D ata cap tu re  

technology” a re  u se d  in terchangeably  and  refer to e ith e r  a  bar code or 

RFID technology. O n the o ther h an d , the w ords “sy stem ” or “option” 

m ean a  specific b ran d  or certa in  configuration of e ith e r  a  bar code or 

RFID technology.

T he s tu d y  determ ines

o To w hat extent the MAUM can  enhance  the  d a ta  cap tu re  

system s selection decision, 

o The technical, econom ic, and  aggregate u tilities and  m erit 

rank ing  of data  cap tu re  system s in th is  stu d y , 

o The value-related a ttr ib u te s  th a t best describe  portable d a ta  

term inals (PDT).

o W hether there are technology preference differences between 

governm ent and private lab needs.
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o W hether th e re  are  technology preference differences between 

inform ation  technology professionals (ITP) a n d  technicians 

in m ateria l testing  labs, 

o The m o st sensitive a ttrib u tes  th a t  have the  s trongest im pact 

on technology evaluation.

B ased on th e  MAUT described in  C hapter 2, th e  methodology 

followed in  th is  re sea rch  is explained in detail in the n ex t few sections.

3.1- Defining Sample Identification and Data Recording 
Problems in Construction Material Testing Labs

3.1.1-Type of work in construction materials testing labs
The objective o f th e  m aterial testing  labs is to determ ine w hether

the  quality of construc tion  m aterials, su ch  a s  aggregate, concrete, and 

asphalt, are in reasonab ly  close conformity with approved p lans and 

specifications. M aterials are  tested to the correct s tan d ard s, a n d  reports 

for each construction  project should be produced on tim e. The volume 

of work is huge for som e of these labs. For example, in  1999, a t the 

IDOT lab, the largest lab  in th is study, 5 ,827  tests were perform ed on 

aggregates; 9,639 te s ts  on asphalt m aterials; 8,952 te s ts  on  concrete; 

an d  7 ,357 tests  on soils (w w w .state .ia .us/dot/specifications/A pril2001). 

The o ther participating labs vary b u t are generally sm aller in  size.
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3.1.2-Current data recording procedure
To gain  insigh t in to  th e  sam ple identification an d  test re su lt 

recording process in co n s tru c tio n  m aterial labs, the  c u rre n t processes in  

the partic ipating  labs were carefully  investigated.

The Laboratory M anagem ent Information system  (LIMS) is a lm ost 

identical in  all labs. E ach  sam ple is assigned a  n u m b e r on  a  paper tag  

or label for identification. T he LIMS requires m ain ta in ing  records of all 

inform ation resu lting  from  m onitoring test activities a n d  results. This 

includes

o Sam ple n u m b er, description, and  supplier nam e 

o The date, exact place, and  time of sam pling 

o The date  te s ts  w ere performed 

o The technician  w ho performed the test 

o The analytical techniques used  in the  te s t 

o The te s t re su lts

T his inform ation is recorded m anually on a  p rin ted  form by th e  

lab technician . The form is  se n t later to the lab secretary  who enters th e  

test d a ta  into the com puter. Based on th e  technician’s

recom m endations, com pliance/noncom pliance repo rts  a re  issued. 

Figure 7 depicts the c u rre n t te s t data  recording p rocess in  th e  IDOT lab.
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Assign a  sample 
number with a 

paper label or tag

Send the form to I  
secretary ■

Sand 
compflancaf non 
comliance raport 

tottw 
field.district, and 
supplier by mail

Figure 7. Current test data recording process at IDOT laboratory.
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3.1.3-Data recording process inefficiency
As Figure 7 show s, th e  d a ta  recording process s ta r ts  by identifying 

the sam ple. Lab tech n ic ian s have to a ttach  paper tag s  to each sam ple. 

C urren tly  paper tags w ith  a  handw ritten  sam ple identification num ber 

are  e ith e r s tu ck  or a tta c h ed  to the sam ple using  a  wire. Technicians 

have to copy th is n um ber, a s  well as te s t d a ta  a n d  resu lts  on  the te s t 

d a ta  sheet. Because d a ta  is m anually  recorded on form s before en try  to 

the h o s t com puter, is su e s  associated  w ith in terp reting  handw riting; 

tran sp o sin g  num bers, w hich  resu lts  in m any errors; an d  a  slow process 

are n o t resolved. In th e  IDOT lab, two secretaries sp en d  approxim ately 

15% to 20%  of their tim e in  d a ta  entiy. According to  Jo h n  H inrichsen a t  

the IDOT, although the  m ain  objective for recording te s t d a ta  is to have 

u p -to -d a te  inform ation ab o u t the  test conditions, a  te s t m ight be 

perform ed in  only a  few m inu tes; however, the recording process m ight 

be com pleted 3 days later. Private labs reported sim ilar problem s 

especially during  the peak  construction  season.

W ith the con tinuous growth of laboratory responsibilities, it is 

increasingly  difficult to m ain ta in  accurate and  up-to -da te  records of te s t 

resu lts . The time taken  to record test resu lts  an d  u p d a te  the system  

needs to  be dram atically reduced. Overall, d a ta  need  to be m anaged 

more efficiently.
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3.1.4-Identifying opportunity for improvement
Unlike th e  c u r re n t p aper-based  identification and  recording

system, u sing  a  d a ta  cap tu re  technology allows lab  techn ic ians to 

identify sam ples a n d  record te s t d a ta  electronically only once a t  the 

point of test. The te s t  d a ta  can  th e n  be downloaded to the  h o s t system , 

elim inating all o f th e  paperw ork. This shou ld  help reduce p rocess time 

an d  improve d a ta  quality .

3.1.5-An overview of bar code and RFID technologies
Bar code a n d  RFID technologies serve the m ain  p u rp o se  of

autom ating d a ta  en try  process w ithou t using  a  com puter keyboard. 

These technologies elim inate two error-prone an d  tim e-consum ing 

activities: m a n u a l da ta  collection and  d a ta  entry

fwww.aim global.org/technologies. 2001).

Bar code a n d  RFID system s are  sim ilar because each  of th em  u ses 

a  reader and  coded d a ta  carrier a ttach ed  to the object. However, b ar 

code system s u se  optical signals to transfer da ta  between th e  b a r  code 

reader and  label, while, RFID system s u se  radio frequency (RF) signals 

to transfer d a ta  betw een the reader an d  the RFID tag. The following 

paragraphs briefly sum m arize the two technologies.

3.1.S. 1-Bar code system components
Bar code system  com ponents basically consist of a  read er, b ar 

code labels, an d  prin ters. Many b a r  code symbologies a re  u se d  in a
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variety of applications. E ach  symbology rep re sen ts  the ru les for

ch aracte r encodation , e r ro r  checking, p rin tin g  an d  decoding 

requirem ents, a n d  m any o th e r  features. Today, th e  m ost popular o n es 

are  th e  Universal P roduct C ode (UPC), the E u ropean  Article N um bering 

(EAN), Code 39, In terleaved 2  of 5 Code, and  Code 128 ...etc. Code 3 9  is 

being used  in  co n stru c tio n  a n d  m ost construction-related  applications 

(Blakey, 1990).

In general, b a r  codes c a n  be classified into th ree  m ain  categories: 

linear (one-dim ensional), s tacked , and  m atrix  b a r  codes (two- 

dimensional). C om pared to  one-dim ensional b a r  code, stacked a n d  

m atrix  bar codes have m ore d a ta  capacity and  re s is t  dam age. For m ore 

inform ation a b o u t b ar code technology, refer to A ppendix B.

3.1.5.2-RFID system components
Radio frequency identification system s typically consist of fou r 

basic com ponents:

(1) Tag, o r transponder, a s  a  d a ta  carrier

(2) A ntenna to tran sfe r th e  RF signal from th e  reader to the tag

and vice versa

(3) S canner to generate th e  RF signal

(4) Reader to convert th e  scanner’s analog signal in to  a  d igital

format to p ass  the d a ta  to the host com puter
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In  som e in d u s tria l applications w here equ ipm ent m ay be 

perm anently  fixed, e a c h  of these com ponents is a  sep ara te  item. In 

o ther app lica tions w here portability is required , some of th e  com ponents 

m ay be com bined in to  one hand-held configuration.

D ata  can  be encoded on the tag  in  such  a  way th a t only 

authorized  u se rs  can  re a d  or write data. The am oun t of d a ta  stored  on a  

tag  depends on  th e  application. In general, tags m ay contain  the 

following inform ation:

o Identification num ber, in  w hich a  num eric or alphanum eric 

s trin g  is s to red  on the tag to identify  or track  item s or a s  an 

access key to d ata  stored  in  a  com puter, 

o Portable d a ta  files containing all inform ation p ertin en t to 

th e  item .

For m ore in fo rm ation  about RFID technology, refer to Appendix C.

3.1.6-The problem of selecting the data capture system
Selection of d a ta  cap ture technologies is challenging. The data

collection technology m arke t is sa tu ra ted  w ith devices of different 

capabilities, m aking device selection a  challenge (Cohen, 1994). The 

reason  for difficulty in  selecting a  p a rticu la r  technology is  th a t  no one 

technology is d o m in an t in  all its  a ttr ib u te s . Decision m akers cannot 

m aximize all th ese  a ttr ib u te s  sim ultaneously .
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L abs participating in  th is  study have been considering u p d atin g  

their d a ta  recording p rocess by introducing one of th e  data  cap tu re  

system s. However, there w as no formal m ethod for evaluating these  

system s. For example, in th e  IDOT lab, an  ad-hoc com mittee, com posed 

of lab tech n ic ian s and ITPs decided to u se  one of the  b a r code or RFID 

system s. Som e com mittee m em bers had  contacted  data  cap tu re  

technology suppliers and  found it was no t easy  to select the best system  

for lab  operations. This left the  IDOT com m ittee undecided, an d  th e  

project is  cu rren tly  postponed.

The re s t of the labs in  th is  study  are also p lann ing  to adopt one of 

the d a ta  cap tu re  technologies sometim e in  th e  fu tu re . These labs 

reported sim ila r difficulties to those encountered by th e  IDOT com m ittee 

in te rm s of technology selection. Therefore, the  labs participating in th is  

study are  still preparing to se lect a  d a ta  cap tu re  technology.

3.2- Identifying and Screening Data Capture Technology
Alternatives

As th e  labs partic ipating  in  th is s tu d y  considered da ta  cap tu re  

technologies, a  thorough ana lysis  of possible d a ta  cap tu re  system s w as 

performed. The search involved a n  extensive lite ra tu re  review, reviewing 

m anufactu rers  and  asso c ia tio n s’ w ebsites, exchanging e-mail w ith 

experts, a n d  interviewing lab  techn icians an d  ITPs. For m ore 

inform ation a b o u t bar code a n d  RFID technologies, refer to Appendixes
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B an d  C. The p re lim in ary  sea rch  re su lted  in  identifying m any  system s 

on the  m arket. For exam ple, AIM (the global trade  associa tion  for 

autom atic identification a n d  d a ta  collection) has listed  m ore th a n  500 

b a r code system s a n d  6 8  RFID sy stem s in  its website. Som e other 

system s are described  in  m a n u fa c tu re rs ’ websites a n d  catalogs. Figure 

8 describes th e  d a ta  cap tu re  sy stem  screening process. In the 

prelim inary search , fixed d a ta  c a p tu re  readers a re  excluded because 

they  best fit u n a tte n d e d  operations. In  testing  labs, sam ples a re  located 

all over the labs. Therefore, portab le  system s are considered  for fu rther 

screening, because th ey  enable lab  technicians to record d a ta  while 

performing the  test. As a  re su lt of th e  search , either a  b a r code o r RFID 

reader incorporated w ith  a  PDT w as chosen  as  the b es t so lu tion . New 

PDT products con ta in  bu ilt-in  read e rs  th a t  are a n  in tegral p a r t  of the 

PDT unit. This “o n e-h an d  solution" com bines both  d a ta  collection  and 

au to  identification system s. Figure 9  show s some exam ples o f th e  PDTs 

evaluated in th is  study.

For m aterials te s tin g  labs, PDTs have the advantage o f recording 

te s t d a ta  by taking th e  PDT to the  d a ta  source ra th e r th a n  b ring ing  the 

d a ta  source to the com puter a s  is the  case w hen b a r code o r RFID 

readers are separated  from  PCs.

Considering th a t  the  lab techn ic ian  h as to w ork very closely  with 

the  sample, the interrogation range does no t need to be very long.
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Figure 8. Process of screening different data capture systems
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Figure 9. Some bar code and RFID data collectors 
From left: Memor2000-RFID, Dolphin7400, and Intermec 5020

There is  no  need for a  large storage capacity, because  no  portable 

d a ta  file accom panies the  sam ple. A sam ple will only be identified by an  

identification n u m b er th a t  ac ts  a s  a  d a ta  key or address for a  particu lar 

record in  a  d a ta  file. Therefore, tw o-dim ensional b a r code a n d  high- 

storage RFID system s are excluded. Considering th ese  initial 

configurations, th e  prelim inary screening resu lted  in  selecting  ten  data  

capture sy stem s (5 bar code a n d  5 RFID systems) for MAUM evaluation. 

All system s w ere PDTs w ith e ither a  b ar code or RFID reader.

3.3- Systems Evaluation Objectives
B ecause the  MAUM requ ires developing selection criteria  for

evaluating technology, three m ain  objectives were identified: (1) 

technical m erit, (2) economic m erit, and  (3) low-risk m erit. System s’ 

utilities were calculated based o n  the degree to which th e se  objectives
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were achieved. The sing le-a ttribu te  u tility  for all of these  objectives w as 

be com bined in  th e  form  of a n  aggregate u tility  index for each system .

3.4- Determining Attributes

3.4.1-Initial attribute list
The process o f defin ing  evaluation objectives an d  a ttrib u tes  w as 

a n  iterative one. All a ttr ib u te s  initially th o u g h t to achieve the objectives 

are listed in  Table 2. S h ad ed  a ttrib u tes  in  Table 2 were la ter excluded 

th roughout the  m odel developm ent stages. T he n ex t section explains th e  

reasons for excluding th ese  a ttribu tes .

3.4.2-Process of excluding some attributes from the model

The problem  w ith too m any a ttr ib u te s  is th a t  they m ake th e  

analysis cum bersom e. Thom pson an d  N ew m an (1982) recom m ended 

th a t no m ore th a n  15 to 20 a ttrib u tes be analyzed. To reflect th e  

differences am ong system s, only im portan t a ttr ib u te s  w ere selected. 

Shaded a ttrib u tes  in  Table 1 are e ither excluded from the  m odel o r 

com bined w ith o ther a ttrib u tes . This does n o t necessarily  m ean  th a t th e  

excluded a ttrib u tes  are n o t im portant, b u t  th a t  some im p o rtan t 

a ttribu tes m ight n o t con tribu te  to the ana lysis . There was a t  leas t one 

reason for excluding the shaded  a ttrib u tes . For example, th e  reading 

speeds  for all system s are , in  general, very close. Reading speeds only 

differ in  milliseconds. Trying to o b ta in  reading speeds from
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m an u fac tu rer ca ta logs m ight n o t be very reliable. Therefore, the 

“read ing  speed” a ttr ib u te  was excluded from the model.

The technology’s  direction o f  reading  refers to how  the u se r can 

approach  th e  identified object from  different d irections (front, back, 

above, an d  under). For example, b a r  code technology is a  uni-directional 

technology com pared  to RFID, w hich is omni directional. This feature 

could be overlooked in  the analysis because lab techn ic ians always 

approach  th e  sam ples from the front.

Data storage capacity refers to th e  m axim um  recorded  am ount of 

d a ta  on a  label. O n th e  o ther hand , d a ta  density  refers to th e  m axim um  

am o u n t of d a ta  th a t  can  be encoded in  a  given a rea  of th e  d a ta  carrier. 

B ecause it w as decided th a t the d a ta  carrier would on ly  include the 

sam ple identification num ber, bo th  d a ta  storage capacity  an d  data  

density  were n o t m ajor factors th a t d istinguished betw een b a r code and 

RIFD system s for m aterial labs use. All system s can  accom m odate the 

sam ple identification num ber.

First R ead Rate (FRR) is the probability  of a  successfu l read of the 

d a ta  a t  first trial, a n d  Substitution Error Rate (SER) is th e  probability of 

m isreading a n  encoded character an d  replacing it with a  w rong one.

All system  m anufacturers claim  th e ir products have high  FRR and 

low SER  (one over several millions), w hich make it a lm ost th e  sam e for 

all system s.
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Table 2. Initial attribute list
Objectives end Attribute Hierarchy

Technical merit
8ystem capability

Maximum distance between data carrier and  reader

Writing ability 
Maximum throughput 
CPU speed 
Operating system 
Base RAM 
Max. RAM
PC card or hard  drive 
Screen dimension

No. of keyboard keys 
Weight including battery 
Battery life
Built in wireless capability

.v>A£t*d£
8ystem reliabilit

wssmsm
Technology security

Data carrier environmental resistance (dirt, temperature, and chemicals)

Reader rugged characteristics 
Need for a  line-of-sight to read data carrier 
Resistance to adverse effect (collision, metal effect) 

Economic merit
System Cost

Initial investment 
Operating cost (printer, tags,..)

Benefit

Risk factor
Technoloa risk

ij nr?
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For the physica l configurations, all PDT system s in th is  study  

have screen  contrast control an d  backlighting  for poor lighting conditions. 

PDT screen  resolution  is  very close for all system s.

The com m unication interface connects th e  d a ta  cap tu re  system  to 

a  h o s t com puter term inal. All system s have RS-232 serial 

com m unications ports . Som e of the system s have other in terfaces such  

a s  RS-422 in add ition  to RS-232; however, RS-232 w orks well as 

partic ipating  lab sta ff reported .

Inform ation technology professionals a n d  technicians in  th e  labs 

reviewed the system s a n d  reported th a t all PDTs considered  are 

com patible w ith their existing  system s.

B ecause they  a re  non-quantiflable a ttrib u tes , data  integrity  of a  

technology a s  well a s  th e  possibility o f  being readable by peop le  were 

la te r incorporated u n d e r  technology security  a ttribu te .

It is also h a rd  to judge *vendor reliability’’ before pu rchasing . 

PDT vendors are n o t providing enough inform ation ab o u t after-sale 

su p p o rt.

There is no need to  consider training cost, because all sy stem s are 

easy  to  use. Jase lsk is  a n d  Elmisalami (2000) reported th a t it  took  only 

15 m in u tes  to tra in  B echtel field w orkers on  using  one of th e  RFID 

system s.
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As for quantifying th e  benefits  fo r  each system , all system s serve 

the sam e pu rp o se  of identify ing  sam ples to record te s t re su lts  b u t w ith 

different quality . B ecause i t  is  im possible to perform  p ilo t te sts  for all 

system s to m easu re  th e  benefits , th e  quality of service a s  reflected in 

system  a ttr ib u te s  w as co n sid ered  an  indirect m easu re  of system  

benefits.

A h igher expected n u m b er o f  technology users  is desirab le, because 

the m ore th e  better. F o r th e  system s considered, th e re  w as no 

indication th a t  a  system  configuration  affects the  n u m b er of u sers .

All system s are u se r  frien d ly . It is difficult to p red ic t the u ser  

satisfaction  w ith  each system , b u t it is assum ed to be th e  sam e o r very 

close for a ll system s. T here shou ld  not be an y  d ifficu lty  in sy stem  

im plem entation. All system s a re  sa fe  and  should no t have a n y  negative 

im pact on u se r 's  morale.

Technology standards  a re  n o t yet available for RFID system s; 

therefore, it  is  included u n d e r  th e  low-risk objective a s  explained  later.

Table 3 lists the a ttr ib u te s  th a t were elicited to be inc luded  in  the 

model. T hese attribu tes a re  d iscu ssed  in the following section . The table 

also d isp lays the  structu re  o f the  th ree  objectives defined in  Section 3.3 

in th is  ch ap te r, including techn ica l merit, economic m erit, a n d  risk-less 

m erit. The firs t objective ex tends down to two lower level objectives of 

technology “capability” a n d  “reliability.” The technology capability
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objective, for exam ple, lead s to th e  definition of th irteen  attribu tes. The 

technology reliability objective generated five m ore attribu tes. The 

economic m erit objective involves considering two cost a ttribu tes. As 

m entioned previously, benefits are  reflected in  o th e r system  attribu tes , 

because they are  a n  in d irec t m easure of benefits. The last objective, 

“low-risk m erit” is  subjectively defined to reflect th e  evaluator’s feeling 

ab o u t the  ce rta in ty /u n ce rta in ty  associated w ith  each  technology (bar 

code or RIFD).

3.4.3-Explanation of model attributes

The o b jec tiv es/a ttrib u tes s truc tu re  listed in  Table 3 can  serve a s  a  

basis for evaluating th e  selected d ata  cap tu re  system s.

This section explains the model a ttrib u tes . Capability objectives 

are represented  by 13 a ttr ib u te s  such  a s  the M axim um  distance betw een  

data  carrier and  reader, w hich determ ines the  m axim um  distance from  

which a  d a ta  reader c a n  approach  the inform ation in  the  d a ta  carrier.

Some RFID system s have writing ability, w hich m akes it possible 

to update  the inform ation by writing back  to th e  tag  m any tim es. All b a r  

code an d  some RIFD system s are read-only technology. M axim um 

th roughpu t defines th e  am o u n t of d a ta  to be transm itted  in  a  given 

am o u n t of tim e, u su a lly  seconds. It ind icates the  system  speed.
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Table 3. Objectives and attribute hierarchy as included in the final
model

Objectives and attribute hierarchy

TECHNICAL MERIT

System capability
M axim um  d istan ce  betw een d a ta  carrier an d  read e r 
Technology w riting  ability  
M axim um  th ro u g h p u t 
CPU speed
Technology opera ting  system  
Base RAM 
M axim um  RAM 
H ard drive capacity  
Screen d im ension  
C om m unication in terface  
No. of keyboard keys 
W eight including  b a tte ry  
B attery  life
Built in  w ireless capab ility

System reliability
Technology security
D ata carrie r env ironm ental resistance
PDT rugged ch arac te ris tic s
Technology’s need  for a  line-of-sight to read
Possible adverse effect (anti collision, m etal effect...)

ECONOMIC MERIT

System cost

Initial investm ent 
O perating cost

LOW-RISK MERIT
Technology certain ty
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PDT processor sp eed  affects the d a ta  p rocessing  capability. 

A lthough these types of d a ta  collection system s a re  n o t required  to 

handle large am o u n t of d a ta  a t one time, a  strong  p rocessor is needed  

for search ing  large d a ta  files.

For m any people, working with operating sy s te m s  su ch  a s  

W indows is preferable to  DOS. Therefore, the operating  system  is a n  

im portan t factor to be considered.

M emory capacity  is a  m ajor consideration in  selecting a  d a ta  

collection system . R andom  access memory (RAM) is  th e  place in  a  

com puter w here th e  operating  system , application program s, an d  d a ta  

in cu rren t u se  are  k e p t so th a t they can  be quickly reached  by th e  

com puter’s processor.

Some PDTs a re  designed to facilitate adding  add itional RAM. The 

M aximum RAM  th a t  c a n  be added in  the fu ture ex ten d s th e  com pu ter’s 

capability. Having m ore RAM in a  com puter red u ces the  n u m b er o f 

tim es th a t the p ro cesso r has to read  d a ta  from  th e  h ard  d isk , a n  

operation th a t  tak es  m u c h  longer th a n  reading d a ta  from  RAM.

Not all PDTs have hard drives. Some u se  PC ca rd s , o thers sto re  

d a ta  on RAM. As in  all com puters, more sto rage capacity  is alw ays 

preferred.

PDT screen  size , m easu red  by the  n u m b er o f screen  lines, is a n  

im portant a ttrib u te , b ecau se  the PDT u se r  h a s  to find  th e  in p u t field o n
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th e  screen a s  quickly a s  possible. Larger screens a re  n o t always best; 

they  might be m ore expensive an d  w eigh more th an  th e  sm aller ones.

PDT *num ber o f  keyboards'9 can  vary widely. Some keyboard 

layouts include num eric  only or full alphanum eric. The alphanum eric 

characte r se t co n ta in s  letters, digits, an d  usually  o th er characte rs  such 

a s  punctuation  m ark s. D epending on  the intended u se , th e  need for all 

of th e  sets differ. Som e keys m ight n o t be required for all d a ta  collection 

applications.

PDT w eight is also im p o rtan t in  the lab environm ent because 

u se rs  may have to ca rry  the u n it  for a  considerable a m o u n t of time.

PDTs are b a tte ry  driven. Most PDTs are  supplied with 

rechargeable nickel cadm ium  (Ni-Cads) cells. O ther PDTs u se  disposable 

alkaline batteries. Very few are  pow ered by both types th a t  is have a  

backup  source of power. B attery life is an  im p o rtan t factor in 

determ ining how long batteries operate before they need a  recharge.

PDT system s supplied w ith R F  w ireless capability c a n  update  the 

h o s t com puter system  instan taneously  as data  readings occur. Not all 

system s have th is capability.

For security purposes, some technologies are  less secure th an  

o thers. For example, it is possible to copy a  bar code label a n d  read  it. 

O n the o ther hand, it  is alm ost im possible to copy an  RFID label.
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Data carrier environm ental resistance  d e term ines to w hat ex ten t 

the  d a ta  label survives in  a  h a rsh  environm ent. For some u se rs , RFID 

tags seem  to be more ro b u s t  th an  b a r  code labels and  ca n  resis t 

chem icals an d  h igh tem pera tu res.

Unlike o th er non-portab le  com puters, PDT is subject to severe 

w ork conditions. Some PDTs have rugged characteristics. These PDTs

have passed  durability  te s ts  up  to m ilitary standards; th ey  can

w ithstand  falls, vibration, chem icals, d u s t, an d  rain .

Some technologies, like b ar code system s, alw ays require a  line-of- 

sight between th e  reader a n d  d a ta  carrier. On th e  o ther hand , low -and- 

m edium  frequency RFID system s do n o t requ ire  a  line-of-sight, which 

m akes them  m ore suitable for some app lications where tags m igh t be 

hidden behind th e  object a n d  cannot be easily seen.

The possibility of facing som e adverse even ts from  the

surrounding environm ent m ight restric t the u se  of some d a ta  cap tu re  

technologies, su ch  as RFID system s. RFID system s do no t w ork very 

well when tags are a ttached  to metal surfaces. This problem  m igh t not 

be encountered by bar code system s. It is also  possible th a t  RFID 

system s face some sort of reading collision w hen m any tags a re  read  in 

close proximity.
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Because technology cost is a  very im portan t consideration , the 

Initial investm ent in c lu d es the  PDT’s  pu rchase  cost, a s  well as the 

p rin te rs’ cost for b a r  code system s.

Operating co st sh ou ld  also be considered. Some RFID system s are 

m aintenance-free system s. Theoretically, tags can  be reused  an  

unlim ited n u m b er o f tim es. O n the o th e r hand , b a r  code system s require 

consum ables su c h  a s  ribbon, labels, a n d  p rin ter m ain ten an ce .

Concerning th e  risk  fa c to r  resu lting  from u sin g  n ew  technology, all 

r isk  factors are  inc luded  u n d er th e  low risk  m erit objective a s  

m entioned before. E ach  evaluator evaluates technologies b ased  on how 

ce rta in /u n ce rta in  h e  is ab o u t the technology.

Sources of u n ce rta in ty  are num erous. Some so u rce s  could be 

related to th e  m odel s tru c tu re , su ch  a s  the possibility th a t  th e  selected 

a ttribu tes are  n o t good indicators for th e  selection p rob lem , or to low 

u se r  knowledge o f technology. Some concerns are  re la ted  to  uncertain ty  

ab o u t the technologies. For example, there is a  lack  o f standard iza tion  

in  the RFID industry . RFID system s a re  closed sy stem s, m eaning th a t 

one m anufactu rer’s reader m ight n o t read tags m an u fac tu red  by 

another. On the o th e r hand , bar code system s have b ee n  o n  the m arket 

for a  while an d  are  tru s te d  more, m aking them  preferred  by adverse risk 

decision m akers.
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3.5-De fining Attribute Measuring Scales
W hen th e  model objectives and  a ttrib u tes  were satisfactorily

defined, th e  quan tification  p ro cess sta rted  by defining system  a ttrib u te  

m easures. Table 4  lists th e  a ttr ib u te  m easures for th e  ten  selected d a ta  

capturing  system s.

Note th a t  th e  operating  co s ts  for bar code an d  RFID system s were 

estim ated by  assu m in g  th a t  a t  leas t 50 RFID tags were needed for each  

PDT. Theoretically, tags can  be u sed  for an  unlim ited  num ber of tim es. 

However, i t  is  assum ed  th a t  tags will be used  a  th o u san d  tim es, the 

equivalent of 50 ,000 b a r  code labels (50 x  1,000). The operating costs 

were based  o n  th e  following average m arket prices:

For RFID tags:

50 x  $8 .00  = $400

For 1 ,000 b ar code labels:

R ibbon/roll = $20

Labels = $30

Total = $50

Total for 50 ,000  labels (50 x $50) = $2 ,500

Therefore, the operating cost ranges between $400  for RFID 

system s a n d  $2,500 for bar code system s. Note th a t b a r code p rin te r 

prices (average $500) are included in  the system  cost.
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Table 4. Description of system attributes

Systems 1 2 3

Type RFID RFID RFID
Distance between 
data canter and PDT

0.40-11.6 inches 2 6 11.6

Technology writing ability yta n y y
Madman throughput 0.02-11 Mips 0.019 2 11
CPU speed 8-200 40 100 80
Operating system DosAMn Dos Wndows Wndows
Base RAM 128KB-16&B 0.2S6 16 16
Madman RAM 1MB-64 He 1 64 64
Hard drive/PC cant 1 MB/ 4 f« 0.175 0.52 0.52
Screen dmenahm 4x16-16x20 4 8 8
No. of keytxwtikeys 17-56 27 56 43
Weight Inducing battery 7 ck-44 oz 7.2 40 24
Battery fife 8hrs-100hrs 100 40 100
Bui4n vrirelss capabiltiy y /n n n y
Technology security y /n n n
Data carrier
environmental resistance

y /n y y y
Reader tugged 
characteristics

y /n n y y
Ability to read without 
aline of sight

y /n y y y
Resistance to adverse 
effed(antiloo*iskm 
.and metal)

y /n y y y

Initial investment $1,075$6,500 $1,075 $6,500 $3,200
Operating coat $20062,500 $250 $400 $300

4 5 6 7 8 9 10

RFID RFID Barcode Barcode Bar coda Barcode Baroode
2 3 0.4 6 7.5 4 3

y y n n n n n
1.8 0.019 0.38 11 11 2 1
60 6 33 200 33 8 86

Wndows DOS DOS VMndom DOS DOS DOS
1 0.512 0.128 4 8 0.64 0256
32 1 1 32 2 6 2
1 0.175 1 4 2 3 2
4 4 8 8 4 16 8
17 24 23 56 38 46 45

, 12 7.2 9 21 12 24 44
18 70 100 10 8 40 20
n n n n n n n
n n y y y y y
y y n n n n n

y n y y y n n

y y n n n n n

y y n n n n n

$2,800
$2S0

$2,100 $1,826
$200 $2,500

$4,085
$2,500

$4,000 $4,295 $2,700
$2,500 $2,500 $2,500
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Table 4 also  show s th a t  m o st system  capability  a ttribu tes except 

the type o f  th e  operating sy s te m  a n d  built in w ireless capability a ttribu tes 

are q u an tita tiv e  in n a tu re . All system  reliability a ttribu tes require 

subjective ju d g m en t b ecau se  th e  u se r  h as  to specify h is  preference th a t 

system s m ee t o r  n o t m eet th e  a ttrib u te  described . Economic merit 

a ttribu tes , th e  technology’s  in itia l and operating costs, are quantifiable. 

As described  earlier, level o f technology risk  for b a r  code or RFID is a  

subjectively rated . It w as discovered th a t sy s tem s a ttribu te  m easures 

have wide ranges. Figure 10 ind ica tes the varia tion  in  m easuring ranges, 

which em phasizes the  need  for the MAUM to evaluate the system s 

considered. For confidentiality reasons, b ra n d  n am es are not revealed. 

Num bers refer to system s.

3.6-Measuring Weights
To ob ta in  inform ation ab o u t the preferences of the technicians

and ITPs in  construction  m ateria l testing lab s, 23 individuals from six 

different construction  m ateria l testing la b s  were interviewed to 

u n d ers tan d  their preferences an d  to c o n s tru c t th e  attribu te  utility 

curves. The com pleted survey  is  found in  A ppendix E. The interviews 

averaged 73  m inutes, b u t ranged  from 55 m in u tes  to 85 m inutes. The 

responden ts were asked  to an sw er hypothetical questions, based on the 

theory in troduced  in C hap ter 4, th a t involved th e ir preference of PDT 

a ttribu te  w eights and  utilities.
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Figure 10. Variations in attribute ranges
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Bach interviewee w as  ask ed  to rate the relative im portance of each 

a ttribu te  u n d e r each objective on  a  100-point scale. All weights are 

normalized to one. P art I in  the questionnaire in Appendix E is designed 

to obtain inform ation a b o u t a ttr ib u te  weights.

3.7-Checldng Attribute Utility Independence
Before construc ting  the single-utility curves, i t  w as verified th a t

each a ttrib u te  is utility in d ep en d en t of o ther a ttrib u tes . As m entioned 

in C hapter 2, th is u tility  independence can  be analogized a s  the 

respondent being indifferent betw een the two lotteries show n in  Figure 

11 w here Y an d  Z can be an y  two a ttribu tes in  the model.

50% 50%

I (yi.Zo) | (yi,Zl)
 Lottery 1  Lottery 2%

(yA,zo) * (yA,z.)
I  (y2.zo) l  (y2,zi)

50% 50%

Figure 11. Verifying utility independence

Keeney and  Raiffa (1976) reported th a t to satisfy the utility 

independence condition practically, Y and  Z can  be divided into four 

equal subsections, corresponding to five utility levels (0, 0.25, 0.50, 

0.75, an d  1.00). For the two attribu tes, the utility po in ts are expressed
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a s  (yo, yo-2 5 , yo.5 , yo.7 5 , a n d  yi.oo] a n d  [zo, zo.2 5 , zo.s, zo.7 5 , a n d  zi.oo], 

respectively. If lo ttery  1 a n d  lottery 2 for e a ch  possible (y, z) p a ir  tak en  

from these two g ro u p s w as found to be u tility  independent, th e n  it is 

justifiable to assu m e th a t  Y and  Z a re  u tility  independent.

For each  a ttr ib u te , the resp o n d en t w as directed to consider 

w hether there w ould be any difference in  h is preference for th e  

considered a ttrib u te  if o th e r a ttrib u te  levels changed. For all p o in ts  in 

the question, if he verified th a t h is preference would be the sam e, th en  it 

w as assum ed  th a t Y w as utility in d ep en d en t of Z. This p rocedu re  w as 

verified for all a ttr ib u te s  in the q u estio n n aire  to be su re  th a t  all 

a ttribu tes are  independen t.

Once a ttr ib u te s  were known to be u tility  independent, th e  nex t 

step w as to a ssess  th e  single utility fu n c tio n  for each  a ttr ib u te . The 

following p arag rap h s explain th is  p rocedu re  for q u an tita tiv e  an d  

qualitative a ttribu tes .

3.8-Procedure of Constructing Single-Attribute Utility
Functions

3.8.1-Quantitative attributes
D uring the interview  process, the m ean ing  of system  a ttr ib u te s  

w as m ade precise. The evaluator h ad  to define h is utility curve for each  

a ttrib u te  along the a ttr ib u te  m easuring sca le  by answ ering q u es tio n s  in  

Part II in  the  survey. These questions w ere derived from th e  co n cep t of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

the lottery exp la ined  in  C h ap ter 2 . Figure 12 show s a  sam ple question 

used  to elicit th e  d a ta  for co n s tru c tin g  the u tility  function  for the reading 

distance a ttr ib u te . As in all q u estio n s, the m easu rin g  scale for each 

a ttribu te  is know n an d  is u se d  to norm alize th e  a ttrib u te  utility 

function. For exam ple, the u tility  corresponding to th e  lowest point in 

the m easuring  scale was se t to equal zero, i.e., th e  reading  d istance 

a ttribu te, U (0 inch)=0 and  the  u tility  of h ighest p o in t in  the  range was 

equal to one (U (12 inch)=l). The evaluator th en  w as required  to answ er 

the question  in  th ree  steps. In th e  first step, th e  eva luato r determ ined a  

subjective m id-value point, called  Y, in the in terval from the lower to 

upper range to  correspond to a  u tility  of 0.50, i.e., U (Y)=0.50. In the 

second step , th e  question in  S tep  1 w as repeated  for th e  interval (lower 

range, Y) to a t ta in  the a ttrib u te  m easu re  corresponding  to a  utility of 

0.25.

In th e  th ird  step, the sam e question  is repeated  for th e  interval (Y, 

upper range) to a tta in  the a ttr ib u te  m easure  corresponding  to the 

utilities of 0 .75 . Finally, these p o in ts  were plotted, a n d  a  curve was fitted 

through th ese  five points. The curve equation w as also  calculated for 

each q u an tita tiv e  attribute. E ach  PDT system  w as ra ted  based  on where 

its a ttr ib u te s  fit on the u ser u tility  curves.
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3.8.2-Qualitative attribute utilities
The ra tin g  for th e  “qualita tive” a ttr ib u te s  w as subjectively m ade on

a  ten -po in t scale, w ith th e  “zero point” ass ig n ed  to complete u se r 

dissatisfaction , and  th e  “10 poin t” for com plete satisfaction. P art III in 

the su rvey  contains q u es tio n s for qualita tive a ttribu te  utilities. The 

questions explore the interview ee’s p references for the ex istence/non- 

existence of th e  a ttribu te  u n d e r  consideration  in  the  PDT system . All 

system s th a t  have th is  a ttr ib u te  get the sam e rating .

For example, PDTs th a t  have rugged characte ristics  get th e  sam e 

rating; o th e rs  th a t do no t have th is ch arac te ris tic  get lower ratings. It is 

not possib le  to draw utility  curves for su ch  questions. Therefore, the 

interviewee’ s direct ra tings a re  used  for each  n o n  quantifiable a ttribu te .

3.9- Calculating Lower Level Objective Utilities
To ob ta in  utilities for system  capability, reliability, cost, an d  risk ,

the single-attribute utilities u n d er each objective se t are m ultiplied by 

the assig n ed  weights an d  sum m ed. System  capability an d  reliability 

utilities a re  combined to ob ta in  the technical m erit utility. Economic 

m erit u tility  is calculated by aggregating cost a n d  risk  utilities.
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 1: Distance between data carrier and reader 
Range: 0.4-11.5 inches

STEP 1:
If you have two ways to win a data capture reader by:

1- Entering a gamble in which there is:

A 50 % chance to win a reader with 0.40 inch reading distance
A 50 % chance to win a reader with 11.5 inch reading distance

OR
2- Receiving a reader with a certain reading distance (sure thing!)

What would be the reader’s reading distance that leaves you indifferent 
between the “Sure thing” and the “Gamble?

Indifferent point: Inches (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a reader with 0.40 inch reading distance 
A 50 % chance to win a reader with Y inch reading distance (from 
step 1)

What would be the reader’s reading distance that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Inches
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a reader with Y inch reading distance 
A 50 % chance to win a reader with 11.5 inch reading distance 

What would be the reader’s reading distance that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Inches

Please indicate whether you preference would be different if  other attribute levels changed?
Yes( ) No ( )

Figure 12. A sample question to construct the reading distance
utility function.
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3. IQ-Determining Objective Interactions
W interfeldt a n d  W ard  (1986) repo rted  th a t  objective in te rac tions

occur a t  higher objective levels. To ca lcu la te  th e  interm ediate u tilities 

(technical an d  econom ic m erit utilities), objective interaction w eights 

should  be calculated. C alculating in te rac tion  weights is based  o n  the  

concept of hypothetical lo tteries (see Section 2.2.7.2.2). Figure 13 is a n  

exam ple of questions in  P a rt IV of the survey th a t  were u sed  to explore 

the responden t’s indifference probabilities a n d  were in  tu rn  u se d  to 

calculate the in te rac tion  w eights between th e  two objectives (technology 

capability  an d  reliability).

Option

B

Technology
Capability

Technology
Reliability

Indifference
Probability

Best Worst P c=

Best Best

-  Worst Worst

-  Worst Best Pr=

Figure 13. Example of using the hypothetical lottery to calculate 
the interaction weights using the indifference probabilities
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The survey re su lts  em phasized  a  com plem entary  relationship 

betw een system  capability  a n d  reliability objectives a n d  a  supplem entary 

re la tionsh ip  between system  cost and  risk , a s  well a s  between the 

techn ical an d  econom ic m erit objectives.

As Keeney an d  Raiffa (1976) reported, it is reasonable to integrate 

different additive a n d  m ultiplicative utility functions over separate 

regions of the  model. It is a lso  reasonable to n es t m ulti-a ttribu te  utility 

functions inside each  o ther. Accordingly, th e  final form  of the model is 

a s  depicted  in  Figure 14.

3.11-Model Aggregation
The model in tegration  process proceeded in  th ree  stages. As

Figure 14 shows, the  a ttr ib u te s  were d istribu ted  u n d e r four lower level 

objectives (capability, reliability, cost, an d  risk). Lower level objective 

u tilities were calculated u s in g  the  additive rule. The capability and  

reliability  objectives are  com bined to provide th e  technical m erit 

objective. Cost an d  low r isk  objectives a re  com bined to provide the 

econom ic m erit utility. Finally, the  technical an d  econom ic m erit utilities 

a re  com bined to find the overall aggregate utility  using  th e  m ultiplicative 

ru le  (Equation 11 in  C hap ter 2). Inform ation to ob ta in  evaluators’ 

indifference probabilities were obtained from questions in  Part IV of the 

survey in  Appendix E.
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R aad tog tfs tDatastorage
R/W abttty

Figure 14. Final form of the model including the interaction
relationships

Indifference probabilities are su b stitu ted  in  Equations 12 an d  13 

in  C hapter 2 to calculate objective interaction weights.

3.12-Limitations of the Study
The lim itations of th is study and  of the theory itself a re  a s  follows:

o It shou ld  be noted th a t any model can n o t fully rep resen t reality. 

There is always a  tradeoff between the degree of com plexity and  

the m odel’s ease-of-use. Adding m ore complexity to th e  model,
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w ith  th e  additional co st a n d  effort it entails, sh o u ld  be evaluated 

ag a in s t the obtained m arg in a l benefits. A good m odel shou ld  only 

incorporate  the  essen tia l e lem en ts  of the problem  an d  ignore the 

less  im p o rtan t ones th a t  hav e  no  o r little effect o n  th e  decision, 

o G enera tion  of a  su itab le s e t  o f  a ttrib u tes  is u n iq u e  for a  specific 

p rob lem  an d  for specific objectives. Therefore, th e  u tilities derived 

from  th e  aggregate u tility  m odel are  relevant only to the  objectives 

from  w hich the a ttrib u te  s tru c tu re  was derived. If new  and 

d ifferent objectives an d  a ttr ib u te s  are in troduced , th e  model 

sh o u ld  be ad justed  accordingly, 

o W hen dealing with a t tr ib u te  dependence, th e  m athem atics 

underly ing  MAUM m ay be cum bersom e and  com plex. To avoid 

s u c h  complexity, a ttrib u te  independence m ay be p resum ed  to 

sacrifice som e accuracy (W interfeldt and  Ward, 1986). 

o The MAUM can be m an ip u la ted  to reflect th e  decision  m aker’s 

preference. MAUM can  be vu lnerab le to being skew ed toward a  

p referred  conclusion. Selecting the  main focus of evaluation, 

m eth o d  of d a ta  collection, a ttr ib u te  weightings a n d  ra tings, and 

aggregation rules can  all affect th e  results. Therefore, given such 

a  possib le range of discretion, MAUM can be specified in  a  variety 

of w ays. However, the p rem ise  is th a t rationality  sh o u ld  always 

be m ain tained .
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o C onstructing  u tility  curves requ ires answ ering  questions in  th e  

survey found in  A ppendix  E. S uch  hypo the tica l questions a re  n o t 

easy to answ er a n d  require deliberate th ink ing . It was d ifficult to 

find m ore th a n  23  indiv iduals willing to partic ipa te  in th is  survey. 

More affirm ative re s u lts  m ight have b een  obtained if th e  sam ple  

size h ad  been larger.
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CHAPTER 4 . MODEL RESULTS AND ANALYSIS
D ata ob tained  from th e  su rvey  were used  to o b ta in  autom atic d a ta

cap ture system  m erit rank ing  a n d  to  analyze differences in  the decision 

m aker’s preferences in th e  partic ipa ting  labs. The survey d a ta  were 

obtained from several groups. The Iowa D epartm ent of T ransportation 

(IDOT) represen ts a  large governm ent m aterials te s tin g  laboratory. The 

rem aining labs a re  sm aller p rivate  ones. Individuals a t  both types of 

labs are either classified a s  lab  technicians o r inform ation  technology 

professionals (ITP).

4.1-Summary Results
To obtain  system s m erit rank ing , the aggregate u tilities for the

portable d a ta  term inals (PDT) sy stem s were calculated . The calculations 

are  not presen ted  here, b u t a ggregate  utilities for all system s ranged 

between 0.311 an d  0.654, w hich suggest th a t eva luato rs in  the sam ple 

did not consider any of the system s as perfect enough  to obtain  an  

aggregate utility close to 1. Figure 15 shows the system  rank ing  for the 

overall sample. It should be no ted  th a t system  u tilities a re  connected 

using  line g raphs instead of sca tte red  points. The reaso n  is th a t  th is  way 

seem s to clearly represent the d a ta  and help th e  read er visualize it 

better. The first two system s are  RFID systems (System s 3 a n d  2), while 

the third represen ts a  b ar code system  (System  7). This resu lt 

em phasized the assum ption th a t b a r  code system s som etim es are m ore
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Aggregate Utilities in Overall Sample

Overall sample

Refer to Table 4 for systems description.

Figure 15. Systems ranking for overall sample

suitable th a n  some RFID system s, a s  system  #7 (a bar code system ) is 

better th a n  system s #1, #4, an d  #5 (RFID system s). To u n d e rs ta n d  the  

results, it m ay be helpful to  com pare th e  firs t selected th ree  options 

more closely. Figure 16 show s the capability , reliability u tilities, an d  

their aggregation a s  in  th e  technical m erit u tilities  for all system s. All 

system s have different com binations of capability  an d  reliability utilities. 

One system  m ight be h igh in  one utility an d  low in another.

System  3 h ad  h igh capability a n d  reliability u tilities, and  

consequently, the h ighest technical utility. A lthough System  2 h a d  a  

lower capability utility com pared  to System  7, th e  technical m erit u tility  

for System  2 is higher th a n  System 7, b ecau se  System  2 reliability 

exceeds th a t of System  7.
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Capability, Reliability, and Technical Merit Utility

System  capability 
utility
System  reliability utility

Technical merit utility

CM co o- in CO flO a> o

i Ea> I I 1 I I i E
T5 CO 0) «s o

IS>»
COCO CO CO CO CO CO CO

Refer to Table 4 for systems description.

Figure 16. Capability, reliability, and technical merit utilities

Figure 17 show s the cost, r isk  utilities, an d  th e ir  aggregation in 

economic m erit u tilities. System s o f th e  sam e type (RFID o r b a r  code 

systems) are  a s su m e d  to have the sam e risk  u tilities b ecau se  the  risk 

factor is re la ted  to  the technology type, not to a  specific system  

configuration. C o s t utilities are  h igher for inexpensive sy s tem s su ch  as 

System 1. The h ig h  operating costs o f  b a r  code system s (System s 6, 7, 

8, 9, an d  10) deg raded  the total co s t utility com pared to som e RFID 

system s (System s 2 an d  3) th a t do n o t require operating co sts .

The sup p lem en tary  relationship between risk  a n d  co s t cau sed  the 

economic m erit u tility  to be im proved w hen  either r isk  o r c o s t utilities 

increased, b ecau se  it is acceptable to  have either an  inexpensive risky
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system  o r an  expensive risk-free system , w hich explains the 

im provem ents in the  econom ic m erit utilities for b a r  code system s th a t 

have inferior cost u tilitie s  because they are less risky th an  RFID 

system s.

Cost, Risk, and Economic Merit Utilities

-Cost utility 

-Risk utility 

Economic merit

S i  i  §
M aA Ml m Ml rrt rA m III *( o m c o  <o w c o w m i n J S
>  >  >■ > . > i > i > i > i > i «o
( 0 ( 0 ( 0  CO CO CO CO CO CO >>(O

Refer to Table 4 for system s descriptions.

Figure 17. Cost, risk, and economic merit utilities

Figure 18 com bines technical and  economic m erit utilities in the 

system  aggregate u tilities. The figure reveals the s tren g th s/w eak n esses  

in  the technical/econom ic asp ec ts  of each system . By exam ining Figure 

18, it is possible to see w here each system  excels, an d  where it does 

poorly w ith respect to techn ical and  economic m erits.

System  1, for exam ple, does best in term s of economic m erit 

utility; however, it does ra th e r  poorly with respect to technical m erit
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utility. System  3 h a s  th e  h ighest aggregate utility, a lthough its economic 

m erit utility is ra n k e d  fourth. System  2 h a s  the second highest 

aggregate utility, a lth o u g h  its econom ic m erit utility  is the  w orst am ong 

all systems.

Technical Merit, Economic Merit and Aggregate 
Utilities

i
= 0.3

• Technical merit 
utility
Economic merit 
utility 
Total aggregate 
utility _____

( M n t m o N t o o i o
E E E E E E E E c  a a a a a a a a  §E

u> M i O f O i o i o m c o M>Nc o c o c o c o c o c o c o c o c o
CO

Refer to Table 4 for systems description.

Figure 18. Technical merit, economic merit, and aggregate utilities

4.2-Sensitivity Analysis
The sensitivity  analysis involved some additional calcu lations to

examine the effect of changing the m odel param eters on  the  final 

conclusion. The sensitivity analysis in  th is  s tudy  involves s tudy ing  the 

effect of (1) the  variations in the m odel relationships, (2) chang ing  the 

PDT prices on  the  decision, and (3) u s in g  the “additive” aggregation rule
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instead  of th e  “m ultip licative” rule. T he following sec tions explain the  

effect of th ese  factors in  m ore deta il.4 .2 .1-Effect o f changing model 

in teraction  rela tionsh ips

B ecause th e  choice o f objective in teraction  w eights is so critical in  

th is analysis, the  m odel calcu lations were rep ea ted  w ith different 

objective w eights, while m ain ta in ing  o th e r  variables co n s tan t. Changing 

the in te rac tion  weights w as  assum ed  to  have a  m ark ed  effect on the  

ordering of th e  option. T he relative im portance for each  objective w as 

changed to cau se  changes in  weights (-10%, -20%, +10%, +20%). The 

resu lt w as a  considerable change in  the ca lcu lated  PDT utilities. 

However, the  resu lts  show ed th a t for system s ranked  betw een 1 an d  7, 

the ran k in g s did not change. In th is  case, ch an g es in  objectives 

w eights have no  effect o n  th e  ranking of top  selected system s.

4.2.2-Effect of changing system prices
Leaving the  w eights unchanged , i t  was a ssu m e d  th a t  system s 

rank ings w ould change if  system  co sts  changed. PDT co s t m ight be 

changed in th e  fu ture o r negotiated w ith vendors. B ased  on th a t  

prem ise, system s were re-evaluated u s in g  10%, 20% , a n d  30% price 

d iscoun ts, dram atically  changing aggregate u tilities w ith  a  m inor 

shifting in system  rankings. Only one reversal occurred  to System s 8, 

and  9 , w hich have very close aggregate utilities.
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4.2.3-Bffect of changing the model integration rales
The q uestion  o f w h e th e r replacing th e  multiplicative integration

rule w ith th e  add itive ru le  would lead to  an y  different resu lt w as 

explored. System  aggrega te  utilities were re -assessed  with the  additive 

integration rule. T here w ere m inor differences between the two m ethods. 

W ith the m ultip licative ru le, utilities were always higher th a n  the 

corresponding additive ru le  by ab o u t 1% to 4.3% . The resu lts  depicted 

in  Figure 19 clearly show  th a t  there was no change  in system  ranking.

Aggregate Utilities Using the Additive and 
Multiplicative Rules

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Additive rule 
■ Multiplicative rule

p j  n  ^  m r*. co a> o
E E E E E E E E E ^
S  < I  H  {  i  !  !  i
( O C O ( O ( O ( O ( O ( O 0 ) ( 0 > >(O

Refer to Table 4 for systems description.

Figure 19. Aggregate utilities using the additive and multiplicative
rule

However, th e  techn ical and  economic m erit utilities show n in 

Figures 20 an d  21 a re  clearly different, a lthough  system  rank ings were 

n o t changed.
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Technical Merit Utilities Using the Additive and 
Multiplicative Rules
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Refer to Table 4 for systems description.

—• —Technical merit using 
aditive rule

—a—Technical merit using 
multiplicative rule

Figure 20. Technical merit utilities using the additive and
multiplicative rules

Economic Merit Utilities Using the Additive and 
Multiplicative Rules
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Refer to Table 4 for systems description.

Figure 21. Economic merit utilities using the additive and
multiplicative rules
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This ind icates th a t  the preference ordering for th e  ten  PDT 

system s is very sim ila r w hen  using  “additive” o r “m ultip licative” rules; 

however, the u se  of th e  additive ru le leads to  significant ch an g es  in  the 

interm ediate u tilities. F or exam ple, th e  u se  o f th e  additive ru le  led to an 

increase in  techn ical m erit u tilities by 13% to 33%  over utilities 

calculated using  the  m ultiplicative rule.

O n the con trary , th e  u se  of the additive rule led to a  red u c tio n  in 

the  economic m erit u tility  values by 1% to 12% of the v a lu es calculated 

using  the m ultiplicative rule. This indicates th a t  using  th e  additive rule 

overestim ated the  techn ica l m erit utility while it u n d e re s tim a ted  the 

economic m erit utility. In  all cases, however, system  ra n k in g s  were the 

sam e.

In conclusion, w hen  the relationship betw een eva luation  objectives 

is a  supplem entary  relationship , su ch  a s  th e  relationship  betw een  the 

technical m erit an d  th e  economic m erit u tilities, the m ultip licative rule 

tends to provide larger u tilities com pared to th e  utilities c a lcu la ted  using 

the  additive rule. O n th e  other hand , w hen th e  relationship  betw een  the 

evaluation objectives is com plem entary, a s  in  the case of th e  technical 

m erit utility, the m ultiplicative rule te n d s  to u n d e re s tim a te  the 

calculated utilities.

W hen there is a  com plem entary relationship, options a r e  assigned 

relatively sm aller u tilities, because a  desirable level of one objective is
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n o t of m uch  benefit u n le ss  accom panied  by a  d es irab le  level in the  o ther 

objective.

Once th e  system s ran k in g  is confirmed by th e  previous changes in 

the  model s tru c tu re  a n d  p a ram ete rs , one needs to determ ine if o ther 

changes in  th e  m odel m ight reverse  the calcu lated  u tilitie s  and  ordering 

of the top ran k ed  system s. D ifferences in system  u tilitie s  and  rankings 

might come from  the evaluation  partic ipants. The hypo thesis is th a t the 

type of lab  (governm ent v e rsu s  private), a n d  th e  n atu re  of the 

individual’s jo b  (ITPs v e rsu s  technicians) affect decision-m akers’ 

preferences. Therefore, 348  t- te s ts  were conducted  to detec t differences 

in objective in teraction  w eights, a ttrib u te  w eights, a n d  different a ttribu te  

utility po in ts am ong the following groups:

1- Inform ation technology professionals in  governm ent labs 

versus ITPs in  p rivate  labs

2- Technicians in  governm ent labs v e rsu s  technicians in 

private labs

3- The decision-m akers group (techn icians an d  ITPs) in 

governm ent lab  versus the decision-m aker group in 

private labs

4- Technicians in  governm ent lab  v ersu s  ITPs in 

governm ent lab s

5- Technicians in  private labs versus ITPs in  private labs
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6- All techn ic ians in  th e  sam ple (from governm ent an d  

private labs) versus ITPs (from the sam e governm ent an d  

private labs)

Figure 22 summarizes the above six different com parisons m ade 

in  this study. The figure shows th e  d istribu tion  of the 23 individuals 

interviewed. Note also th a t  the arrow s an d  num bers (in octagons) n ex t to 

them  refer to com parison num bers listed  above.

Labs ITPs Technicians Total

IDOT • t s * •
Private V2 •*— * 8

▼
Total

I00 23

Figure 22. Six types of data comparisons in this study

The following sections d iscuss the  significant differences betw een 

the IDOT Lab and  private labs in te rm s of system  rankings a n d  a ttr ib u te  

preferences.

4.3'DifTerences between Government and Private Labs

4.3.1-PDT system rankings for the IDOT and private labs
To obtain  system  m erit rank ing  by IDOT and private lab  decision

m akers, th e  aggregate u tilities for th e  PDT system s were ca lcu la ted . The 

calculations are no t presented  here. More details are found in  Appendix 

G.
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Overall, th e re  are  no  differences in top sy stem  rankings. The only 

difference is  th a t  System s 6  a n d  8 occupied th e  seven th  and  eighth 

ranking p o sition  for techn ic ians an d  reversed th e ir  ran k  for ITPs. 

Differences in  aggregate u tilities for all system s by ITPs an d  technicians 

in the sam ple  ran g ed  between -11%  to 7.36%.

!•a

Aggregate Utilites by Types of Labs

IDOT
-Private labs

Refer to Table 4 for system s description.

Figure 23. Aggregate utilities for IDOT and private labs

Figure 23 show s th a t decision m akers in  private labs provided 

higher u tilitie s  for RFID system s (first five system s) com pared  to those in 

the IDOT Lab. O n the o ther h an d , decision m ak e rs  a t  IDOT assigned 

higher u tilitie s  for bar code system s (Systems 6 to  10).

T hese findings suggest studying the facto rs th a t  lead to the above 

results. D ifferences am ong the preferences of governm ent and private
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lab s  are  provided in  th e  following n ex t sections. These sections cover 

com parisons n u m b e r 1, 2, and  3 in  F igure 22. C om parisons a re  related 

to viewing m odel re la tionsh ip , a ttr ib u te  im portance, a n d  quantitative 

a n d  qualitative u tilities.

4.3.2-Differences in viewing model relationships
Interaction objective weights form  th e  model rela tionsh ip . No

significant differences in  objectives’ w eights were reported  between 

private versus governm ent labs. T his indicates th a t techn ic ians and 

ITPs have sim ilar views regarding th e  model form ation th a t are 

s tru c tu red  by th e  (1) com plem entary relationships betw een system  

capability a n d  reliability, (2) supp lem en tary  re la tionsh ips between 

system  cost an d  r isk  level, and, (3) supp lem en tary  re la tionsh ips between 

technical an d  econom ic merit.

4.3.3-Differences in viewing attribute importance
A ttribute w eights indicate th e  relative im portance o f technology

attribu tes. There w ere no significant differences in  a ttr ib u te  weights 

assigned by indiv iduals in governm ent a n d  private labs excep t for the 

co st a ttribu te. ITPs a n d  technicians in private labs assigned  m ore weight 

to initial cost th a n  d id  technicians a n d  ITPs in governm ent labs. Private 

labs care m ore a b o u t spending m oney, because profit is  the  m ain 

concern. O n o ther h an d , ITPs an d  technicians in  governm ent labs 

assigned m ore w eight to operating costs com pared to  ITPs and
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techn icians in  private la b s . The reason is th a t  governm ent ru les  make 

the approval procedure fo r an n u a l operating co s ts  more com plicated in 

governm ent labs, w hen c o s t goes beyond a  ce rta in  level.

4.3.4-DifTerences in quantitative and qualitative attribute utilities
A ttribute u tilities reflect how the evaluato r m easures th e  attribu te

benefits. There were n o t m any significant differences between 

governm ent an d  private lab s  regarding a ttr ib u te  utilities. However, some 

a ttribu te  u tilities significantly differed by one o r two utility points. The 

pattern  w as no t very c lea r an d  seemed to be spon taneous. For example, 

one group m ight have a  h igh  utility a t one po in t an d  then a  low utility  at 

the following point com pared  to another group. Except for these few 

differences, which seem  to  be normal, because the  two g roups could not 

be exactly identical, on e  can  conclude th a t th e  m aterials testing  labs 

utilities a re  alm ost the sam e in government a n d  private labs.

Among the few significant differences betw een governm ent and 

private labs, it was found th a t technicians in governm ent la b s  reported 

fewer h igher significant u tility  points for som e of the m odel a ttribu tes 

such  a s  the  reading d istance  a ttributes an d  the  num ber o f  keyboard  

keys. These differences could m ean th a t techn ic ians in governm ent labs 

are more restrictive in th e ir  dem ands a t some utility  points.

There was also a  significant difference between governm ent and 

private lab s in utilities concerning certainty a b o u t bar code an d  RFID
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system s. D ecision m akers in governm ent labs are  m ore uncertain  

abou t RFID technology com pared  to those in  private labs. This m ight 

be due to th e  fac t th a t decision  m akers in private labs a re  more likely to 

be risk ta k e rs  th a n  decision  m akers in governm ent labs. Decision 

m akers in p rivate  labs m igh t believe th a t  acquiring  cutting-edge 

technology deserves taking a  risk  to save m ore tim e an d  money.

In general, there a re  n o t m any significant differences between the 

IDOT and  p rivate  lab decision m akers, because the type of work in all 

labs is the sam e. Consequently, the decision w as m ade to focus more on 

com paring differences am ong ITPs and  technicians (com parisons 3, 4, 

and  5 in F igure 22) th a n  on com paring the two different types of labs. 

The following parag raphs explain the significant differences in system  

ranking, an d  in  preferences betw een ITPs an d  technicians.

4.4-DifTerences between ITPs and Technicians

4.4.1-PDT system rankings for ITPs and technicians
Q ualitative and quantita tive utilities, a s  well a s  objectives and

attribute w eights for ITPs, technicians a t the IDOT, private labs, an d  the 

overall sam ple were all u sed  to calculate in term ediate a n d  aggregate 

utilities for th e  ten  PDT system s described in C hap ter 3 . Figure 24 

depicts the  aggregate u tility  for ITPs and  technicians in  the overall 

sample. For m ore inform ation abou t interm ediate and  aggregate utilities
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of ITPs an d  techn ic ians a t  IDOT an d  private  labs, a s  well a s  for the 

overall sam ple, refer to A ppendix G.

Figure 24 show s th a t , in  all cases , techn icians assigned  h igher 

aggregate utilities to sy s tem s com pared to ITPs.

Aggregate Utilities for ITPs and Technicians
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Refer to Table 4 for systems description.

—*— Technicians 
—m— ITPs

Figure 24. Aggregate utilities for ITPs and technicians

Aggregate utilities by ITPs are lower th a n  those of te ch n ic ian s  by 

2.19%  to 14.36% p erh ap s because ITPs m ight have more experience a n d  

are m ore careful in evaluating system s. A lthough there  a re  som e 

differences in  ranking som e of the system s, both th e  ITPs a n d  

techn icians agreed th a t system s 3, 7, an d  2 have the h ighest a ggregate  

utilities.
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In private labs, th e  IDOT Lab, and  the  overall sam ple, the 

technical m erit utilities for te ch n ic ian s  were higher th an  th a t  of ITPs for 

the sam e system s (refer to figure 25). Technical m erit u tilities by ITPs 

are lower th a n  th a t  of te ch n ic ian s  by 2% to 26.63%, w hich m ight imply 

th a t because ITPs always w ork  w ith com puters, the ir sa tisfaction  with 

new technologies is less th a n  th a t  of technicians, who a re  less likely to 

be involved in  evaluating co m p u te r system s.

T echnicians a t IDOT ass ig n ed  h igher technical m erit utilities for 

system s m ore th a n  o ther tech n ic ian s  in  private labs did for th e  sam e 

system s, except for System  7  (refer to Appendix G), m eaning  th a t 

technicians in  private labs a re  m ore restrictive in  the ir d em an d s than  

technicians in  governm ent labs.

Technical Merit Utilities for ITPs and Technicians
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Figure 25. Technical merit utilities for ITPs and technicians
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ITPs a t  the IDOT Lab, private labs, a n d  overall sam ple assigned 

higher econom ic m erit u tilities  for RFID sy stem s b u t lower economic 

m erit u tilities  for b a r  code system s com pared to  technicians. The reason  

is th a t ITPs are probably  m ore willing to accep t new  technologies an d  

th u s  assig n ed  higher risk -less  m erit u tilities for RFID system s com pared 

to techn ic ians. T echnicians are risk averters because they  are no t a s  

fam iliar w ith  the new RFID system s as  ITPs are . Consequently, the  

economic m erit u tilities assigned  by ITPs are  elevated for RFID system s.

Figure 26 only dep icts economic m erit u tilities for ITPs an d  

techn ic ians in the overall sam ple. Differences in  economic m erit u tility  

ratings by  ITPs an d  techn ic ians ranged betw een -6.96%  to 6.11% . 

B ecause there  are som e variations am ong technical, economic, an d  

aggregate utilities provided by ITPs an d  techn ic ians, th e  following 

sections d iscuss factors th a t  led to these differences. The purpose of 

th is com parison is to u n d e rs ta n d  the preference differences between th e  

ITPs a n d  technician groups. U nderstand ing  these differences is 

im portant, because th e  decision m aking in construc tion  organizations 

depends on  who dom inates the decision.
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Economic Merit Utilities for ITPs and Technicians
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Figure 26. Economic merit utilities for ITPs and technicians

4.4.2-Differences in viewing model relationships
Table 5 show s the average indifference p robab ilities a n d  the

corresponding in teraction  w eights ca lcu la ted  using E q u a tio n s  12 a n d  13 

in  Section 2.2.7, for ITPs an d  tech n ic ian s a t  the IDOT Lab, p rivate  labs, 

an d  in th e  overall sam ple.

Table 5. The indifference probabilities and the interaction weights

asm 0322 0275 0183 0361 0293
FtteOKy 0217

IrtaractonneVts
Q3BB 02X) 0643 0194 Q360

Capet*/ 1.772 Q8S 0007 2625 0773 0064 2194 Q 860 0001 1.310
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The indifference probabilities a n d  in teraction  w eights are  

calculated for sy stem  cap ab ility  an d  reliability, system  cost a n d  risk, 

a n d  technical an d  econom ic m erit. The tab le  show s p-values to check 

significant differences in  th e  table. S h ad ed  en tries in  th e  p-value 

colum ns indicate sign ifican t differences betw een  the  two g ro u p s u n d er 

com parison.

Table 5 also show s th a t  significant differences were reported  for 

th e  system  capability  a n d  reliability in te rac tion  weights. Overall, ITPs 

assigned m ore w eight th a n  d id  technicians for system  capability  (refer to 

Table 5). O n th e  o ther h a n d , technicians assig n ed  m ore w eight to  system  

reliability com pared to ITPs. T his indicates th a t  ITPs are m ore concerned 

ab o u t technical specifications of the PDT system , while techn ic ians sire 

m ore concerned ab o u t d u rab ility  in  the environm ent.

4.2.3-Differences in viewing attribute importance
Table 6  show s com parisons between significant a ttr ib u te  w eights

assigned by ITPs an d  techn ic ians a t the IDOT, private labs, a n d  in the 

overall sam ple. A ttribute w eights indicate how  each group  views the 

im portance of each a ttr ib u te  in  the evaluation of different PDT system s.

In the overall sam ple, a s  well a s  a t IDOT, ITPs significantly favored 

a ttribu tes related to the techn ical specifications of the PDT, su c h  a s  the 

operating system , base RAM, m axim um  RAM, a n d  PC card  o r  h a rd  drive 

more th a n  technicians did. None of these differences, excep t for the
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Table 6. Attribute weights by ITPs and technicians at the IDOT, private labs, and in the overall sample

SYSTEM CAPABILITY 
Operating system 
Base RAM 
Max. RAM 
Hard drive
Weight including battery 
Battery life
Built-in wireless capability

SYSTEM RELIABILITY 
Adverse effect (metal, collision..)

SYSTEM COST 
Initial investment

0.094
0.107
0.065
0.086
0.053
0.058
0.036

0.110
0.105
0.054
0.071
0.088
0.099
0.084

[026

0.199 0.074

0.089 0.099 BWIIlHiil 0.093 0.096
0.104 0.083 0.284 0.107 0.087
0.066 0.051 0.466 0.065 0.048
0.073 0.062 0.741 0.082 0.061
0.044 0.079 0.051 0.077
0.057 0.073 m 0.058 0.080
0.032 0.074 0.035 0.073

0.212 0.155 0.126 0.202 0.150
0.202 0.150

0.094
0.097
0.057
0.072
0.064
0.069
0.054

0.176
0.176 VO
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operating system  a ttribu te , cou ld  be detected in  private labs, im plying 

th a t ITPs are  m ore o rien ted  toward stronger system  perform ance, 

because th e  n a tu re  of th e ir  jo b  exposes them  to the m ost recen t 

system s.

O n th e  o ther hand , techn ic ians a t the IDOT, private labs, an d  in 

the overall sam ple preferred a ttrib u tes  related to m ak ing  their jo b  easier, 

such  a s  PDT weight, b a tte ry  life, and  “built-in  w ireless capability". F or 

example, techn ic ians liked lower PDT weights an d  longer battery  life to 

allow th em  to work longer w ithou t fatigue. A lthough built-in  w ireless 

capability en h an ces the  PDT performance, ITPs d id  n o t see it a s  

im portan t a s  technicians becau se  ITPs are looking for w ireless capability  

th a t ex tends beyond lab boundaries to reach rem ote construction  fields, 

where sam ples are  often ta k en  several hundred  m iles away.

If w ireless capability could  extend between th e  lab an d  the site , 

sample inform ation from the field and test re su lts  could be exchanged 

sim ultaneously. U nfortunately, this feature is n o t yet available in 

curren t configurations. T echnicians share the sam e belief w ith ITPs, b u t  

are more satisfied with the cu rren t wireless capability  th a t can  only  

upload te s t  resu lts  to a  nearby  host com puter system . T echnicians, 

therefore, ra ted  built-in w ireless capability h igher th a n  ITPs did (see 

Table 6).
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IDOT ITPs a n d  in  th e  overall sam ple significantly viewed system s 

capable of resis tin g  adverse even ts  a s  m ore im p o rtan t th a n  IDOT 

technicians d id  (see Table 6). Som e adverse events m ight affect RFID 

system s, su ch  a s  th e  signal ab so rp tio n  by a  m etal su rface o r collision 

am ong m ultiple ta g s  being read  a t  th e  sam e time. A lthough technicians 

should worry m ore ab o u t su ch  problem s, they u n d eres tim a ted  tha t 

a ttribu te  com pared to  ITPs. ITPs m igh t have overestim ated the  th rea t of 

adverse effects, b ec au se  they a re  un fam iliar with th e  lab  environm ent. 

Technicians a re  m ore fam iliar w ith  w h at cau ses  adverse effects in  their 

labs. This difference in  viewing th e  im portance of adverse effects did not 

prove to be significantly  different in  private labs (see to Table 6).

Because IDOT ITPs a re  responsib le for technology buying 

decisions, they  significantly viewed PDT initial cost a s  m ore im portant 

th an  did IDOT techn ic ians (see Table 6). The case is reversed  in  private 

labs, where tech n ic ian s are responsib le for buying decisions. Initial 

system  cost is significantly w eighted m ore in  private labs by  technicians 

(see Table 6). In th e  overall sam ple, ITPs significantly viewed initial 

system investm ent a s  more im p o rtan t th a n  did techn ic ians (see Table 6). 

Technicians do n o t worry as  m u ch  ab o u t IT investm ent, because  they 

are not involved in  daily  pu rchasing  decisions like ITPs.

In all, ITPs involved in buying  decisions assigned m ore  weight to 

attribu tes rela ted  to  PDT technical specifications an d  technology cost,

permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

93

while technicians assigned  m ore weights to a ttr ib u te s  related to PDT 

w orkability in  the lab environm ent.

The previously m entioned  differences in  a ttr ib u te  weights am ong 

ITPs an d  technicians su gge s t th a t  they m ight have a  different a ttribu te  

ranking . Figures 27 a n d  28 dep ict the differences in  capability and  

reliability a ttribu te  rank ing  by ITPs, technicians, an d  th e  overall sample.

4.4.4-Differences in quantitative attribute utilities
Table 7 show s som e significant utility differences for quantitative

a ttrib u tes  am ong techn ic ians a n d  ITPs a t the IDOT lab, private labs, and  

th e  overall sam ple. More significant differences between ITPs an d  

technicians were found a t  th e  IDOT lab com pared to private labs 

p erh ap s  because few ITPs a t  th e  IDOT work closely with technicians. 

M ost ITPs provide technical consulting for IDOT w ithout close 

involvement with technicians. The following parag raphs explain 

significant differences found in  Table 7. At som e significant u tility  points 

a t  IDOT, in  private labs, a n d  in the overall sam ple, technicians 

significantly favored faster “system  th roughput” com pared to ITPs. The 

reason  m ight be th a t techn icians are not very fam iliar w ith the  exact 

th roughpu t needed, so they overestim ated th e ir  need based  on a  belief 

th a t more is better. On the o th er hand, ITPs m ight view th e  te s t d a ta  

files as  not requiring too m uch throughput.
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Figure 27. Differences in the rankings of capability attributes by ITPs and technicians at IDOT,
private labs, and the overall sample
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Figure 28. Differences in the rankings of reliability attributes by ITPs and technicians at IDOT,
private labs, and the overall sample
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For th e  “B ase RAM,” only one significant difference w as found  in 

bo th  the IDOT an d  th e  overall sam ple b u t  none for private labs. IDOT 

ITPs and  in  the  overall sam ple have h ig h er utilities for sy stem s with 

more RAM th a n  tech n ic ian s  have. ITPs, affected by the  n a tu re  o f their 

job, appreciate lots o f RAM m ore th a n  techn ic ians do. The case  is 

reversed for “M axim um  RAM,” w here ITPs underestim ated  its  utility 

com pared to techn ic ians. The case is very c lear a t  IDOT. No significant 

differences were reported  in  private labs.

For the n u m b er of “PDT keyboard keys,” there is one significant 

difference in  bo th  th e  IDOT and  in  the  overall sam ple. The techn ic ians 

reported m ore PDT keys were needed th a n  did ITPs (see T able 7), 

indicating th a t  tech n ic ian s prefer m ore PDT keys because it m a k es  da ta  

entry easier. Having m ore keys m inim izes com bining m ore th a n  one key 

to perform operations.

For the  “PDT w eight,” one significant difference w as d e tec ted  in 

the IDOT, private labs, an d  overall sam ple. The technicians favored less 

PDT weight th an  did ITPs. This should be expected because techn ic ians 

prefer to work with ligh ter w eight PDTs.

Technology “initial an d  operating co s ts” are m ajor factors for both 

ITPs an d  technicians a t  private and  governm ent labs. At IDOT, ITPs had 

significant lower co s t utility curves a t m any  points th a n  techn ic ian  

had, indicating th a t IDOT ITPs are m ore concerned ab o u t co s t because
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they are responsib le  for th e  pu rchasing  decision. IDOT ITPs also 

weighted “system  cost” m ore  th a n  IDOT techn ic ians d id  (see section  

4.2.3). O n th e  o th e r h an d , te ch n ic ian s  a t private labs ca re  more a b o u t 

cost th a n  ITPs do because th e y  are , in th is case, the  p u rchasing  decision 

makers. Likewise, lab te ch n ic ian s  a t  private labs significantly w eighted 

system  co s t m ore th a n  ITPs d id  a t  the sam e lab (see section 4.2.3). In 

the overall sam ple, m any  sign ifican t differences su gge s t th a t ITPs, in 

general, ca re  m ore ab o u t co s t, because they are m ore involved in  

technology buying decisions th a n  technician are, a  conclusion also 

reached in  section  4.2.3.

4.4.4.1-Differences in utility curves for ITPs and technicians
The significant differences in  some qualitative a ttr ib u te  u tilities,

d iscussed in  Section 4 .4 .4 , resu lted  in different u tility  curves and  

equations for each group. Q uantitative utility  curves a n d  the 

corresponding equations w ere draw n and  ca lcu lated  for ITPs and  

technicians a t  IDOT, private lab , an d  overall sam ple. Utility curves an d  

equations a re  performed u s in g  Sigma plot software. The binom ial 

equation of a  second-degree form  best describes the  d a ta ’s sh ap e  and  

behavior. The resulting  eq u a tio n s  were used  to ca lcu late  in term ediate  

and aggregate utilities for PDT system s. Figure 29 only show s exam ples 

of the u tility  curves an d  eq u a tio n s for some quan tita tive  a ttr ib u te s  in 

the overall sam ple. Note th a t  th e  coefficient of determ ination  (R2), w hich
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Figure 29. Utility curves for quantitative attributes in overall
sample
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m easures th e  closeness of fit o f th e  utility  curve to its  regression  line, is 

found u n d e r  each  equation. U tility curves an d  eq u a tio n s for ITPs an d  

technicians a re  n o t p resen ted  here; however, they w ere u se d  in model 

calculations. Appendix F co n ta in s  th e  utility curves a n d  equations for 

the res t of th e  a ttrib u tes  for th e  overall sample.

4.4.5-DifTerences in qualitative attribute ratings
Table 8 shows som e significant qualitative a ttr ib u te  utility

differences betw een ITPs an d  techn ic ians a t the IDOT, private labs, and  

in  the overall sam ple. For exam ple, because ITPs considered  “W ireless 

capability” a s  of no great help  because it does n o t w ork outside lab 

boundaries, ITPs a t  the IDOT a n d  in  the overall sam ple  significantly 

rated  w ireless capability lower th a n  technicians did. T hese differences 

were n o t significantly reported in  private labs.

C oncerning “D ata ca rrie r environm ental res is tan ce ,” technicians 

a t  the IDOT and  in the overall sam ple rated the utility o f “B ar code paper 

labels” low er th a n  ITPs did, w hich  can be in terp reted  to m ean th a t 

technicians are aware of some p ap er label lim itations in  lab s  th a t ITPs 

are not.

T echnicians, except for those  in private labs, significantly ra ted  

PDT system s with “Rugged characteristics” better th a n  ITPs did. 

Technicians m ay be more concerned  about the a ttr ib u te s  th a t  help the 

system  survive the lab environm ent.
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T echnicians seem  to ap p rec ia te  having system s w ith the  “touch 

screen d a ta  en try  m ethod" m ore th a n  ITPs do. In all labs, there  were 

significant differences betw een techn ician  a n d  ITP ra tes, with 

technicians expressing  h igher u tilitie s  for technologies w ith touch 

screens.

ITPs in  p rivate  labs ra ted  u tility  for a  technology th a t does not 

require a  “line-of-sight” lower th a n  technicians did. T echnicians are 

looking for b e tte r system s th a t  m ak e  it easier for them  to access d a ta  

from different d irec tions w here th e re  is  no line-of-sight between th e  d a ta  

label an d  the  reader.

System  “R esistance to adverse effects,” su c h  a s  anti-collision and  

m etal interferences, were significantly viewed b e tte r by techn ic ians th an  

by ITPs a t  the IDOT, private labs, a n d  in the whole sam ple (see Table 8), 

showing th a t techn ic ians are  m ore concerned ab o u t proper working 

conditions.

W hen it com es to selecting  a  new “low-risk system ,” all 

technicians in the  sam ple labs significantly assigned lower u tilities for 

RFID system s com pared  to ITPs (see Table 8). T echnicians m ight be 

more risk  averse th a n  ITPs, who are  more willing to accep t new  RFID 

system s.
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Table 8. Significant differences in utilities for ITPs and technicians at the IDOT, private labs,
and in the overall sample

QUALITATIVE ATTRIBUTES

Built-In wireless capability 
System with bulMn wireless capability 
System without built-in wireless capability

4.83
4.67

7.561 
4.33 0.62

7.00
4.00

8.S0
3.17

0.15
0.48

5.38
4.50

7.931 
3.87 0.30

6.65
4.18

Data canter environmental raatotanca 
Bar code labels

Paper 5.00 3.44 m i n i 4.50 3.33 0.31 4.88 3 .4 0 | 4.14
Plastic 6.17 5.89 0.71 6.50 6.001 6.25 5.93 0.57 6.09
RFID tags

Coin housing 4.00 4.56 0.57 4.00 4.67 0.60 4.00 4.60 0.41 4.30
Glass housing 1.50 1.44 0.96 2.00 2.50 0.55 1.63 1.87 0.4B 1.75
Plastic housing 6.67 8.78 0.86 9.50 8.67 0.25 8.88 8.73 0.75 8.80

PDT rugged characteristics
Available
Unavailable

7.87
2.17

8.89
1.56 0.27

8.00
3.00

8.67
2.00

0.42
0.27

7.75
2.38

8.801 
1.73 0.29

8.28
2.05

Data entry method
Keyboard
Touchscreen

5.83
7.33

7.11
9.00

5.00
6.50

7.83
9.17

5.63
7.13

7.40
9.07

6.51
8.10

Need for line of sight
Technology that requires a  line of sight 4.50 5.22 0.47 4.00 5.00
Technology that does not require a line of sight 7.33 8.11 0.26 8.50 8,00|

0.74 4.38
7.63

5.13
8.07

0.25
0.48

4.75
7.85

Advaraa effect (metal, collision..) 
Technology affected by adverse effect 
Technology not affected by adverse effect

2.17
7.50

0.89
8.56 0.18

2.00
8.00

1.331 
8.17 0.60

2.13
7.63

1.071 
8.40 0.19 8.01

Technology certainty 
Bar code systems 
RFID systems

8.33
6.67

8.11

3.33
0.81 6.50

3.50
6.63
2.171

0.28 7.88
5.86
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T hus far, the p rev ious sensitivity ana ly sis  suggests confidence in  

the model s truc tu re , th e  d a ta  incorporated in to  the model, a n d  th e  

plausibility of the a ssu m p tio n s . Differences am ong decision m a k e rs’ 

preferences affect the  ca lcu la tion  of technical, economic, an d  aggregate 

utilities. ITPs are m ore inclined toward techn ica l specifications of 

system s an d  greater r isk  tak ers , while techn ic ians focus m ore on  system  

workability an d  ease of u se . It is, therefore, im p o rtan t to com bine all of 

these opinions. MAUM is  a  flexible tool th a t en ab les  one to consider all 

of the decision m akers’ concerns.

The nex t chap ter provides a  sum m ary, recom m endations, a n d  

conclusions.
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CHAPTER 5 . SUMMARY, RECOMMENDATIONS, AND 
CONCLUSIONS

5.1-Summary
The co n s tru c tio n  in d u s try  lags beh ind  o ther industries in 

adopting innovative new technologies. By con tinuously  seeking, 

recognizing, a n d  im plem enting new  technologies, the construction 

industry  can  significantly im prove the productiv ity  of its processes. 

Using d a ta  c a p tu re  technologies is  one m eans by  w hich  th e  industry  can  

accelerate its  p rogress.

The m o s t com m on d a ta  ca p tu re  technologies are  b a r code and  

radio frequency identification (RFID) tagging. A lthough b a r  code and  

RFID system s a re  quite different, they  might accom plish  th e  sam e task . 

There are a lso  h u n d red s  of b a r code and  RFID system s on  the m arket, 

an d  num erous variations am ong these  system s. Each system  h as  its 

own technical, economic, an d  r isk  considerations th a t  m ake the 

selection p ro cess  a  difficult one. Currently, no  tool ex ists to facilitate 

th is  decision-m aking process.

The p rim ary  objective of th is  research  w as, therefore, to develop a  

decision tool th a t  enables decision m akers in th e  constru c tio n  industry  

to select th e  m o st appropriate d a ta  cap tu ring  technology for the ir 

construction  application. This decision tool is a  system atic  evaluation 

model based  u p o n  the M ulti-Attribute Utility theory  (MAUT).
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T he m odel’s feasibility  a s  a  decision tool w as assessed by b o th  

laborato ry  technicians a n d  inform ation technology professionals (ITPs) 

a t  six m a te ria l testing lab s , bo th  private a n d  governm ent, in Iowa.

Aggregate utilities w ere calculated  for 10 different bar code a n d  

RFID portab le  d a ta  te rm in a ls  (PDTs). These aggregate u tilities 

sim ultaneously  com bine technical-m erit, econom ic-m erit, an d  low -risk 

m erit u tilitie s  for PDTs. PDTs were ranked  according  to their aggregate  

u tilities. Two RFID a n d  one b a r code system s achieved the g rea tes t 

aggregate utilities, ind icating  th a t some b a r  code system s can  be b e tte r  

th an  o th e r  RFID system s.

T he model sensitiv ity  analysis revealed som e sim ilarities a n d  

differences am ong decision  m akers’ views. There were n o t m an y  

significant differences betw een governm ent a n d  private labs, a lth o u g h  

private lab s  are  profit o rien ted  an d  th u s  m ore cost conscious, m ak ing  

them  m o re  selective in system s technical perform ance.

T he differences betw een ITPs an d  techn ic ians in  the sam ple were 

m any. For example, th e  s tudy  showed th a t  ITPs are  more concerned  

abou t tech n ica l specifications of the portable d a ta  term inals (PDT), while 

techn ic ians are  more concerned abou t its environm ental reliability. In 

addition , ITPs are m ore concerned ab o u t a ttrib u tes  su ch  a s  the 

operating  system , base random  access m em ory (RAM), and  h a rd  drive 

capacity  th a n  technicians are. On the  o th er h an d , technicians a re  m ore
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concerned a b o u t a ttr ib u te s  re la ted  to m aking th e ir  jo b  easier such  a s  

PDT weight, b a tte ry  life, a n d  b u ilt-in  wireless capability.

ITPs, in  general, c a re  m ore abou t cost, b ecau se  they are more 

involved in technology buy ing  decisions th an  techn ic ians are. The case 

is reversed a t  private lab s , w here techn ic ians m ake the buying 

decisions. T echnicians are , in  general, more risk  averte rs  th an  ITPs, who 

are m ore willing to accept new  technologies.

There w ere also som e significant differences in  ITP and  technician 

utilities th a t led to different definitions of curves a n d  equations for each  

group. After quantita tive u tility  curves and  the corresponding  equations 

were draw n a n d  calculated, th ey  were used in m odel calculations.

B ecause a ttribu te  w eights a n d  utilities differed for each group in 

the model, th e  calculated technical, economic, a n d  aggregate utilities 

were different. System s have different com binations of interm ediate 

utilities.

In  general, the techn ical m erit utilities for techn ic ians were higher 

th an  the  sam e utilities for ITPs. Because ITPs always work w ith 

com puters, perhaps th e ir in te re s t in new technology is less th a n  

technicians, who are le ss  likely to evaluate com puter system s. 

Technicians in  private lab s a re  m ore restrictive in  the ir dem ands th a n  

technicians in  governm ental labs are.
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C om pared to tech n ic ian s, ITPs assig n ed  higher econom ic m erit 

utilities for RFID sy stem s b u t lower econom ic m erit utilities for b a r  code 

system s. A pparently  ITPs are m ore willing to accept new technologies.

Sensitivity an a ly sis  revealed th a t  changes in m odel in teraction  

relationships h ad  no  m ajor effect on  th e  rank ing  of top system s. Only 

som e m inor changes in  lower ra n k  sy stem s occurred. The effect of the 

change in  system  p rices resu lted  in  m ino r shifting in system  rank ings. 

Only one reversal o ccu rred  to sy stem s th a t  had very close a n d  low 

aggregate utilities.

The “additive” aggregation m odel produced system s rank ing  

sim ilar to th e  “m ultiplicative” ru le  b u t  w ith considerable ch a n g es  in 

technical, econom ic, a n d  aggregate u tility  values. The m ultip licative 

model aggregate u tilities  were always h igher than  the co rrespond ing  

additive ru le u tilities, resu lting  from  th e  effect of considering  the 

interaction betw een com plem entaiy  a n d  supplem entary  re la tionsh ips. 

The interm ediate a n d  aggregate u tilities were also different. U sing the 

additive rule led to a n  underestim ating  of th e  economic m erit u tility  an d  

a n  overestim ating of th e  technical m erit u tilities.

For th e  two aggregation ru les, sy stem  rankings w ere th e  sam e. 

The first two selected system s were RFID system s, while the  th ird  w as a  

b a r  code system . This result h ighlighted th e  fact th a t som e b a r  code 

system s m ight be b e tte r than  o ther RFID system s.
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The stability o f th e  sensitivity analysis re su lts  suggested 

confidence in  the m odel s tru c tu re , the d a ta  incorporated  in  the model, 

and the plausibility  of th e  assu m p tio n s .

5.2-Recommendations
This research  h a s  yielded som e im portan t inform ation th a t

construction  decision m a k e rs  can  u se  to evaluate rival d a ta  cap ture  

technologies. The m odel developed d u rin g  th is re se a rch  can  also be 

adapted  to  evaluate o th e r  construction-related  app lica tions such  as  

inform ation technologies, construction  equipm ent, bu ild ing  m ethods, 

and  new projects. Applying th e  model to these  app lica tions would yield 

invaluable inform ation.

F u rth e r research  is  also  needed for such  construc tion -re la ted  

applications a s  m aterials handling , the tracking of co n s tru c tio n  asse ts  

and  h u m a n  resource m anagem ent. The m odel can a lso  be used  in non 

typical construction  o p era tio n s such a s  hazardous w aste  m aterial 

operations. The model c a n  take  other form s and  s tre s s  o ther factors 

based on  the  application’s  un ique objectives an d  decision  m akers’ 

preferences an d  utilities.

More research o f th is  type would encourage construction  

com panies to apply th e  m odel, exploring a n d  u n d ers tan d in g  m ore abou t 

decision m aking’s underly ing  factors. The m ethodology can  also be
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com puterized in a  user-friendly  expert system  th a t can  m ake m odel use  

an d  more fam iliar to all construction  decision m akers.

5.3-Conclusions
There is no “b es t” technology th a t works for all construction

applications. The b e s t technology is the one  th a t fits the application 

needs and  u se rs ’ p references. It is no t possible to recom m end a  specific 

d a ta  capture system  for all construction operations becau se  each 

construction p rocess is unique and  u se rs’ preferences differ from  one 

worksite to ano ther. However, a  system atic methodology is needed  to 

help construction decision  m akers do it them selves.

Because th e  MAUM model provides a  general thought-provoking 

framework to be p u rsu e d  and built upon, th is research  recom m ends 

th a t it be used  to se lec t the best d a ta  cap tu re  technology for a  specific 

construction operation. The model is com prehensive becau se  it 

sim ultaneously tak es  into account all technical, econom ic, a n d  risk 

factors.

The model is  also a  flexible tool for accom m odating different 

decision m akers’ preferences; the research revealed different priorities 

am ong ITPs an d  techn ic ians a t material testing  labs. S im ilar differences 

can  be expected in  any  construction organization. Therefore, it is 

critical to consider th e  differences in decision m akers’ a t ti tu d e s  and  

preferences. B ecause they have little involvement in ac tu a l construc tion
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operations, ITPs are  m ore co n cern ed  w ith system  techn ica l perform ance. 

C onstruction field em ployees m ig h t n o t be a s  fam iliar w ith technical 

a ttrib u tes  a n d  th u s  care m ore a b o u t w hat m akes th e ir  jo b  easier in the 

held. It is, therefore, im p o rta n t to  consider both opin ions, covering all 

objectives. The MAUM can  w ork  a s  a  group decision-m aking tool th a t 

considers all decision m ak ers’ co n cern s and objectives.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

112

APPENDIX A . SUMMARY OF PREVIOUS RESEARCH 
RELATED TO BAR CODE AND RFID IN THE 

CONSTRUCTION INDUSTRY
Many re se a rch  h a s  been done to in troduce  b a r code a n d  RFID to 

the construction  in d u stry . For exam ple, a  study  by B em old  1990 
tested the survivability  of b a r  code labels u n d er d ifferent heating, 
freezing, m oistu re , a n d  adhesive cond itions for construction  operations. 
The study  recom m ended  careful investigation of the  construction  
environment.

Rasdorf a n d  H erbert 1989 p resen ted  how b ar code c a n  improve 
construction inventory  control an d  increase  productivity. B lakely 1990 
presented th e  D ep artm en t of D efense’s  experience w ith b a r  codes and 
reported its effectiveness for a  wide variety  of applications.

S tu k h a rt (1989) categorized bar-code applications in  construction  
under five headings: Inform ation m anagem ent, m aterials m anagem ent, 
process or o pera tions control, tim e u se  contro l, an d  a s se t accountability .

S tu k h a rt a n d  Lynn 1991 reported  a  m inim al u se  of b a r  code in 
the construction  in d u s try  com pared to o th e r  in dustries  a n d  referred  th a t 
to the lack of s tandard iza tion . The research  reported the  benefit of the 
standards a s  th e  reduction  of costs to ow ners, contractors, a n d  vendors 
by providing a  com m on form at for d a ta  exchange, red u c tio n  of the 
paperwork, a n d  tim e savings.

M cM ullouch 1994 presen ted  the  tw o-dim ensional b a r  code and 
discussed its  applicability  in the con stru c tio n  environm ent to  m aintain  
construction reco rds su c h  as  equipm ent m ain tenance records.

B achh 1989 sim ulates the  u se  of b a r  code technology in  m aterial 
m anagem ent a n d  reported  productivity enhancem en t as  th e  u se  of bar 
codes reduces h u m a n  erro r and  speed u p  th e  d a ta  en try  p rocess.

Concerning the  u se  of Radio Frequency Identification (RFID) 
technology in  th e  construction  industry , Only two s tu d ie s  were 
available. Ja se lsk is  e t al 1995 investigated potential app lica tions for 
RFID in co n stru c tio n  industry  su ch  a s  concrete p ro cessin g  and 
handling, co st coding for labor an d  equipm ent, an d  m a te ria l control. 
Jaselsk is an d  E lm isalam i 2000 also investigated o ther new  applications 
for RFID in th e  construction  industry  a n d  reported 30 % of tim e savings 
on the use  of RFID technology in m aterial m anagem ent.
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APPENDIX B . BAR CODE TECHNOLOGY

1-An overview of automatic identification technology
B ar code an d  RFID system s are two a reas  of d a ta  cap tu re  

technology th a t  have been  gain ing m om entum  in  the last two decades 
an d  now being  seen as  rad ica l rivals to en h an ce  d a ta  capturing  process. 
B ar code a n d  RFID technologies serve a  m a in  purpose of au tom ating  
d a ta  en try  process an d  elim inate two error-prone an d  time consum ing 
activities: m an u a l d a ta  collection an d  d a ta  entry . 
fwww-aimfflobal.org/technologies. 2001).

The n ex t sections h igh ligh t the b ar code technology. Appendix C 
contains m ore inform ation a b o u t RFID.

Bar code technology
The firs t bar code w as  paten ted  in  1949 in the United S tates; 

however, th e  first com m ercial u se  w as seen  in  the  late 1960s. Since 
tha t, it w as considered to  be the m ajor widely used  identification 
technology.

There are  m any b a r  code symbologies u sed  in a  variety of 
applications. Each sym bology represen ts the  ru les for charac te r 
encodation, error checking, p rin ting  an d  decoding requirem ents, and  
m any o th e r features. There are  more th an  4 0 0  b a r code symblologies 
designed over time. Som e of the  symbologies are  only num eric, or 
alphanum eric , while o thers con tain  the full ASCII set. It is im portan t 
for each u s e r  to u se  a  un iversa l symbology th a t  is supported  in h is 
industry . Today, the m ost popu lar are ones like the Universal Product 
Code (UPC), the E uropean  Article N um bering (EAN), Code 39, 
Interleaved 2 of 5 Code, a n d  Code 128...etc. Each code h a s  its own 
ru les of how  to prin t an d  to in te rp re t the b a rs  an d  spaces am ong them . 
Various symbologies have been  developed for particu lar applications 
su ch  a s  retail, m anufacturing , transporta tion , docum ent tracking, 
libraries, a n d  others. For th e  one-dim ensional bar code, the  b a rs  an d  
spaces in  each  symbology a re  grouped in su c h  a  way to rep resen t a  
specific ASCII characters. These codes a re  all public dom ain 
symbologies. This m eans th a t  no one ow ns the righ t to monopolize 
these  symbologies, so any  com pany can  u se  th ese  codes to m anufactu re  
b a r  code products. Code 39 , is being used  in  construction  an d  m ost 
construction-related  applications (Blakey 1990).

1-Types of bar Codes
In general, bar codes can  be classified in to  th ree m ain categories: 

Linear (one dimensional), S tacked, and  tw o-dim ensional (m atrix b ar 
codes).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

114

1.1-Linear (one dimensional bar code)
This is  the  m ost com m on b a r code type a n d  is com posed of 

a  series of parallel a n d  varying w id th  of bars an d  sp aces . These bars 
w ork a s  the license p la te  d a ta  holders, typically hold 10 to 20 
characters, w here they  d irec t th e  u s e r  to inform ation sto red  in  the  host 
com puter d a tab ase  (w w w .in-barcode.com /in tro .h tm l. 2001). M ost bar 
codes include a n  in te rp re ta tion  line con tains the sam e encoded  d a ta  on 
th e  label w ritten  in  h u m an  readab le  characte rs u n d e rn e a th  th e  symbol. 
This H um an Readable In te rp re ta tion  (HRI) allows th e  u s e r  to  en te r the 
d a ta  m anually  to  th e  com puter in  case  of the failure to  scan  a  poorly 
printed or dam aged  b a r  code label. Figure 30 show s som e exam ples of 
b a r  code symbologies.

1.2-Two dimensional bar codes
In the  1980s, the need to increase the d a ta  capacity  an d  

inform ation density  of b a r code symbologies triggered several efforts to 
drive the developm ent of the  two dim ensional bar codes. C om pared to 
th e  one dim ensional b ar codes, w hich hold 10-20 ch a rac te rs  of 
inform ation, the  two dim ensional b a r  codes can  a c t a s  th e  d a ta  base 
th a t can  travel w ith the item  a n d  hold up  to several th o u san d  
characters. For a  tw o-dim ensional symbology application , d a ta  look up  
is not required. In  construction  industry , tw o-dim ensional b a r  code is 
suitable for keeping construction  records su c h  a s  equipm ent 
m aintenance records. (Me C ullouch 1994)

C O D E  3 0
Code 39

UPC

Hlllllll
3 4 5 0 5 6 7 8

Interleaved 2 of 5

iiimiiiiihi
f h 4  5  3  4  f

Code 128

Figure 30. Some examples of one-dimensional bar code symbologies
Source: (http://www.taltech.com/resources/intro_to_bc/bcsymbol.htm, 2001)

k
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.in-barcode.com/intro.html
http://www.taltech.com/resources/intro_to_bc/bcsymbol.htm


www.manaraa.com

115

Tw o-dim ensional sym bologies are  m u ch  re s is ta n t to dam age th a n  
traditional lin ear sybologies. For example, som e 2-D  symbols can  lose 
u p  to 1 /3  of its  su rface a n d  still be read  (Gleen 1998). This is done by 
building special co rrection  error form ulas in  th e  symbol. The m o st 
com m on u se d  2-D sym bologies is PDF 417, d a ta  m atrix, and  m atrix  
code. T hese sym bols a re  also the public d o m ain  for anybody u se  
w ithout pay ing  p a ten t rig h ts . There are  two types of two d im ensional 
bar codes: The stacked b a r  codes an d  the m atrix  b a r  codes.

1.2.1-Stacked bar code
In  th is  type, sh o r t Individual linear b a r  codes stacked on th e  top  

of each o th e r. Refer to F igure 31 for different types of stacked b a r code 
(www.aimglobal.com, 2001). This stacked b a r  codes store relatively a  
large a m o u n t of d a ta  (up  to 1000 characters) a long  the  height o f th e  
code fw w w .in-barcode.com . 2001). The m ost successfu l symbology is 
the Portable D ata File (PDF 417) in w hich a  series of d a ta  items c a n  be 
linked tog e th er in one single d a ta  base by its  decoding process th a t  
determ ines th e  tran s itio n  form one row to th e  n ex t a n d  their co rrec t 
order (Cohen, 1994) how ever, stacked b ar code is n o t a s  efficient a s  th e  
tw o-dim ensional m atrix  barcodes (discussed below) in  term s of space  
efficiency.

Jm ■  £1 MU
Figure 31.Stacked bar code 

From left to right: Code 16 Ky PDF 417, Code 49, and Super Code. 
Source: http:/ /www.adamsl.com/pub/russadam/stack.htmU

1.2.2- Matrix barcodes
The m atrix  symbology com prises a  m atrix  of light and  d a rk  

elem ents, circles, sq u a res , or hexagons fwww.aimglobal.com. 2001). 
Instead of scanning  the  w id ths of bars an d  spaces, th e  decoder recognize 
the p resence  of light a n d  d ark  cells in the  label a n d  decodes d a ta  
according to  their position (Cohen, 1994). By th is  way, a  b it p a tte rn  is 
created a n d  transla ted  on to  ASCII code. This type o f b a r  codes offer h u g e  
d a ta  d en s itie s  over the stacked bar code (a ratio  o f 3 or 4 to 1) (Gleen
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1998), however, th e y  a re  om ni-directionally  scannable w hich  m ade it 
difficult for p o p u la r applications to em erge (www.in-brcode.com , 2001). 
two- dim ensional m a trix  symbol m u s t be read  by a  cam era reader.

D ata m a trix  an d  maxi-code a re  exam ples of 2D symbologies. 
C ontrary  to one-d im ensional b a r  code, n o t all 2-D symbolgies a re  in  the 
public dom ain w h ich  m eans th a t som e o f th em  require license from  the 
vendor to p roduce  b a r  code products. T his also explains w hy there  are 
few hardw are, s u c h  a s  scan n ers  an d  p rin te rs  on the m ark e t th a t  deal 
w ith  these types o f symbologies. Figure 32  show s some exam ples of two- 
dim ensional m atrix  b a r  code

Figure 32.Two-dimensional matrix bar code.
From left to right : 3 DI, Aztec Code, Data Matrix, Dot Code, Maxi 
Code, Mini Code, QR Code, and Snow Flake Code.
Sourcc:http; / / www.adamsl.com/pub/russadam/stack.htmU

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.in-brcode.com
http://www.adamsl.com/pub/russadam/stack.htmU


www.manaraa.com

117

APPENDIX C. RFID TECHNOLOGY
This section  provides a  genera l description o f th e  radio frequency 

identification (RFID) technology. B ar code an d  RFID system s are sim ilar 
in  th a t each  o f them  u se s  a  re a d e r  an d  coded d a ta  carrie r a ttached  to 
th e  object. However, b a r  code system s u se  optical signal to tran sfe r 
d a ta  between th e  b ar code read e r a n d  label, w hereas, RFID system s u se  
Radio Frequency (RF) signals to  transfer d a ta  betw een the reader a n d  
th e  RFID tag. The RFID tag  c a n  contain  all p e rtin en t inform ation ab o u t 
th e  item.

The following p arag rap h s describe RFID hardw are com ponents

1-RFID hardware Components
Radio frequency identification system s typically consist of four 

basic  com ponents:
-Tag, or tran sp o n d er a s  a  d a ta  carrier.
-A ntenna to transfer th e  radio  frequency signal from the reader to 

th e  tag an d  vice versa.
-S canner to generate th e  radio  frequency signal.

-Reader to  convert the  sc a n n e r’s  analog signal in to  a  digital form at 
to p ass  the d a ta  to the h o st com puter.

In som e industria l applications where equ ipm ent m ay be 
perm anently  fixed, each of th ese  com ponents is a  separa te  item. In 
o th e r applications where portability  is required, som e of the com ponents 
m ay  be com bined into one hand-held  configuration. The nex t 
parag rap h s describe each  com ponent in detail.

1.1-Tag, or Transponder
The w ord transponder is derived from the two words: TRANSmitter 

a n d  resPONDER. The tran sp o n d e r or tag con ta in s a n  a n ten n a  a n d  
in tegrated  c ircu it ship th a t is  encapsulated  to protect ag a in st th e  
environm ent. Tags are program m ed with the d a ta  th a t identifies th e  
item  to which the  tag is a ttached . The tag can  be e ither read-only, read  
once/w rite  m any  (WORM), or volatile read/w rite. Read-only tags are  low 
capacity  tags; usually  hold approxim ately 8 to 128 b its of m em ory a n d  
u se d  for identification purposes, WORM tags are read  only; though th e  
u s e r  can  program  them  one tim e. In read/w rite tags, the u se r  can  a lte r 
th e  inform ation on the tag as  m any  times.

In general tags require very small powers of micro to m illi-watts 
fwww.aimglobal.org. 2001). Tags can  be either passive or active, based  
o n  the m anner in  which the tag  derives its power.

Active tags are powered by a n  internal b a tte ry  to power the tag  
tran sm itte r a n d  receiver. Alhough passive tags do n o t u se  a  battery  to 
boost the energy of the RF signal, it may u se  a  battery  to  m ain ta in
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memory in th e  tag , or pow er the electron ics th a t enable th e  tag to 
m odule the  reflected  signal.

Passive ta g s  a re  also  constra ined  in  th e ir capacity to sto re  d a ta  
an d  their ab ility  to perform  well in  electro m agnetically noisy 
environm ents. P assive tags, a s  they only reflect transm ission  from a  
reader, are  sm alle r a n d  cheaper th a n  active tags, an d  also  have 
unlim ited lifetime com pared  to active tags. Active tags, in general, allow 
higher d a ta  tran sm iss io n s  rates, g rea ter com m unication range, and  
better noise im m unity . (Interm ec, no date). Figure 38 show s different 
shapes of tags m a n u fa c tu red  by Trovan a n d  Interm ec.

Figure 33.Tags manufactured by Trovan and Intermec

1.2-Antenna
The a n te n n a e  is u sed  to transfer a n d  receive the radio frequency 

signals. M ost RFID system s include one an tennae . Som e system s 
include two a n ten n as ; one to transm it a n d  th e  o ther to receive the RF 
signal. A n ten n as vary in  size and shape to  m eet different applications. 
They can  be freestand ing  or imbedded in  o th e r s tru c tu res  s u c h  a s  in a
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concrete block wall to d e tec t personnel badges o r p assersby  (Floyd, 
1993).

1.3-Scanner or transceiver
The scan n er’s  role is to generate th e  energizing signal tran sm itted  

from  the a n ten n a  to th e  tran sp o n d e r, an d  filters an d  am plifies the 
b ack sca tte r d a ta  signal (Telsor, no d a te  a). S canners are configured 
separate ly  o r enclosed w ith th e  reader.

1.4-Reader
Readers convert the  scan n e r’s  analog  o u tp u t into th e  digital 

form at to be uploaded to th e  host com puter. Reader also  m onito rs 
incom ing signals from th e  tran sp o n d e rs  to en su re  valid tag  d a ta  an d  
error-free operation (Telsor, no  date b). D epending on the  app lica tions, 
readers com e in e ither s ta tio n ary  o r hand-held  configurations. 
S tationary  m odels have g rea te r  reading ranges com pared to  po rtab le  
models. Portable m odels a re  u sed  in  w arehouses an d  fields (W hat is 
RFID, 1996). Figure 39  show s two m odels of Interm ec Sabre 1555 and  
Trovan GR 68 portable b a r  code a n d  RFID readers th a t  include 
an ten n as  a n d  scanners.

Figure 34.The Intermec Sabre 1555, and Trovan GR 68 readers

2-Frequency and data transmission techniques
Choice of field or ca rrie r wave frequency is of prim ary im portance  

in  determ ining d a ta  transfer ra tes. In  p ractical term s the ra te  o f d a ta  
transfer is influenced prim arily  by the frequency of the ca rrie r wave or 
varying field used  to carry  th e  d a ta  betw een the tag an d  its  reader. 
Generally speaking the h igher the frequency, the  h igher th e  d a ta  
transfer o r th roughput ra te s  th a t  can be achieved.

RFID technology u ses  frequencies w ithin the range of 100 kHz to 
5 .8  GHz. Three carrier frequencies received early a tte n tio n , as  
representative of the low, in term ediate, an d  high ranges. T h ese  are 
125kHz, 13.56 MHz an d  2 .45 GHz.
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Two m ethods d istingu ish  an d  categorize RFID system s, the first is 
based  upon close proxim ity electrom agnetic or inductive coupling (125 
Khz and  13.56 MHz system s), an d  the  second is b a sed  upon  propagating 
electromagnetic w aves (2.45 GHz system s). Coupling is via ‘an ten n a ’ 
s truc tu res form ing a n  integral feature in  bo th  tags a n d  readers. In the  
inductive coupling, th e  reader’s a n ten n a  generates a  m agnetic field th a t  
induces a  voltage in  the tag  coil to supply  the tag  w ith  energy. The 
transm ission  of d a ta  from the reader to th e  tag is m ade by changing one 
of the  transm itting  field param eters (am plitude, frequency, or phase). 
Because the opera ting  field of su ch  system s are in  th e  “n ea r field” of the 
reader an tenna. Reading power decreases with 6 th o rder of distance. 
T hat m akes the adverse  effect of ad jacen t system s m u c h  lower com pared 
to UHF and  Microwave system s where th e  power level decreases as  the 
square of the d istance . However, com pared to th e  UHF an d  microwave 
system s, the rad io  frequency field for th e  frequencies less th an  13.56 
MHz is not abso rbed  by w ater or h u m an  body, w hich  have no affect on 
performance.

Contrary to  low frequency RFID system s, w hich  operate on the 
induction principal, RFID system s th a t operate on UHF frequency m ake 
u se  of electrom agnetic wave propagation to com m unicate w ith the tags. 
The reader tra n sm its  the electrom agnetic wave, w hich propagates 
outw ards w ith spherical wave front. The electrom agnetic energy 
propagates th ro u g h  the atm osphere, or any  o ther m ateria l by exciting 
electrons, which in  tu rn  radiate energy a t  th e  sam e frequency w hich also 
excite other n ea rb y  electrons and  so on. (www. aimglobal.org) 
Transponders in  th e  field collect some of the energy depending on the 
location and m ay be expressed as 1 /d 2 w here d is th e  d istance from the  
transm itter. UHF system s and microwave RFID system s operate in the 
Tar field” of the read e r antenna. Reading d istances betw een 2-40 feet is 
possible for passive tags and  longer th a n  100 feet for active tags 
depending on microwave frequency, an d  an ten n a  configuration

3-Data Storage Characteristics
Data can  be encoded in the tag  in  a  way th a t  only authorized 

u se rs  can read o r write data. The n u m b er of d a ta  b its  or bytes th a t can  
be programmed in  the tag include the  total bytes u sed  by the 
m anufacturer. T he am ount of d a ta  stored  on a  tag  depends on the 
application. In general tags may contain  such  inform ation:

-Identification num ber, in w hich a  num eric or alphanum eric  
string is stored o n  the to identify or track  items; o r a s  an  access key to 
d a ta  stored in a  com puter, or

-Portable d a ta  files containing all pertinen t inform ation to the
item.
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Therefore, d a ta  sto rage capacities m ay  range form a  single b it to 
several kilobytes. The single b it tags are  u se d  in  retail stores to activate 
a n  alarm  w hen u n p a id  item  leaves th e  sto re  w ithout deactivating the  
tag. Passive tags are also co nstra ined  in  th e ir  capacity  to store d a ta  an d  
the ability to perform  well in  electro m agnetically  noisy environm ents 
Passive tag s  are  also  co n s tra in ed  in the ir capacity  to store d a ta  an d  the  
ability to perform  well in e lectro  m agnetically noisy environm ents

Tags of d a ta  storage capacities u p  to 128 b its can  hold a  serial or 
identification num ber w ith p a rity  check bits. Tags w ith high d a ta  storage 
capacities can  be u se r  program m able an d  a re  able to carry  d a ta  files.

4- Reading range 
The m axim um  read ing  distance from  w hich RFID system  can  read  

or write is  determ ined by m an y  factors su c h  as:
-Type of tags (active v e rsu s  passive)
-The reader power availab le to com m unicate with the  tag.
-The available tag  pow er to respond.
-Transm ission frequency 
-Environm ental conditions
The degree to w hich each  system  is affected by th ese  factors 

differs, fwww.aimglobal.org. 2001)
5-RFID system categories 

RFID system s can  be classified into:
BAS (Electronic Article Surveillance) systems 
EAS are used  in departm enta l s to res  where a  single b it tag  

a ttached  to  each item  can  d e tec t unau thorized  item  departu re  from the  
store th ro u g h  fixed readers se t u p  a t the  s to re  exit.

Portable Data terminals (PDT)
T hese are portable com puters w ith integrated RFID scanners, 

used in  applications w here a  high degree o f variability in sourcing  d a ta  
from tagged item s m ay be exhibited, fwww.aimglobal.org. 2001). PDT 
can be b a tch  oriented, w here the data  are  cap tu red  on testing  place an d  
transm itted  later to a  h o st com puter, o r Radio Frequency (RF) linked to 
instan taneously  transfer th e  d a ta  to the host.

Networked systems
Tags are  attached  to  moving item s, o r people and  re ad  by fixed 

readers o n  certain  locations to report to th e  netw ork inform ation system . 
Positioning systems
W ith the com bination of RFID an d  GPS, a  location of a n  a ssen t or 

equipm ent can  be tracked th rough  a  read er fixed on the a s s e t  th a t reads 
tag locations. The RFDC sen d s the inform ation of the tracked  item  
instan taneously  to the h o st com puter.
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6-Limitations of RFID technology
The lim ita tions associa ted  w ith  th e  RFID technology are im portan t 

to be understood . The m ain  lim itation of RFID concerns 
standardization. C urren tly , m ost RFID system s are  “closed”, m eaning 
th a t one m a n u fac tu re r’s  read er c a n n o t read  a  tag  m ade by ano ther 
m anufacturer, w h ich  does n o t p re se n t a  problem  to closed RFID system s 
within a  factory o r  a  com pany. However, if a  com pany, s u c h  a s  a  
construction com pany, w an ts  to tra c k  p roducts a n d  m ateria ls  from 
different suppliers a n d  m an u fac tu re rs , th is  poses a  problem . I t m ight 
be difficult to get su p p lie rs  to agree o n  a  com m on RFID system , an d  it 
would be too costly  to  p u rch ase  a  re ad e r  for each  type of RFID system  
used. S tandard iza tion  an d  m ulti-tag  read ers will hopefully solve this 
problem. This co n c ern  would be m itigated if RFID s ta n d a rd s  are 
established early o n  su c h  th a t all vendors a n d  supp liers are  d irec ted  to 
use  the  sam e eq u ip m en t and  tagging technology for a  given project. 
Currently, various s ta n d a rd s  organizations an d  in te rested  com panies 
are  expending sign ifican t effort on  developing s tan d a rd s  for RFID use.

Another lim ita tion  of RFID is  th a t m etals can  h a m p e r  RFID 
operations by b locking an d  canceling  th e  radio frequency (RF) signals. 
When placed d irec tly  behind m etal, th e  tag  is unreadab le , b ec au se  the 
m etal e ither ab so rb s  o r reflects the  signal. M ounting tags som e d istance 
away from m etal ob jects, however, m ay  minimize th is lim itation . In  any 
case, tags m ounted  on  m etal objects c a n  be successfully  read  if  th e  tag 
is raised slightly off of th e  m etal su rface  o r if it includes a  m e ta l back 
plane th a t is o rien ted  w ith the an ten n a .

Interference from  nearby RFID system s can  a lso  pose 
com m unication p rob lem s between th e  reader an d  tags. The in terference 
is frequency d ep en d en t w ith lower frequencies, c rea tin g  simple 
interference concerns, an d  w ith h igh  frequencies, resu ltin g  in  m ulti- 
pathing problem s. However, the  m o st evasive interference th a t  affects 
tags com es from cathode ray tubes. Selecting RFID sy stem s whose 
frequencies do n o t interfere w ith frequencies com monly u se d  n e a r  the 
construction site m ay  alleviate th is  concern.

Furtherm ore, batteries w ear o u t  on  active tags, lim iting th e ir  life 
expectancy. W hen tracking  key p ro jec t equipm ent from  ven d o r shop to 
the site, th is  m ight n o t p resen t a  significant concern, since th e  du ra tion  
is generally sho rt term . A battery  m anagem ent program  will n eed  to be 
implemented, however, for longer life a s se t tracking req u irem en ts .
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APPENDIX D. SIMILAR USES OF BAR CODE AND RFID 
TECHNOLOGIES IN THE CONSTRUCTION INDUSTRY

Although b a r  code a n d  RFID system s are  q u ite  different, they are 
com peting in  d a ta  c a p tu re  technologies m arket. T here a re  more b ar code 
construction  app lica tions th a n  there are  for RFID. C onstruction people 
are more fam iliar w ith  b a r  code system s as  it is u se d  heavily in the retail 
industry . However, m o st of the tim e the two technologies can do the 
sam e job in  m any  co n stru c tio n  applications. The biggest challenge is to 
select the  one th a t  b e s t fits the construction  operation . This chapter 
highligh ts  som e of th e  construction  applications th a t  can  be served by 
either b a r code o r RFID system s

1-Design drawings 
A b a r code label o r a  w afer-thin RFID adhesive tag  can  be applied 

to construction  b lue p r in ts  and  im portan t construc tion  docum ents. Two 
dim ensional b a r code label or a n d  RFID tag  ca n  include d a ta  or 
instructions th a t en h an ce  the safety, the quality , an d  perform ance of 
construction  activities. Lots of related inform ation perta in  to each sheet 
of draw ings m ay be of a  help to field workers. F or exam ple, a  tag or a  
label can  con tain  safety  instructions for perform ing a  certa in  activity; or 
it can  contain  inform ation describing the activity  procedure, m aterial 
specifications, an d  m ay  be a  quantity  takeoffs. It c a n  also link the u se r 
through the  Web to  a  certa in  help page to solve som e of the  expected 
problems. R ead/W rite RFID tags can  be u p d a ted  to include updated  
inform ation su ch  a s  th e  work-in-progress

2-Material receiving 
Upon receiving m aterial in a  construction  w arehouse storage area, 

m aterials received c a n  be downloaded to m aterial track ing  system  by 
scanning  a  b a r code label, or RFID tag  th a t have been applied by the 
supplier. B ar code labels or RFID tags can  be affixed to either m aterial 
pallets or to individual item s such a s  engineered o r bulky  item s.

The w arehouse clerk  would position the b a r  code o r RFID reader 
tow ards th e  label o r tag  to identify item s. After fin ishing all the visual 
inspection, all inform ation pertain  to the received item s can be 
downloaded to th e  com pany inform ation system . R ead/W rite RFID 
system s allow w riting back  some inform ation to the  tag  such  as  the 
quantity  received, th e  m aterial s ta tu s , and  the  storage location. The 
com pany’ s inform ation system  com pares the dow nloaded inform ation to 
the anticipated  m aterial delivery list. If there is no discrepancies, the 
sh ipm ent is passed  quickly into the  assigned storage area . If the 
receiving w orker see a  missed or defective item , she would take a 
corrective action based  an d  issue a  discrepancy report.
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Jase lsk is  a n d  Elm isalam i 2001 conducted  two p ilo t te s ts  involved 
receiving pipe su p p o rts  an d  hangers a t  two Bechtel jo b  sites. The study 
involved com paring  th e  m anual an d  RFID approach  of receiving the 
m aterial. The receiving cycle had  a  30  % tim e savings com pared  to the 
m anual approach . Figure 40 show s a  Bechtel w orker receiving pipe 
supports u sing  th e  RFID approach.

Figure 35. Bechtel worker receiving pipe hangers using RFID
approach

3-Filed material control
C onstruction  projects receive, issue, an d  store several types of 

m aterials, spare  p a rts , an d  m any o th er item s. W hen th e  field workers 
recall construction  item , the w arehouse clerk would position  a  b a r code 
o r RFID reader linked to Portable D ata  term inal (PDT) to  th e  label or tag 
on  the required item . The w arehouse clerk confirm s th e  right item 
before he issu es  it. He can also u p d a te  the inventory record  an d  print 
o u t s ta tu s reports.

4-Tracking construction assets (tools and equipment)
With the  utilization of a  bar code o r RFID system  a n d  RF link, it is 

possible to track  construction a sse ts  su ch  as  tools, a n d  equipm ent, 
identify them  electronically, and  track  the ir m ovem ents. The w arehouse 
clerk  can know  w here the  asset w as, a n d  where it is now  an d , an d  who 
h a s  it. This inform ation will be read in  seconds an d  m oved to com pany 
a sse t m anagem ent system s. Lansford e t al 1988 reported  th a t  workers 
a re  less likely to ab u se  tools when they  know th a t d a ta  is cap tu red  in 
com pany da tab ase .

The system  can  continually u p d a te  a  d a tabase  w ith  c u rre n t asset 
locations a s  frequently a s  every several seconds or only every few hours 
for items th a t  seldom  move (Turner, April 1999). The sy stem  also can
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have the ability  to  se t a la rm s  th a t will notify security  if som ething 
moves, w hen it  isn 't  su p p o se  to, or d o esn 't move w hen it should. For 
instance, a  b a r  code label o r  RFID tag on  a  h igh  value a s se t could be se t 
to signal a n  a le rt if  the a s s e t  s ta rts  to m ove so  th a t it could be located 
a n d  stopped before it is  rem oved from th e  facility (Jacobs, 1999). This 
will enable th e  co n stru c tio n  com panies to  b e tte r  control, and  m ain ta in  
th e ir  valuable a sse ts .

The N ational In s titu te  of S tan d a rd s  and Technology (NIST) 
developed a  Real Time C onstruction  C om ponent Tracking System  
(Comp-TRAK), w hich involves developing a  w eb-based system  for rapidly  
identifying a n d  spatially  track in g  m an u fac tu red  com ponents on job  sites 
(Jaselskis an d  E lm isalam i 2001).

The system  in teg ra tes  RFID an d  b a r  code identification system s, 
3D long-range coordinate m easu rem en t technologies, po rtab le /w earab le  
com puters, w ireless com m unications, h igh-speed  networking, tem poral 
project da tab ases , w eb-based  d a ta  analysis , a n d  3D u s e r  interfaces to 
provide as-is an d  as-built com ponent d a ta  a t  the ac tu a l construction  
site. Refer to Figure 41 for th e  project web site.

Welcome to the NIST 
Construction Component Tracking Website

To access and register : 
information related to your ■■ 

component

Goto '■/.

Bar Code Entry 
or

RFID tag Entqr

‘k

Figure 36. NIST web site to track construction components

5-Tracldng people
Bar code labels a n d  RFID tags can  be very helpful for personnel 

tracking an d  identification. Some construction  com panies are  cu rren tly  
u sin g  time cards supplied with b ar code labels to access  em ployee 
inform ation su ch  as  the nam e, work a rea , a n d  cost accounting  code. 
W ork accom plished is credited  to the em ployee account by scann ing  th e  
label on the  tim e card.
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C u rren t RFID card  tags com e in  two m ain  varieties. The first is a  
lam inated ca rd  th a t  looks like a  cred it card. One face of th e  card can  
have photos a n d  o th er p r in te d  on  it. A nother p o p u la r card is 
constructed  by welding com ponen ts inside a  plastic housing , usually  
0 .06 inches th ick  (Motorola ca ta log , 1999.) These versatile passive RIFD 
tags are ideal for recording tim e-in  an d  o u t d a ta  an d  perm it positive 
employee ID for tool check-out, jo b  log-on and  access to secured  areas.

W orkers c a n  w ear a  RFID badge th a t can  be u sed  to check into 
an d  o u t of th e  jo b site . In o th e r  w ords, a n  im m ediate an d  accu ra te  count 
of workers will alw ays be know n. These badges can  also be used  to 
check in  a n d  o u t tools from th e  tool shed. It is also possible to locate 
construction  w orkers, engineers on  site.

6-Assembly of prefabricated items
In th e  la te s t decade, th e  developm ent of robots h a s  been  justified 

by Jap an ese  construc tion  com pan ies on the grounds of productivity, 
safety an d  quality. The Ja p a n e se  adven t of the  au tom ated  site, a  kind of 
factory th a t  bu ild s itself, will form  th e  centerpiece of developm ent into 
the  next century . By m aking th e  site m ore like the factory, it  is possible 
to solve several problem s a t  once . In o ther words, the factory concept is 
one th a t shou ld  be fas t com ing to  construction.

Robots in  construction  a re  num erous. Among those applications 
are  m aterial handling , welding, painting; blocks setting, re b a r  cutting 
an d  placing; tiles setting; an d  concrete  pouring. Robots can  also  be used  
to assem ble construction  p refabricated  items. These robots can  m ake 
u se  of b a r  code a n d  RFID technologies, where RFID tags will be attached 
directly to the  object, containing all th e  necessary  in stru c tio n s to control 
an d  guide robot operations. T he robot, reading instructing  form  the label 
o r tag, can  fine tu n e  itself w ith o u t an y  labor intervention to change its 
settings.

7-Enhancing contractors/suppliers relationship
The rela tionsh ip  betw een the contractors an d  supp lie rs  can be 

m anaged an d  enhanced  by u s in g  the d a ta  cap tu re  technology. Typically, 
a  construction  supp lier receives m any orders from different contractors 
in  different locations. The supplier provides inform ation to the 
contractor su ch  a s  the lot n u m b er, date  of production, specifications, 
and  installation  procedure.

W ith the com bination of a  b ar code or RFID, a n d  global 
positioning system s, the co n trac to r can  know w hen th e  order is 
d ispatched, an d  track  the sh ip m en t a s  it goes. This Real Tim e Locating 
System  (RTLS) system  continually  u pdates the contractor d a tab ase  with 
cu rren t sh ipm en t locations a s  frequently as  every several hours or 
m inutes if needed. Based on th a t  the contractor can  continually  update 
h is schedule if he  expects no t to  get the  m aterial on time.
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8-Enhancing construction material testing labs operations
The objective of th e  construction  m aterials testing  lab s is to 

determ ine w hether th e  q u a lity  of construction  m ateria ls u se d  or 
proposed for use in th e  construc tion  project are  in  reasonably  close 
conformity with approved p lan s and  specifications. B ar code is 
curren tly  u sed  to identify  sam ples in some construc tion  m aterials 
testing labs. Some sam ples a re  identical in the physical appearance  b u t 
differ in  characteristics s u c h  a s  concrete cylinders an d  cubes. The 
effectiveness of the  d a ta  en try  into com puter depends on  easily 
d istinguish ing  am ong sam ples. R ead/ write RFID tag s can  also work as 
a  d a ta  b ase  attached  to th e  sam ple to m aintain  all p ertin en t inform ation 
ab o u t the  sam ple su ch  a s  th e  contractor nam e, descrip tion , te s t  date 
an d  procedure, and  te s t re su lts . RFID h as proven itse lf in  o th e r types of 
labs su ch  as  m edical lab s , and  agricultural lab s  (Jase lsk is and  
Elm isalam i 2000).
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APPENDIX E. DATA SURVEY
PART I: DETERMINING TECHNOLOGY ATTRIBUTE WEIGHTS

Q1-Please assign a  weight from 0 to 100 to each attribute in the technology 
capability group. S tart by assigning a weight of 100 to the most important 
attribute in the group and them assign other attributes weights relative to 100.

Technology capability Range Weight
Distance between data earner and reader 0.4-11.6 inches
Technology writing ability Y / N
Max. throughput 0.02-11 Mbps
CPU speed 8-200 MHz
Operating system  Win / Dos
Base RAM 128KB-16MB
Max. RAM 1-64 MB
Hard drive 1-520 MB
Screen dimension 4x16-16x20
No. of keyboard keys 17-56 keys
Weight including battery 7-44 oz
Battery life 8-100 hours
Built in wireless capability Y / N

Q2-Please assign a  weight from 0 to 100 to each attribute in the technology 
reliability group. Start by assigning a weight of 100 to the most important 
attribute in the group and them assign other attributes weights relative to 100.

Technology Reliability Range Weight
Technology security Y /  N ( )
Data carrier environmental resistance Y / N ( )
Reader rugged characteristics Y / N ( )
Need for a line of sight to read Y / N ( )
Resistance to adverse effect
(anti collision, metal effect) Y / N ( )

Q3-Please assign a weight from 0 to 100 to each attribute in the technology cost 
group. Start by assigning a weight of 100 to the most important attribute in the 
group and them assign other attributes weights relative to 100.

Technology cost Range Weight
Initial investment $ 1,075-$ 6,500 ( )
Operating cost $200-$ 2,500 ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  1: Distance between data carrier and reader 
Range: 0.4-11.5 inches

STEP 1:
if you have two ways to win a data capture reader by:

1- Entering a gamble in which there is:

A 50 % chance to win a reader with 0.40 inch reading distance 
A 50 % chance to win a reader with 11.5 inch reading distance

OR
2- Receiving a reader with a certain reading distance (sure thing!)

W hat would be the reader’s reading distance that leaves you indifferent 
between the "Sure thing” and the “Gamble?

Indifferent point: Inches (Please call it Y)
STEP 2:
If the gamble rules changed as  follows:

A 50 % chance to win a reader with 0.40 inch reading distance 
A 50 % chance to win a reader with Y inch reading distance (from 
step 1)

W hat would be the reader's reading distance that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Inches
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a reader with Y inch reading distance 
A 50 % chance to win a reader with 11.5 inch reading distance 

What would be the reader’s reading distance that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Inches

Please indicate whether you preference would be different if other attribute levels changed?
Yes( ) No ( )
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PART »l: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  2: Maximum throughput 
Range: 0.02-11 Mbps

STEP 1:
If you have two ways to win a portable data terminal (PDT) by:

1- Entering a  gam ble in which there is:

A 50 % chance to win a “PDT” with a max. throughput of 0.02 Mbps 
A 50 % chance to win a “PDT” with a max. throughput of 11 Mbps

OR
2* Receiving a “PDT” with a certain max. throughput (su re  thing!)

What would be the PDT’s  max. throughput that leaves you indifferent 
between the “Sure thing" and the “Gamble”?

Indifferent point: Mpbs (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a PDT with 0.02 max. throughput 
A 50 % chance to win a PDT with Y max. throughput (from step 1) 

What would be the PDT’s  max. throughput that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Mbps
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a max. throughput of Y Mpbs 
A 50 % chance to win a PDT with a max. throughput of 11 Mpbs 

What would be the PDT’s  max. throughput that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point: Mpbs

Please Indicate whether you preference for this attribute would be different if other
attribute levels changed? Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 3: CPU speed 
Range: 8-200 MHz

STEP 1:
If you have two ways to win a Portable data terminal (PDT) by:

1- Entering a  gam ble in which there is:

A 50 % chance to win a  PDT with a CPU sp eed  of 8 MHz 
A 50 % chance to win a PDT with a CPU speed  o f 200 MHz

OR
2- Receiving a  PDT with a  certain CPU sp e e d  (sure thing I)

What would be the PDT’s  CPU speed  that leaves you indifferent between 
the “Sure thing” and the “Gamble"?

Indifferent point: MHz (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a PDT with 8 MHz 
A 50 % chance to win a PDT with Y MHz (from step 1)

What would be the PDT’s  PU speed that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent p o in t: MHz
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a CPU speed of Y MHz 
A 50 % chance to win a PDT with a CPU speed of 200 MHz 

What would be the PDT CPU speed that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent p o in t: MHz

Please indicate whether you preference would be different if other attribute levels changed?
Yes( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 4: Base RAM 
Range: 128 KB-16 MB

STEP 1:
If you have two ways to win a  portable data terminal (PDT)

1- Entering a  gam ble in w hich there is:

A 50 % chance to win a PDT with a B ase RAM o f 128 KB 
A 50 % chance to win a PDT with a B ase RAM o f 16 MB

OR
2- Receiving a  PDT w ith a  certain  Base RAM (sure th ing  I)

What would be the PDT (s  B ase RAM that leaves you indifferent between 
the “Sure thing” and the “Gamble”?

Indifferent poin t: KB/MB (Please call it Y)
STEP 2:
If the gamble rules changed as  follows:

A 50 % chance to win a PDT with Base RAM of 128 KB
A 50 % chance to win a PDT with Y KB/MB (from step 1)

What would be the PD T ‘s  Base RAM that leaves you indifferent between 
the “Sure thing” and the “Gamble" in this case?

Indifferent point: KB/MB
STEP 3:
If the gamble rules changed again as  follows:

A 50 % chance to win a PDT with a Base RAM of Y KB/MB 
A 50 % chance to win a PDT with a Base RAM of 16 MB 

What would be the PDT Base RAM that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent point: KB/MB

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 5: Maximum RAM 
Range: 1MB-64 MB

STEP 1:
If you have two ways to win a portable data terminal (PDT) by:

1- Entering a gamble in which there is:

A 50 % chance to win a PDT with a  Max. RAM of 1MB 
A 50 % chance to win a PDT with a  Max. RAM of 64 MB

OR
2- Receiving a PDT with a certain Base RAM (sure thing I)

What would be the PDT‘s  Max. RAM that leaves you indifferent between the 
“Sure thing” and the “Gamble”?

Indifferent point: MB (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a PDT with Max. RAM of 1 MB
A 50 % chance to win a PDT with Y MB (from step 1)

What would be the PDT‘s  Max. RAM that leaves you indifferent between 
the “Sure thing” and the “Gamble” in this case?

Indifferent point: /MB
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a Max. RAM of Y MB 
A 50 % chance to win a PDT with a  Max. RAM of 64 MB 

What would be the PDT Max. RAM that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent point: MB

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  6: Hard drive/PC card  
Range: 1MB- 4 MB

STEP 1:
If you have two ways to win a  portable data terminal (PDT) by:

1- Entering a gam ble in w hich there is:

A 50 % chance to win a PDT with a Hard drive/PC card of 1 MB 
A 50 % chance to win a  PDT with a Hard drive/PC card of 4 MB

OR
2- Receiving a reader w ith a  certain Hard drive size (sure thing I)

What would be the PDT ‘s  Hard drive/PC card size that leaves you 
indifferent between the “Sure thing” and the “Gamble”?

Indifferent poin t: MB (Please call it Y)
STEP 2:
If the gamble rules changed a s  follows:

A 50 % chance to win a PDT with Hard drive/PC card of 1 MB
A 50 % chance to win a  PDT with Y MB (from step 1)

What would be the PD T ‘s  Hard drive/PC card size that leaves you 
indifferent between the “Sure thing” and the “Gamble” in this case?

Indifferent p o in t: MB
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a Hard drive/PC card o f Y MB 
A 50 % chance to win a PDT with a Hard drive/PC card o f 16 MB

What would be the PDT’s  Hard drive/PC card size that leaves you 
indifferent between the “Sure thing” and the “Gamble” in this case?

Indifferent p o in t: MB

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 7: Number of Screen lines 
Range: 4-16 lines

STEP 1:
If you have two ways to win a portable data terminal (PDT) by:

1- Entering a gamble in which there is:

A 50 % chance to win a  PDT with a screen of 4 lines 
A 50 % chance to win a PDT with a screen of 16 lines

OR
2- Receiving a PDT with a certain Hard drive size (sure thing !)

What would be the number of lines in the screen that leaves you indifferent 
between the “Sure thing” and the “Gamble”?

Indifferent point: Lines (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a PDT with a screen of 4  lines 
A 50 % chance to win a PDT with a screen of Y (from step 1)

What would be the number of lines in the screen that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this ca se?

Indifferent point: Lines
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a screen of Y Lines 
A 50 % chance to win a PDT with a screen of 16 lines 

What would be the number of lines in the screen that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this ca se?

Indifferent point: Lines

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  8: Number of keyboard keys 
Range: 17-56

STEP 1:
If you have two ways to win a  portable data terminal (POT) by:

1- Entering a gam ble in w hich there is:

A 50 % chance to win a  PDT with a keyboard of 17 keys 
A 50 % chance to  win a PDT with a keyboard of 56 keys

OR
2- Receiving a PDT w ith a  certain  num ber o f keyboards (sure thing I)

What would be the PDT (s  num ber of keyboard keys that leaves you 
indifferent between the “Sure thing” and the “Gamble”?

Indifferent p o in t: keys (Please call it Y)
STEP 2:
If the gamble rules changed a s  follows:

A 50 % chance to win a  PDT with keyboard of 17 keys 
A 50 % chance to win a PDT with Y keys (from step 1)

What would be the reader’s  num ber of keyboard keys that leaves you 
indifferent between the “Sure thing” and the “Gamble” in this case?

Indifferent p o in t: Keys
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a keyboard of Y keys 
A 50 % chance to win a PDT with a keyboard of 56 keys 

What would be the PDT’s  num ber of keys that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent p o in t: keys

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  9: W eight including battery 
Range: 7-44 Oz

STEP 1:
If you have two ways to win a portable data terminal (PDT) by:

1- Entering a  gam ble in which th e re  is:

A 50 % chance to win a PDT with a weight of 7 Oz 
A 50 % chance to win a PDT with a weight of 44 Oz

OR
2- Receiving a PDT with a certain num ber of keyboards (sure thing I)

What would be the PDT’s  w eight that leaves you indifferent between the 
“Sure thing” and the "Gamble”?

Indifferent point: Oz (Please call it Y)
STEP 2:
If the gamble rules changed as follows:

A 50 % chance to win a  PDT with weight of 7 Oz 
A 50 % chance to win a PDT with weight of Y Oz (from step 1) 

What would be the PDT ‘s weight that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent point: Oz
STEP 3:
If the gamble rules changed again as  follows:

A 50 % chance to win a PDT with a weight of Y Oz 
A 50 % chance to win a PDT with a weight of 44 Oz

What would be the PDT’s  weight that leaves you indifferent between the 
“Sure thing” and the “Gamble” in this case?

Indifferent point: Oz
Please indicate whether you preference would be different if other attribute levels changed?

Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE #  10: Battery life 
Range: 8-100 hours

STEP 1:
If you have two ways to win a  portable data terminal (PDT) by:

1- Entering a gam ble in w hich there is:

A 50 % chance to win a  PDT with a battery life of 8 hours 
A 50 % chance to win a  PDT with a battery life of 100 hours

OR
2- Receiving a PDT with a  certain  battery life (su re  thing !)

What would be the PDT’s  battery life that leaves you indifferent between the 
“Sure thing” and the “Gamble”?

Indifferent p o in t: hours (Please call it Y)
STEP 2:
If the gamble rules changed as  follows:

A 50 % chance to win a  PDT with battery life of 8 hours 
A 50 % chance to win a PDT with battery life of Y hours 

What would be the PDT’s  battery life that leaves you indifferent between 
the “Sure thing” and the “Gamble” in this case?

Indifferent point: hours
STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to win a PDT with a battery life of Y hours 
A 50 % chance to win a PDT with a battery life of 100 hours

What would be the PDT’s  battery life that leaves you indifferent between 
the “Sure thing” and the “Gamble" in this case?

Indifferent point: hours

Please indicate whether you preference would be different if other attribute levels changed?
Yes ( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

ATTRIBUTE # 1 1 : Technology purchase c o s t 
R ange: $1f075-$6,500

STEP 1:
If you have two ways to win a  portable data terminal (PDT) by:

1- Entering a  gam ble in w hich  there  is:

A 50 % chance you pay $1,075 
A 50 % chance you pay $$6,500

OR
2- Paying a  certain  fixed am o u n t of money (su re thing !)

What would be the fixed am o u n t o f money that leaves you indifferent 
between the “Sure thing” and the “Gamble"?

Indifferent p o in t: $ (Please call it Y)
STEP 2:
If the gamble rules changed as  follows:

A 50 % chance to pay $6,500 
A 50 % chance to pay $ Y (from step 1)

What would be the fixed amount of money that leaves you indifferent 
between the “Sure thing” and the “Gamble" in this case?

Indifferent point :$
STEP 3:
If the gamble rules changed again as  follows:

A 50 % chance to pay $ Y 
A 50 % chance to pay $ 1,075

What would be the fixed amount of money that leaves you indifferent 
between the “Sure thing” and the “Gamble” in this case?

Indifferent point :$

Please indicate whether you preference would be different if other attribute levels changed?
Yes( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES 

ATTRIBUTE # 1 2 : Technology operating cost
STEP 1:
If you have two ways to win a  portable data terminal (PDT) by:

1- Entering a gam ble in w hich there is:

A 50 % chance you pay $200 
A 50 % chance you pay $2,500

OR
2- Paying a certain fixed am ount of m oney (sure thing !)

What would be the fixed am oun t of money that leaves you indifferent 
between the “Sure thing" and the “Gamble”?

Indifferent po in t: $ (Please call it Y)
STEP 2:
If the gamble rules changed a s  follows:

A 50 % chance to pay $2,500 
A 50 % chance to pay $ Y (from step 1)

What would be the fixed amount of money that leaves you indifferent 
between the “Sure thing" and the “Gamble” in this case?

Indifferent point: $

STEP 3:
If the gamble rules changed again as follows:

A 50 % chance to pay $ Y 
A 50 % chance to pay $200
What would be the fixed amount of money that leaves you indifferent 

between the “Sure thing” and the “Gamble” in this case?

Indifferent point: $

Please indicate whether you preference would be different if other attribute levels changed?
Yes( ) No ( )
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PART II: DETERMINING UTILITIES OF QUANTITATIVE ATTRIBUTES

Q l-O n  a  sca le  of “0” to “10”, w here (0) is the “leas t preferred” and  

(10) is the “m o st preferred”, p lease indicate your preference for the 

following technology attribu tes:

Your preference

Technology writing ability

Technology with writing ability ( )

Technology without writing ability ( )

Operating system
Dos ( )
Windows ( )

Built in wireless capability
Technology with wireless capability ( )
Technology without wireless capability ( )

Technology security
Secured technology ( )
Unsecured technology ( )

Data earner environmental resistance 
Bar code labels

Paper ( )
Plastic ( )

RFID tags
Coin (ABS) injection housing ( )
Glass housing ( )
Plastic housing ( )

PDT ruggedized characteristics
Available ( )
Unavailable ( )

Data entry method
Keyboard ( )

Touch screen ( )
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Need for a line of sight to read
Technology tha t m ust have a line of sight ( )
Technology tha t does not require line of sight ( )

Adverse effect (anti collision, metal effect)
Technology of high possibility of facing adverse effect ( )
Technology of low possibility of facing adverse effect ( )

Q2- O n a  r isk  level scale of “0 ” to  “1”, where “0 ” represen ts th e  

“Highest level of risk ”, a n d  “ 1” rep resen ts  “No risk  a t  all”, Please indicate

the level of risk  a sso c ia ted  with:

( ) 
( )
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PART IV: Determining the objectives interaction weights using indifference
probabilities.

If you have th re e  hypothetical options defined in  te rm s of lottery 
#1 an d  #2 in  th e  following figures. O ptions A an d  C a re  fixed and 
represen t two ex trem es in  which one objective is a t  th e  b e s t level and 
th e  other a ttr ib u te  is  a t  the  w orst level. O ption B rep resen ts  a  gamble in 
w hich it is possib le to  get both objectives either in  th e ir b e s t or worst 
level together. Y our trade-offs am ong objectives reflect th e  objectives 
weights.

Please determ ine your preference a s  for w hat probability  p  are  you 
indifferent betw een A a n d  B (Pc). T his m easu res your w illingness of risk 
losing everything o n  th e  technology capability for a  ch an ce  of gaining 
everything in  te rm s of technology reliability. Repeat th e  process by 
com paring B a n d  C to  obtain (Pr). T his m easures your w illingness of 
risk  losing everything on the technology reliability for a  chance of 
gaining everything in  term s of technology capability.

Option

- 0-

B

•(c)--------------------

Technology Technology
capability reliability

Best Worst

Best Best

- Worst Worst

- Worst Best

Indifference
probability

Question 1: Please determine your indifference probabilities for 
technology capability and reliability.
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Question 2: Please determine your indifference probabilities for 
technology cost and risk.

Option

< 5 >

B

Technology
cost

Best

Best

Worst

® --------------------Worst

Technology
risk

Worst

Best

Worst

Best

Indifference
probability

Question 3: Please determine your indifference probabilities for the 
technical merit and economic merit objectives

Option Technical Economic
merit merit

Best Worst

Best Best

Worst Worst

Worst Best

Indifference
probability

End of the survey 
Thank youl
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APPENDIX F . UTILITY CURVES AND EQUATIONS FOR 
QUANTITATIVE ATTRIBUTES IN OVERALL SAMPLE

R e a d i n g  d l a t a n c a  u t i l i t y

t h r o u g h p u t u  t i l i t y

ft]

-  s

Figure 37. Utility curves for quantitative attributes in overall
sample
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Figure 37 continued
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S e r a  a n  d i m  a n i i o n  u t f f i ty 
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Figure 37 continued
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Init ia l  c o a t  u t i l i t y  
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0
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Figure 37 continued
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Table 10. Summary of intermediate and aggregate utility calculations for technicians at IDOT, private 
labs, and in the overall sample

(Technicians in private labs I

| System capability utility 
1 System reliability utilitj
p6QV|ICUinMm
I Cost utility 
I Risk utility

0.252 0.553 0.647 0.338 0.265 0.245 0.628 0.328 0.359
0.563 0.678 0.678 0.678 0.563 0.541 0.541 0.541 0.427mm |» 5 j
0.943 0.298 0.567 0.635 0.759 0.483 0.161 0.171 0.141
0.521 0.521 0.521 0.521 0.521 0.697 0.697 0.697 0.697Mm» o a g iif§m?mr&io .6 ^ ii|0i395

0.221
0.427

0.337
0.697

^0i524i

■Technicians in IDOT

■ System capability utility 
| System reliability utility

■Cost utility 
[Risk utility 

Edoopmicii

0.274
0.542

»0;342i
0.948
0.486

0.587
0.683

»
0.274
0.486

0.700
0.683

0.553
0.486

0.356
0.683

^Sl'*
0.622
0.486

0.304
0.542

0.750
0.486

0.282
0.549

m m
0.509
0.743

0.613 0.352 0.362 0.239
0.549 0.549 0.407 0.407

0.167
i  ' ’ v i i j o o *

0178
i I  * ’ '  ■

0147
'v. I , > U j c v a !

0.354
0.743 0.743 0.743 0.743

m m  -u • . df49fe qsoi,

cnO

■All technicians

I System capability utility 
(System reliability utility

I Cost utility 
■ Risk utility

0.231 0.588 0.699 0.351 0.270 0.253 0.685 0.362 0.377 0.246
0.542 0.670 0.670 0.670 0.542 0.558 0.558 0.558 0.430 0.430
■$29p‘.:^
0.930 0.317 0.563 0.629 0.750 0.451 0.140 0.149 0.122 0.309
0.504 0.504 0.504 0.504 0.504 0.720 0.720 0.720 0.720 0.720

^0iS69i»-u> ;'V>flaB2'.
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APPENDIX H: SUMMARY OF THE MAUM CALCULATIONS
The pu rpose  o f th is  A ppendix  is to show an  exam ple o f th e  model 

calculations. The m ain  s te p s  in  the  MAUM u sed  in  th is  s tu d y  are 
described below (refer to figure 39).

l-FORM THE MODEL STRUCTURE
Step 1: Identify all th e  technology devices to be eva lua ted  (for 

example system  #1 to system  # 10). Only system  # 3 is  u s e d  in  this 
example.

Step 2: D eterm ine the  evaluation  objectives (Technical, economic, 
an d  low-risk merit). Objectives shou ld  be se t in a  h ierarchy  en d in g  with 
option a ttrib u tes  (reading d is tan ce , writing ability,....etc). O nly select 
a ttribu tes th a t  a re  relevant a n d  able to d istinguish  am o n g  different 
technology system s (column B).

2 -DETERMINE OBJECTIVE AND ATTRIBUTE WEIGHTS
Step 3: Assign a ttrib u te  a n d  objective weights.

For attribute weights:
• U nder each  objective, assign an  im portance w eight for each 

a ttrib u te  on a  100-poin t scale. Colum n G in  th e  a ttached  
sp readshee t show s th e  average a ttribu te  im portance  ratings 
determ ined by th e  evaluators. These ra tin g s com e form 
answ ering questions in  p art I in  Appendix E. F o r example, 
th e  average ra tin g  for the reading speed a ttr ib u te  by the  IT 
group is 77.50 (see G7 in  the spreadsheet).

•  W eights are to be  norm alized for each a ttr ib u te  by  dividing 
each  single a ttr ib u te  weight by the  sum  of a ll a ttrib u te  
w eights in  the set. For example, the  read ing  distance 
a ttrib u te  weight is  calculated by dividing 77 .5  /  803.13 = 
0 .096 (see H7 in th e  a ttached  spreadsheet).

•  Follow the sam e procedure to calculate the  re s t  o f  a ttribu te  
weights.

For objective weights:
• Objective weights c a n  be calculated u sing  th e  indifference 

probabilities ob ta ined  form p art IV in  Appendix E. Figure 
38 show s the question  used  to solicit the  indifference 
probabilities for technology capability an d  reliability . E6 
and  E22 in the a ttach ed  spreadsheet show  th a t  th e  average
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indifference probabilities for technology capability  an d  
reliability by th e  IT group are  0 .4 4 4  a n d  0 .213, respectively.

Option

B )

- < c :

Technology Technology
capability reliability

—  Best Worst

—  Best Best

—  Worst Worst

—  Worst Best

probability

Figure 38. Example of indifference probabilities calculations

Then the in te rac tio n  weights for capability an d  reliability 
objectives a re  calculated  u sing  th e  following form ulas:

Wc=(l-pc-pr) /  Pr 
Wr={l-pc-pr) /  Pc

W here p c, a n d  p r are the  indifference p robabilities for 
technology capability  and  reliability. W c a n d  W r are 
capability a n d  reliability in teraction  weights, respectively.

For example, th e  capability a n d  reliability in te rac tion  
weights show n in  F6 and F22 in  th e  a ttached  sp rea d sh ee t 
are  calculated a s  follows:

(1-0.444-0.213) /  0 .213=1.610 (see F6)
W r=  (1-0.444-0.213) /  0 .444=0.773 (see F22)

• Using the indifference probabilities for technology c o s t  and  
risk  (0.819 in  E32, and 0.388 in  E37), repeat th e  sa m e  type 
of previous calculations to ob ta in  cost an d  risk  w eigh ts ( - 
0.532 and  -0 .253  in F32 an d  F37, respectively).

• Using the  indifference probabilities for te ch n ica l and  
economic m erit (0.881 in C4, a n d  0 .319 in C31), re p e a t the 
sam e type of previous calculations to obtain te ch n ic a l and  
economic m erit weights (-0.627, a n d  - 0 .227 in D 4 a n d  D31, 
respectively).
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3-DETERMINING ATTRIBUTE UTILITIES
Step 4: F o r each  single a ttrib u te , assign a  u tility  th a t  m easures 

th e  system  perform ance on  th a t a ttrib u te . A single a ttr ib u te  utility can  
be determ ined depending  on w hether the a ttribu te  is quantita tive or 
qualitative.

- For quantitative attributes:
• To co n s tru c t a n  a ttrib u te  u tility  function, th e  evaluator h as  

to m ak e  a  series of choices abou t a  su re  th in g  an d  lottery 
(refer to  p a rt II in  Appendix E). A curve is fitted  for each 
u tility  function an d  u se d  to calculate th e  a ttr ib u te  utility 
value for each system . Equation coefficients a re  found in 
co lum ns J ,  K, an d  L. For example, th e  read ing  distance 
u tility  function can  be read  from J7,K7, a n d  L7 a s  follows:

U (reading distance attribute)=  0.009+ 0 .0664  X+ 0.0013 X2

W here X is the reading d istance m easured  in  inches.

By su b stitu tin g  X= 11.6 inch  in the previous equation, the 
u tility  o f (11.6 inch) is 0 .955  (see M7 in th e  a ttac h ed  spread 
sheet). Calculations for th e  rest of a ttr ib u te  utilities are 
perform ed the sam e way a n d  can  be found in  co lum n N.

For qualitative attributes:
• D irect ratings on a  10- po in t scale are u se d  b ecau se  it is not 

possib le to draw curves for qualitative a ttr ib u te s . Column M 
co n ta in s  qualitative a ttrib u te  utilities. For exam ple, M23 in 
th e  a ttached  spreadsheet shows th a t the  average utility for 
technology security is 0.638. This com es from  asking the 
evaluato rs a  question like:

How w ould you rate?
Utility

a-A Secured technology (encryption) ( )
b-An Unsecured technology (no encryption) ( )

• Q uestions designed to obtain  the evaluato r’s  qualitative 
a ttr ib u te  utilities are found in part III in ap p en d ix  E.
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4-MODEL CALCUALTION

Step 5: Use th e  additive rule to  calculate lower level objective 
u tilities (capability, reliability, cost, a n d  low-risk utilities). Use the 
multiplicative ru le  to com bine these  objectives into techn ical m erit, 
economic merit, an d  aggregate utilities. T his is done as  follows:

• The w eighted utility for each  attribu te  is ca lcu la ted  by 
m ultiplying th e  utility a ttr ib u te  by its assigned w eight. For 
example, th e  weighted u tility  for the reading d istance 
a ttrib u tes  is obtained  by m ultiplying the read ing  d istance  
utility (0.955 in  M7) by th e  read ing  distance a ttr ib u te  weight 
(0.096 in  H7). The resu lt is found in N7(0.092).

• Do the  sam e type of ca lcu la tions for all a ttr ib u te s  in  the 
analysis.

• For each system  and  u n d e r each  objective, take a  weighted 
average of th e  utilities assig n ed  to the system  a ttrib u tes . 
The additive ru le  is described  a s  follows:

u  (JC > = Z  W
i

Where:
X: The technology system
U(x) : The aggregate utility o f x  
Wf.- The objective weight
Ui(x): The single utility of a ttr ib u te  i for system  x

• Utilities for lower level objectives are obtained by  sum m ing  
all weighted a ttribu te  U tilities th a t achieve th e se  objective. 
These w eighted utilities give a  m easure of th e  system  
perform ance in  relation to  th a t  objective (see co lu m n  N). 
For exam ple, the  system capability  utility are  ca lcu la ted  by 
sum m ing N7:N19 to get 0 .5 7 8  (see N21 in  th e  a ttach ed  
spreadsheet).

• Do the sam e steps to ca lcu late  the  system  reliability , cost, 
and  low risk  utilities (see N29, N32, and N37).
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•  U se the m ultip licative rule to calculate th e  technical m erit, 
econom ic m erit, a n d  aggregate u tilities. The multiplicative 
ru le  can  be d esc rib ed  a s  follows:

<*)=[ f t o  + - i ] / [ f lD  + » * ,]-1 ]
i»1 /«!

W here:
X: The technology system
U(x) : The aggregate utility of x  
Wi: The objective weight
Ui(x): The single u tility  of a ttribu te  i for sy stem  x

For example, th e  technical m erit u tility  is  calculated by 
com bining th e  system  capability u tility  (0.578 in  N21) w ith 
system  reliability  u tility  (0. 659 in  N29), u sing  capability  
w eight (1.610 in  F6) an d  reliability w eight (0.773 in F22) a s  
follows:

U(technical merit) [(l+1.61*0.578)*(l+0.773*0.659)-l]/ [(l+1.61)*(l+0.773)-l)
0.528 (see N30)

•  Use the sam e procedure to com bine th e  system  cost u tility  
(0.595 in  N36) a n d  low-risk utility (0.588 in  N38) to o b ta in  
th e  economic m e rit utility (0.643 in  N39).

• Use the sam e procedure to combine th e  technical m erit 
u tility  (0.528 in  N30) and  economic m erit utility  (0.643 in  
N39) to ob tain  th e  system  aggregate u tility  (0.602 in N 40).

5-SYSTEMS RANKING AND SENSITIVITY ANALYSIS

S tep  6:B ased on th e  calculated aggregate u tilities, develop a  
ranking of th e  system s (if yo u  have more th an  one system ).

S tep  7: Perform sensitiv ity  analysis to see how ro b u s t the decision 
is to th e  ch an g es in the m odel param eters and  assum ptions.
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