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Accounting for Nonlinearity in the MCDM Approach
for a Transportation Planning Application

Tara L. Ramani, Luca Quadrifoglio, and Josias Zietsman

Abstract—We assess the impact of accounting for nonlinearity of
selected value functions to improve the multiattribute utility theory
approach for transportation planning applications. Research find-
ings were obtained by conducting a case study for investigating and
improving the project evaluation and selection with the collabora-
tion of a state-level transportation agency. A methodology based
on the analytic hierarchy process has been used for elicitation of
the nonlinear value functions. It was found that employing nonlin-
ear functions, as opposed to the commonly assumed linear scaling,
even for only a subset of performance measures, had a significant
impact in calculating the projects’ index final scores, with changes
ranging from 3% to 26 %, possibly overturning the project selec-
tion. This paper highlights the importance that needs to be given
to construct the value functions in decision-making problems and
shows how the process could be improved by employing available
tools properly.

Index Terms—Analytic hierarchy process, multiattribute utility
theory (MAUT), multicriteria decision making (MCDM), value
functions.
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objectives in a way that maximizes the utility based on a set of
defined evaluation criteria. Operationalizing this approach to de-
cision making is based on decision theory, which is an important
field of study in operations research and management-oriented
research.

The aims of the transportation planning processes, in our case
a specific sustainability evaluation process, can be viewed as a
multicriteria decision problem that needs to address a set of (of-
ten conflicting) objectives. As discussed by Bell and Keeney [2],
the main characteristic of a multi-objective decision problem is
the presence of multiple attributes which affect the decision.
Some of these attributes may be intangible or expressed in in-
commensurable units. The final set of attributes selected need to
be relevant, inclusive, non-overlapping, and operational. For the
particular application discussed here, the performance measures
(attributes) were developed in consultation with the transporta-
tion agency, and are listed in the following section.

Several basic references on MCDM describe general ap-
proaches to solve such decision problems. These include Keeney
and Raiffa [3] and Von Winterfeldt and Edwards [4], where
the multiattribute utility theory (MAUT)/simple multiattribute
rating technique (SMART) approach is dealt with in detail.
The basic methodology for these involves decomposing a
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multiattribute utility function into an additive model that in-
cludes single-attribute utilities for each.

Their application of such models in the transportation plan-
ning field include the evaluation of sustainability of highway
corridors by Zietsman et al. [5] using the MAUT and a sim-
ilar approach to evaluate alternative transportation and land
use scenarios for the Metro Atlanta region [6]. Leleur and
Berg [7] proposed a comprehensive model for transportation
project evaluation that combined the MAUT approach with a
cost-benefit analysis. Other transportation sustainability evalua-
tion efforts [8], [9], which are conducted at the global level also
make use of utility—value functions to evaluate sustainability
index scores based on relevant criteria.

The basic methodology common to all the studies cited above
can be summarized by the following steps.

1) Selection of criteria and related attributes (performance

measures) that reflect sustainability concerns.

2) Quantifying levels of the selected attributes, and scaling
them to reflect relative preferences based on a “utility
function” or “value function.”

3) Measuring overall utility—value of different alternative
scenarios based on the scaled values.

4) Obtain the final evaluation index value as the weighted
sum of the attribute utilities—values.

This provides a clear method for converting qualitative
p_

tributes into quantitative measures, operating under the as

tion of additive utilities. Such MAUT-based processesgang, Stll
favored widely for a simple approach to decisiongmg
lems, especially among agencies that do not @
edge/resources to dedicate to more advanced d&€lsion-making
applications. As discussed by Fishburn [1Q]sin sucl a modgl,
negative trend on one attribute can befgo ted by impr
ing another attribute. While such tra@‘s

be proble
the proper choice of attributes, aigd cturing of ilit
functions can counter this to a ld @ tent [11].
L 2

A. Elicitation of VaQ < >

In most tran! i elated ications of the MAUT pro-
cess, the scalin the utility yalues ivation of utility—value
functions) is not Reat detail. It is performed by
e “best” to “worst” values,
etro Atlanta [6]; values are
scenario. This method of scal-
kes a simplification/assumption that
t alternatives varies linearly with a differ-
measure value. While linear scaling may

@Majority of the performance measures, certain
benefit from nonlinear scaling.

eliciting value functions in the SMART approach as the indif-
ference methods and the numerical estimation methods. Yu [12]
similarly classified the various methodologies of eliciting value
functions into three main categories. The first involved the di-
rect application of calculus, the second group of methods in-
volved interactive methods (that are further described in Keeney
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and Raiffa [3]), while the third included statistical/mathematical
methodologies including Eigenvector type problems.

This third class of methods is similar to the approach dis-
cussed by Accorsi et al. [13] for the construction of utility func-
tions for environmental decision making based on the AHP and
linguistic fuzzy sets. The AHP is a technique most commonly
used for criteria-weight elicitation in decision making [14],
though it has a wide variety of applications and methods of
implementation. The usefulness of the AHP is in its flexibility,
which allows modification to a variety of situations that requi@

subjective judgment translated into numerical quantities g

In this study, an approach based on the AHP is pro
constructing selected value fug he valu a@ on
pd the te and

performance measure data ¢

projected extreme (best/, dg<eC) values. atrices
are constructed b, o elative impq ¢ of achieving
different attributdiscenarips. By linear al relative incre-
mental utilities o jouflevels of thg es were calculated,
from which @tility function can bd d.

the utility and value within the
eworlis a fine one. Some authors have
being used interchangeably, and the dis-
nction betw wo terms has been explored in detail
in [3], [16]. Ot owever, have stated that the value—utility
distinctj purious in the context of the MAUT/SMART type
app c@m general, however, the term “utility” comes into

f -making fr
ed to the

there is a risk associated with the outcomes, while
%ﬂ “value” refers to riskless events.

¢ decision-making problem in this paper is considered not
have uncertainty associated with the outcomes or, better, the
decision-making problem is assumed to have a deterministic
nature, which is of course an approximation, but commonly
adopted in practice, specifically, within the context of our case
study. Therefore, it deals with “value” functions. However, for
the remainder of this paper, the terms “value” and “utility” are
used interchangeably and value—utility functions are referring
to functions that translate the levels of a specific attribute into
a scaled value representing the desirability of that level. These
functions are used for the various attributes to obtain the final

additive “index” value as the weighted sum.

TII. MULTICRITERIA ANALYSIS FRAMEWORK

The overall research, in which the particular topic dealt by
this paper fits into, has been discussed elsewhere in greater de-
tail [17], [18]. The research goal was to develop and implement
a tool that generates a “sustainability index” value for a high-
way, which can be estimated for current conditions, and for a
future planning scenario. The methodology is designed to work
for a given highway section, subdivided into smaller links. The
case study corridor used in this paper was a 15-mi section of
US Highway 281 in San Antonio, Texas. The results presented
in this paper also pertain to this corridor. The study section had
been subdivided into four links, and the sustainability index was
estimated for each link, as well as for the total section for a base
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Fig. 1. Multicriteria analysis framework.

case scenario (representing conditions as of 2005), and a future
case scenario (representing projected conditions for 2025). A set
of performance measures were developed in consultation with
key transportation agency personnel, who represented the deci-
sion makers. These performance measures were implemented
in a MCDM problem along the lines of the MAUT/SMART ap-
proach. Fig. 1 provides a representation of the analysis frame-

work. The portion of the figure with the dashed outline 1ndlcate%

The MAUT process, as applied to derive the “sustainal

index” value in our case study can be described in the fo,

1) An estimation procedure was conducted
performance measures, for which the bes
values (scaling extremes) were defined.

2) Each performance measure, oncg q

the part of the overall research that is dealt with in this pap g

OI‘St case

3) Each performance measure is a
standard weight-elicitation
decision makers. The s

&
\v

ult.

A. Quantificati

The details o
in this study and
Certain performance megsu

ing of Pdfformance

estimation of perfermance measures used

¢ Alues are discussed in [18].
@ ready expressed as a per-
®In these cases, the measures
represent the scaled "Eor other performance measures,
a value function_must constructed for scaling. The func-
griation in the scaled values over a range
ance measure values. So, for each per-

corresponding to the best possible value of the
easure (which would be assigned a scaled value
= 1) and the second corresponding to the worst possible value
of the performance measure (which would be assigned a scaled
value = 0), as shown in Fig. 2. Therefore, the task of deriving
a value function involves fitting a curve through these two fixed
points. The most commonly assumed and simple value function
is a straight line, which is referred to as “linear scaling”. If any

b
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Yalue=1 =
Mon-Linear
[ :
3 Scaling —may be
; suitable for some
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2
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Performance Measu

Fig. 2. Illustration of scaling for f@(

other shape or fundgional form is assumgd

to be “nonli ’ as i
nonlinear yglitWfunctions in a,

scaling is deemed
e use of linear or

made by @e, maker, votved with structuring
the d blem. Off 1ty is assumed for simplicity.
Ho 1, tRere is an undeflying assumption while using linear

, Which is the galue of Ymproving a performance measure
ame, no hat the initial value of the performance
asure is. Ho @ for certain measures, it can be intuitively
nderstood that i#pfoving the performance when it is close to
the wors cenario is more valuable than a similar improve-
men&d' closer to the best case scenario. For example,
if sder travel times for a specific roadway, the value of
init}¥l travel time savings of 5 min may be of greater benefit
subsequent savings of an additional 5 min. This will not

o, =

ed, can then 0
. reflected in the linear function.

B. Nonlinear Utility Scaling Using the AHP

The issue of nonlinear utility scaling was addressed in a
previous study of sustainable transportation performance mea-
sures [5], where different attributes were considered to have
different shapes of utility functions. These functions, while be-
ing an improvement over assuming linearity, were defined based
on mathematical properties of the function’s shape.

In this research, linear scaling was considered as a default
for all the performance measures, as it is generally assumed in
practice. In addition, since the value functions should reflect a
realistic representation of how the values of various performance
measures are perceived by decision makers to impact highway
sustainability, nonlinear value functions are elicited in order
to compare the difference between using linear and nonlinear
scaling. Table I summarizes the performance measures, their
extreme values, and the type of scaling considered for each
measure. Of these, two of the measures (shown in italics) have
been selected to illustrate the process for obtaining nonlinear
value functions. All performance measures are evaluated for the
existing conditions, as well as for a projected future scenario
for the case study corridor. Based on the data elements, the
performance measures can be quantified for individual links



TABLE I
DETAILS OF EXTREME VALUES AND TYPES OF SCALING FOR ALL MEASURES

Reference Extreme Values
Performance Measure Type of Scaling
Number Best ‘Worst
la Travel Time Index 1.00 1.50 Linear scaling of values
1b Buffer Index 0.00 0.65 Linear scaling of values
Annual severe crashes per Depends on roadway type
2a Linear scaling of values
mile and number of lanes
Percentage lane miles under
2b 100% 0% Measure represents value
TMC surveillance
3a Land-use balance 1.00 0.00 Measure represents value
170,704 5,640 daily
Truck Throughput
3b daily truck truck Linear scaling of values
Efficiency
miles/hour miles/hour
4a Pavement condition score 100 0 Measure represents value
Capacity addition within
4b 1.00 0.00 Measure represents value
ROW
Cost recovery from
4c 1.00 0.00 Measure represents value
alternate sources
Proportion of total person-
4d 77% 25% Non-linear scaling of values
miles of travel on non-SOVs
1.28 180.5
Daily NO,, CO, and VOC
Sa kil kil Non-li
emissions
per mile per mile
2,993 92,702
5b Daily CO, emissions kilograms kilograms Li
per mile per mile
Attainment of ambient air
Sc 1.00 0.00 Measure répfesents value
quality standards

study section also.

(that the study section i:into), anﬂ@verall
While the process g& in this f i
e

line with a traditio UT/SMART

to use an elic dure
functions, inst of the dire
SMART [4]. Thé&choice of

two selected performan

tain single attribute value
ratiflg, as generally done in
s elicitation method for the

ers participating in t
with and biased

dy, some of whom were familiar
e AHP. While AHP is not as simple

the decision maker (as discussed in Keeney and Raiffa [3], and
Yu [12]), and it was found to be easily implemented in practice.
Our case study compares two corridor options, but the methodol-
ogy could be widely applicable for a variety of highway corridor
decision-making contexts and be used to generate scaled values
for the performance measures under various analysis scenarios.
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The AHP is a process of eliciting the relative importance
of different scenarios or quantities by making pair-wise com-
parisons between them. While it is usually employed for elic-
itation of weights used to rank the importance of criteria, in
this research, it is used to compare the relative desirability of
obtaining different levels of incremental improvement over the
range of possible performance measure values. Based on the
results of the comparisons made, an AHP matrix can be con-
structed, from which the relative desirability of different level
of the performance measure, and consequently, data points
the value-curve can be obtained. The AHP decision-

process was performed through a guided workshop fo

of decision makers, namely si rtation @ offigials
and transportation planners; nad @ sound and
understanding of the pla fgeess and of thd lar per-

formance measur in d. Usuall procedure
can use either a §ingle sgt of response gd through con-
sensus from the decision an average of the

idual responses were

responses [ For this process, th8

collected h decision a view of examining

the trend milariti W em, and later translated to
e T

asi

espons the value function.
wo selected. per ance measures are indicated in
ted those that were easily understood by
akers, and for which the application of
ng made the most sense. The first measure
ntifies the daily emissions of the oxides of nitrogen
monoxide (CO), and volatile organic compounds
other measure quantifies the proportion of total
es of travel that is in a non single occupant vehicle
. For the emissions measure, it is generally accepted that
e benefits of reducing emissions at the “worse” end of the
pectrum should be given greater importance. It was felt that
the input of decision makers in assessing how the value of the
measure varies would be useful. Similarly, for the measure con-
sidering SOV travel—it is well known that in the United States,
a majority of transportation occurs as SOV (automobile) travel.
Thus, it was felt that it was appropriate to introduce nonlinear
scaling to reflect the decision makers’ perspective on how best
the credit increases in non single-occupant travel. The process
of deriving the utility function is described in detail for the
emissions measure, while only the results are presented for the
measure concerning non-SOV travel.

C. Derivation of Value Function for Daily NO,, CO, and VOC
Emissions

This performance measure quantifies the total daily emissions
of NO,,, CO, and VOC due to automobile emissions per mile
of roadway. It is expressed as grams per mile, and the com-
bined measure is arrived at by weighting the emissions of each
pollutant according to their respective pollutant damage costs.
The scaling extremes, i.e., the projected best case scenario and
worst case scenario for this particular measure correspond to the
combined emission levels of 1.28 and 180.5 kg/mi, respectively.
Based on this knowledge, two points on the curve can be fixed,
as shown in Fig. 3.
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To derive a value function between tWe@intS, the rang

of values on the z-axis is split into fouffincref€nts. The ca;
termed as a

reducing emissions at each increrg
For example, Scenario X could
emissions from 181 to 1
defined as reducing em

on knowledge of the petfo
is possible to compdg th8yrelative
of the scenario i ngth g

a numerical scal@gl-9, using a_set of

% both scenarios are equally

t one scenario is absolutely
~wise comparisons are made
108, and the results are used to
rom which the weights for each of

inconsistencies in the decision-making process.

For the emission measures, four scenarios are defined cover-
ing the range of possible emission levels between the best and
worst case projections (see Fig. 4).

Table II provides the numerical details of each scenario. Ver-
bal descriptors were used (ranging from “very bad,” “bad,”

0

TABLE II
EVALUATION SCENARIOS FOR EMISSION MEASURES
Description of Improvement

Scenario Daily Emissions Verbal Descriptor*
A 180.50 kg/mile to 135.70 kg/mile Very Bad to Bad
B 135.70 kg/mile to 90.89 kg/mile Bad to Moderate
C 90.89 kg/mile to 46.09 kg/mile Moderate to Good
D 46.09 kg/mile to 1.28 kg/mile Good to Very Good

“The verbal descriptors were further described to the decision maker in technical terms,
specific to the performance measure in question.

TABLE III

AHP MATRIX FOR DERIVIMG UTILITIES

Scenario

3.00

1.00

cision makers specific to the performance

o example, for the emission measures,
“very bad” % io represented the kind of emissions as-
sociated wath heavy, highly congested traffic, while the “very

29

good’ s was represented by emissions associated with
free ower volume traffic conditions. Intermediate sce-

i also similarly described in a manner that the decision
0 were able to understand. Decision makers were asked to

form a total of six pair-wise comparisons on the AHP scale,
fOr all possible combinations of the scenarios. Based on the re-
sponses, an AHP matrix can be compiled and used to calculate
points on the curve, and checked for consistency.

Rather than providing decision makers with scenarios related
to actual levels of the performance measurement, an alternative
approach could have been adopted to relate the performance
measure (in this case, emissions) to the cost of impacts (such
as health, environmental damage). However, the AHP process
proposed is based on deriving the decision makers’ perception
of how the value of a measure varies as the measure itself varies.
Given this, it was felt that consideration of the measure rather
than the costs was preferable, because decision makers may tend
to judge quantities expressed as costs having a linear variation
of utility.

1) Construction of AHP Matrix and Derivation of Values:
The AHP matrix is a square matrix of order equal to the total
number of options evaluated (in this case, four scenarios). The
rows and columns represent each scenario, and each cell of the
matrix represents the degree to which the row component dom-
inates the column component on the AHP scale. If the column
component is the dominant option, the reciprocal of the AHP
scale score is entered as the cell value instead. The diagonal
values of the AHP matrix are always unity, as each element is
equally important when compared to itself (= 1 on the AHP
scale). Table III shows the AHP matrix used to derive the value
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TABLE IV
NORMALIZED EIGENVECTOR FOR RELATIVE PRIORITIES
Relative Priority | Cumulative Priority
Scenario | (Eigen Vector) (Utility Curve)
A 0.64 0.64
B 0.25 0.88
C 0.08 0.97
D 0.04 1.00
1.00 70\.\
0.90 ~_
p 0.80
= 0.70
2 0,60 AN
z 0 N\
g 0.50 \
3 0.40 \
T 0.30
3 AN
0.20 \
0.10 \
0.00 T T T
0 kg/mile 50 kg/mile 100 kg/mile 150 kg/mile
Daily VOC, NOx and CO Emissions
Fig. 5.

Value function plotted from results of AHP evaluation- leSSlO(
sures.

function, and is based on the responses from individual

decision makers.

For this matrix, the normalized Eigenveg#®r represents the
ative desirability of the different scen&i of whicf?
u

resents a specific increment in the pegformance measyre
Thus, the location of various poj e curve car&
erlved Ta
%e and

of responses
Al¢llating the con-
tio (CR), as shown in (1)

s below 0.1 indicate a

CI and CR values for thi
which are found to

_ )\max -—n

— (M
CI

where

n = order of matrix;

Amax = principal Eigenvalue of AHP matrix;

RI = random index —0.9 for matrix of order 4.

3) Deriving Equation for Value Function Based on AHP Re-
sults: Based on the data points obtained from the AHP, a value
function is derived using a method of least squares estimation
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Fig. 6. Value function based on res evaluatio SO avel
measure.

(see (3)).

Scaled Utility Value

=4"019 - 0.0 3)

where
Yy=s lue
ed VO CO emissions, in kg/mi.

rlvatlon of ue Function for Proportion of Non-SOV
avel

This perform Qmeasure quantifies the proportion of total

daily p miles of travel that occurs in a non-SOV (this
inclgde er automobile occupancies, as well as bus and
rail\graMsi#). The best and worst case scenarios for this measure

ned based on attaining overall equivalent automobile

pancy levels of 1.63 and 1.14 corresponding to figures from

e latest National Household Travel Survey [19]. These values

translate the performance measure values of 77% and 25% as

the best and worst cases, respectively. The value function for this

measure is derived using the same technique as for the previous

measure. Fig. 6 shows the curve for this measure. The CI and

CR values were 0.066 and 0.073, respectively, indicating a fairly
high level of consistency.

Equation (4) shows the value function derived for this perfor-

mance measure.

y = 1.059 — 4.249¢>->78¢ 4)

where

y = scaled value;

x = percentage of total person miles of travel that is in a
non-SOV.

E. Summary of the Scaling Process

The process of scaling of various performance measures was
discussed in this section. Some of the performance measures (ex-
pressed as a percentage, or on a 0—1 scale) already reflected their
scaled values. For other measures, linear scaling was considered
for the majority, while a methodology for deriving nonlinear
value functions for scaling was proposed, and demonstrated for
two selected measures.
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TABLE V
COMPARISON OF SCALED VALUES FOR MEASURES AND AGGREGATE INDEX

Comparison for Emissions Measure

Base Case Scenario

Future Case Scenario

Scaled Value for Scaled Value for
. Measure Measure
Link Percentage Absolute Percentage Absolute
Change Difference Change Difference
Non | . car | overLinear Non Linear | over Linear
Linear Linear
Value Value
Value Value
Curve Curve
Curve Curve
1 0.68 0.13 423% 0.55 0.97 0.73 33%
2 0.77 0.22 250% 0.55 0.97 0.7
3 0.96 0.63 52% 0.33 0.98 0.82
4 0.96 0.67 43% 0.29 0.99 0.87
Total Section 0.86 0.36 139% 0.98 0.7,

Comparison for Non-SOV Measure

Base Case Scenario

Scaled Value for
Link Measure Percentage
mn Change Absolute N Absolute
Non over Differen . & Difference
. Linear : . Linea over Bmear
Linear Linear inear
Value Value
Value “ Value
Curve
Curve Curve @
1 0.6 | 029 08 107% 031
2 0.6 0.29 0.29 107% 0.31
3 0.6 0.29 0.29 107% 0.31
4 0.6 0.29 0.29 107% 0.31
Total Section 0.6 0.29 0.29 107% 0.31
dex Value
Future Case Scenario
Index Value
With All
Absolute H Percentage Absolute
Non Linear Change
Difference Linear Value | gyer Linear Difference
ValueCu | Curve
rves s
0.11 0.38 0.33 15% 0.05
0.11 0.36 0.3 20% 0.06
0.07 0.55 0.51 8% 0.04
0.06 0.65 0.63 3% 0.02
0.41 0.36 14% 0.05

on of the Difference in Scaled Values for the
Individual Measures

A. Comp

A comparison between the scaled values for the emissions
performance measure using the value function that was derived,
and assuming a linear variation, is presented in Table V. The
comparisons are shown for both the base and the future cases,

and for the entire case study corridor, as well as in the corre-
sponding sections. For this measure, it was seen that the scaled
value using the derived functions varied from the linear assump-
tion by a magnitude ranging from 14% to 423%. The range of
variation can be attributed to the variations of the quantified
measure between the base and the future cases, and among var-
ious roadway segments. There was less variation that could be
inferred from the measure relating to the proportion of non-SOV
travel, as the quantified performance measure was the same for
all links on the section, for both the base and the future cases,
respectively. However, there was a 107% increase in the scaled
measure value, when the nonlinear utility function was used
instead of a linear utility function.



B. Comparison of the Difference in the Total Index Value

The aggregate index value is calculated as the weighted sum
of the individual scaled measures. The set of 13 measures
applied to the study corridor are assigned individual weights
(adding to 1), thus, the aggregate index value is also expressed
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questionnaires and formalizing the decision-making pro-
cess helps preventing bias to a certain extent, as it allows
the decision makers to consider their thought processes
instead of relying solely on intuitive judgments.

on a 0—1 scale. The index value is calculated for the case study, A. Limitations and Scope for Further Research

considering the nonlinear scaling for the two measures, and is
compared with the index value calculated by assuming linear
utility functions for the two measures also. The findings are also
shown in Table V. It is seen that the index values are impacted
ranging from a magnitude of 3% to 26%. This represents de-
grees of varying impact on the final results, and is a lesser range
of values when compared to those from individual measures.
However, it is still observed that the consideration of nonlin-
ear scaling for even a small subset of measures can affect the
outcome of the overall MCDM analysis.

V. OBSERVATIONS AND CONCLUSION

It can be seen that taking into account the nonlinearity of
utility can significantly impact the results in terms of the scaled
value for a quantified measure. The aggregated sustainability
index is made up of a set of performance measures, most of
which are scaled using linear utility functions. However, the
derivation and assumption of nonlinear utility functions, ev
for just two performance measures out of a total of thirt
found to impact the final aggregate index value in mos
is fairly obvious that the nature and the magnitu t act
depend upon the values of the individual meas ntiffed for
a particular case. Another factor that can affect g result is the

weights assigned to the different measuregglt can $till be con-
cluded, however, that the use of nonl\e y functions

performance measures in the MAU can s1gn1ﬁ
impact the results and findings.
In summary, the following ar ted from thgsfin, in

this paper. ¢
1) While the MAU deS a suit N -making
methodology fo ation pla

pplications, it
is indicated t! esults frgm an analysis can
be signi acted byMigw the scaling is performed
for indivi performa

e medSures.
2) The extent Of the diff; etween linear and nonlinear
scaling for a perfa

) @ :
value of the perfor casure itself (i.e., where it lies
indicates that the construction of
s to be given importance.

ns, which provides a useful alternative to di-
g and other approaches that sometimes require

4) However, given the extent to which input from the deci-
sion makers plays a role in this process (from the selection
of performance measures, to assigning weights, and pro-
viding input for the construction of functions), it is nec-
essary that the decision makers are objective and do not
introduce any bias. The authors posit that providing the

Careful consideration of the utility variations assumed in
a performance measurement-based analysis needs to be war-
ranted. In this respect, the AHP-based procedure proposed
this paper provides a possible methodology for assessi
value functions. This methodology @llows certain perfi r:Q
measures to be scaled accordin w the decisign

values improve a measure, 1g eir own t of
the measure’s value. Althg proces be con-
sidered as an unconyenti p be used j text and is
controversial amgiig so i field, it was

found to be fairly §graighfforward to implctgent and we are fairly
confident tHag result inearity comparison)
would not much by usin, e elicitation methods.
It would @e, on between alternative

cally developed for transportation
would prove useful to improve how
are approached in transportation sector.

case study corrid®f The expansion to include other cases will
also ser urther strengthen this research.
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Accounting for Nonlinearity in the MCDM Approach
for a Transportation Planning Application

Tara L. Ramani, Luca Quadrifoglio, and Josias Zietsman

Abstract—We assess the impact of accounting for nonlinearity of
selected value functions to improve the multiattribute utility theory
approach for transportation planning applications. Research find-
ings were obtained by conducting a case study for investigating and
improving the project evaluation and selection with the collabora-
tion of a state-level transportation agency. A methodology based
on the analytic hierarchy process has been used for elicitation of
the nonlinear value functions. It was found that employing nonlin-
ear functions, as opposed to the commonly assumed linear scaling,
even for only a subset of performance measures, had a significant
impact in calculating the projects’ index final scores, with changes
ranging from 3% to 26 %, possibly overturning the project selec-
tion. This paper highlights the importance that needs to be given
to construct the value functions in decision-making problems and
shows how the process could be improved by employing available
tools properly.

Index Terms—Analytic hierarchy process, multiattribute utility
theory (MAUT), multicriteria decision making (MCDM), value
functions.

I. INTRODUCTION

RANSPORTATION planning has always

T ized by the presence of an institutional Ifffework that
guides the planning process. There are also a varietWof factors,
such as political concerns, funding a&il g, agency jyr

diction, socio-economic and environrgenta es, whic &
as constraints to transportation decisi&:king. Whi k
cally, amajority of transportation @ aking did ]&

a formalized process, ther o ap-
ply performance measur i K esses.

allow the evaluation
d enable sound decisions
his paper deals with such a
eveloped for a state-level trans-

of alternatives on a commof
regarding future courses
decision-making me
portation agency.
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%m for furthey
K eir implement

porated sustainability concerns into the transportation plannin
process, with the use of performance measures that were ev. F@
uated to generate a “sustainability jndex” or “project iu@
value for use in decision making. Lhe ol is currently be
plemented into transportation mnggractice by @«e
transportation agency.

Specifically, this pape 18Qts an aspe
making process, W, is ally well kpo

theoretically, but @ften oMerlooked in p

1

lar, by transpgrtatio ing agenci .4ecisions are often

taken assum%in?ar models. Thi resents a case study,
in which fifs rror du

f more accurate tools to

second, we propose a methodol-

c hierarchy %?s (AHP). This research creates a plat-

decision-making methodologies, and

is quantified to em-
phasizgathe ortanc
accotnt onlinearity,
e elicitatiog of th@ynonlinear functions based on the
n the field of highway planning.

@ II. LITERATURE REVIEW

Thege de many approaches to decision making in the trans-
ion context, as discussed extensively by Meyer and Miller

. The most structured approach, which is commonly used in
vironmental decision making, is termed as the “rational actor”
approach. This approach aims to attain predetermined goals and
objectives in a way that maximizes the utility based on a set of
defined evaluation criteria. Operationalizing this approach to de-
cision making is based on decision theory, which is an important
field of study in operations research and management-oriented
research.

The aims of the transportation planning processes, in our case
a specific sustainability evaluation process, can be viewed as a
multicriteria decision problem that needs to address a set of (of-
ten conflicting) objectives. As discussed by Bell and Keeney [2],
the main characteristic of a multi-objective decision problem is
the presence of multiple attributes which affect the decision.
Some of these attributes may be intangible or expressed in in-
commensurable units. The final set of attributes selected need to
be relevant, inclusive, non-overlapping, and operational. For the
particular application discussed here, the performance measures
(attributes) were developed in consultation with the transporta-
tion agency, and are listed in the following section.

Several basic references on MCDM describe general ap-
proaches to solve such decision problems. These include Keeney
and Raiffa [3] and Von Winterfeldt and Edwards [4], where
the multiattribute utility theory (MAUT)/simple multiattribute
rating technique (SMART) approach is dealt with in detail.
The basic methodology for these involves decomposing a

0018-9391/$26.00 © 2009 IEEE



multiattribute utility function into an additive model that in-
cludes single-attribute utilities for each.

Their application of such models in the transportation plan-
ning field include the evaluation of sustainability of highway
corridors by Zietsman et al. [5] using the MAUT and a sim-
ilar approach to evaluate alternative transportation and land
use scenarios for the Metro Atlanta region [6]. Leleur and
Berg [7] proposed a comprehensive model for transportation
project evaluation that combined the MAUT approach with a
cost-benefit analysis. Other transportation sustainability evalua-
tion efforts [8], [9], which are conducted at the global level also
make use of utility—value functions to evaluate sustainability
index scores based on relevant criteria.

The basic methodology common to all the studies cited above
can be summarized by the following steps.

1) Selection of criteria and related attributes (performance

measures) that reflect sustainability concerns.

2) Quantifying levels of the selected attributes, and scaling
them to reflect relative preferences based on a “utility
function” or “value function.”

3) Measuring overall utility—value of different alternative
scenarios based on the scaled values.

4) Obtain the final evaluation index value as the weighted
sum of the attribute utilities—values.

This provides a clear method for converting qualitative

(=

. . .. . ’ nction betw
tributes into quantitative measures, operating under the as 9
q perating Sﬁ In [3], [16]. Ot

tion of additive utilities. Such MAUT-based processe 1
favored widely for a simple approach to decisio k@)b—
] e Knowl-

applications. As discussed by Fishburn [1
negative trend on one attribute can befgo
ing another attribute. While such trad@offs

be proble
the proper choice of attributes, aagd Sgructuring of ilit
functions can counter this to a Id @ tent [11]. 6
N AN
xons
ications of the MAUT pro-

A. Elicitation of Va%
In most tran joffTelated
ivation of utility—value

cess, the scalin the utility yalues
functions) is not favestigatg feat detail. It is performed by
considering a linear varigtion e “best” to “worst” values,
or, as in the case of the s etro Atlanta [6]; values are
scaled relative to thi scenario. This method of scal-
ing utilities essentially Waakes a simplification/assumption that
t alternatives varies linearly with a differ-
measure value. While linear scaling may
@Majority of the performance measures, certain
benefit from nonlinear scaling.

eliciting value functions in the SMART approach as the indif-
ference methods and the numerical estimation methods. Yu [12]
similarly classified the various methodologies of eliciting value
functions into three main categories. The first involved the di-
rect application of calculus, the second group of methods in-
volved interactive methods (that are further described in Keeney
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and Raiffa [3]), while the third included statistical/mathematical
methodologies including Eigenvector type problems.

This third class of methods is similar to the approach dis-
cussed by Accorsi et al. [13] for the construction of utility func-
tions for environmental decision making based on the AHP and
linguistic fuzzy sets. The AHP is a technique most commonly
used for criteria-weight elicitation in decision making [14],
though it has a wide variety of applications and methods of
implementation. The usefulness of the AHP is in its flexibility,
which allows modification to a variety of situations that requi@
subjective judgment translated into numerical quantities .

In this study, an approach based on the AHP is pro
constructing selected value fug a@ on
performance measure data @ . and

he valu

projected extreme (best/, dg<sC) values. atrices
are constructed b o elative impq ¢ of achieving
different attributdlscenarips. By linear al relative incre-
mental utilities o jouf'levels of thg es were calculated,
from which @tility function can b& d.

the utility and value within the
eworRis a fine one. Some authors have
being used interchangeably, and the dis-
wo terms has been explored in detail
owever, have stated that the value—utility
distinctj purious in the context of the MAUT/SMART type
app c@ln general, however, the term “utility” comes into
pl there is a risk associated with the outcomes, while
t “value” refers to riskless events.
¢ decision-making problem in this paper is considered not

% oR-making ft
hjeeted to the

in sucl a model,
ted by impr . . .
y mp have uncertainty associated with the outcomes or, better, the

decision-making problem is assumed to have a deterministic
nature, which is of course an approximation, but commonly
adopted in practice, specifically, within the context of our case
study. Therefore, it deals with “value” functions. However, for
the remainder of this paper, the terms “value” and “utility” are
used interchangeably and value—utility functions are referring
to functions that translate the levels of a specific attribute into
a scaled value representing the desirability of that level. These
functions are used for the various attributes to obtain the final
additive “index” value as the weighted sum.

TII. MULTICRITERIA ANALYSIS FRAMEWORK

The overall research, in which the particular topic dealt by
this paper fits into, has been discussed elsewhere in greater de-
tail [17], [18]. The research goal was to develop and implement
a tool that generates a “sustainability index” value for a high-
way, which can be estimated for current conditions, and for a
future planning scenario. The methodology is designed to work
for a given highway section, subdivided into smaller links. The
case study corridor used in this paper was a 15-mi section of
US Highway 281 in San Antonio, Texas. The results presented
in this paper also pertain to this corridor. The study section had
been subdivided into four links, and the sustainability index was
estimated for each link, as well as for the total section for a base
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Fig. 1. Multicriteria analysis framework.

case scenario (representing conditions as of 2005), and a future
case scenario (representing projected conditions for 2025). A set
of performance measures were developed in consultation with
key transportation agency personnel, who represented the deci-
sion makers. These performance measures were implemented
in a MCDM problem along the lines of the MAUT/SMART ap-
proach. Fig. 1 provides a representation of the analysis frame-

work. The portion of the figure with the dashed outline 1ndlcate%

The MAUT process, as applied to derive the “sustainal

index” value in our case study can be described in the fo,

1) An estimation procedure was conducted
performance measures, for which the bes
values (scaling extremes) were defined.

2) Each performance measure, oncg q

the part of the overall research that is dealt with in this pap g

orst case

3) Each performance measure is a
standard weight-elicitation
decision makers. The s

L
\v

ult.

ing of Pdlformance

estimation of perfgrmance measures used

Alues are discussed in [18].
% ready expressed as a per-
®In these cases, the measures
represent the scaled "Edr other performance measures,
a value functiog_must B constructed for scaling. The func-
i ariation in the scaled values over a range
ance measure values. So, for each per-

in this study and
Certain performance megsu

corresponding to the best possible value of the

gfmeasure (which would be assigned a scaled value
= 1) and the second corresponding to the worst possible value
of the performance measure (which would be assigned a scaled
value = 0), as shown in Fig. 2. Therefore, the task of deriving
a value function involves fitting a curve through these two fixed
points. The most commonly assumed and simple value function
is a straight line, which is referred to as “linear scaling”. If any

3
Linear Scaling —suitable for most
- perfarmance measures
Yalue=1 w3
Non-Linear
4] :
3 Scaling —may he
; suitable far some
s performance measures
2
©
Q
w
Value=0
Corresponds Corresponds to
to Best Case Worst@ase

Performance Measu

Fig. 2. Illustration of scaling for Ee@c

other shape or fundgional form is assumgd

to be “nonlifigar,” as i
nonlinear ygili unctions in a

scaling is deemed
e use of linear or

made by @e maker votved with structuring
the d blem. Off 1ty is assumed for simplicity.
Ho 1, tRere is an undeflying assumption while using linear

, Which is the falue of Ymproving a performance measure
ame, no hat the initial value of the performance
asure is. Ho % for certain measures, it can be intuitively
nderstood that ifpfoving the performance when it is close to
the wors cenario is more valuable than a similar improve-
men&d' closer to the best case scenario. For example,
if pder travel times for a specific roadway, the value of
initid travel time savings of 5 min may be of greater benefit
subsequent savings of an additional 5 min. This will not

—_

a
ed, can then 0
. reflected in the linear function.

B. Nonlinear Utility Scaling Using the AHP

The issue of nonlinear utility scaling was addressed in a
previous study of sustainable transportation performance mea-
sures [5], where different attributes were considered to have
different shapes of utility functions. These functions, while be-
ing an improvement over assuming linearity, were defined based
on mathematical properties of the function’s shape.

In this research, linear scaling was considered as a default
for all the performance measures, as it is generally assumed in
practice. In addition, since the value functions should reflect a
realistic representation of how the values of various performance
measures are perceived by decision makers to impact highway
sustainability, nonlinear value functions are elicited in order
to compare the difference between using linear and nonlinear
scaling. Table I summarizes the performance measures, their
extreme values, and the type of scaling considered for each
measure. Of these, two of the measures (shown in italics) have
been selected to illustrate the process for obtaining nonlinear
value functions. All performance measures are evaluated for the
existing conditions, as well as for a projected future scenario
for the case study corridor. Based on the data elements, the
performance measures can be quantified for individual links



TABLE I
DETAILS OF EXTREME VALUES AND TYPES OF SCALING FOR ALL MEASURES

Reference Extreme Values

Performance Measure Type of Scaling
Number Best ‘Worst
la Travel Time Index 1.00 1.50 Linear scaling of values
1b Buffer Index 0.00 0.65 Linear scaling of values
Annual severe crashes per Depends on roadway type
2a Linear scaling of values
mile and number of lanes

Percentage lane miles under
2b 100% 0%
TMC surveillance

Measure represents value

3a Land-use balance 1.00 0.00 Measure represents value
170,704 5,640 daily
Truck Throughput
3b daily truck truck Linear scaling of values
Efficiency
miles/hour miles/hour
4a Pavement condition score 100 0 Measure represents value

Capacity addition within
4b 1.00 0.00
ROW

Measure represents value

Cost recovery from
4c 1.00 0.00
alternate sources

Measure represents value

Proportion of total person-
4d 77% 25%
miles of travel on non-SOVs

Non-linear scaling of values

1.28 180.5
Daily NO,, CO, and VOC
Sa kil kil Non-li scaling of values
emissions
per mile per mile
2,993 92,702
Sb Daily CO, emissions kilograms kilograms Li

per mile per mile

Attainment of ambient air
Sc 1.00 0.00
quality standards

sents value

Measure r

(that the study section i
study section also.

While the process g&
e

line with a traditio

to use an elic
functions, inst of the dire
SMART [4]. Thé)choice of

two selected performan

tain single attribute value
ratifg, as generally done in
s elicitation method for the

dy, some of whom were familiar
e AHP. While AHP is not as simple

the decision maker (as discussed in Keeney and Raiffa [3], and
Yu [12]), and it was found to be easily implemented in practice.
Our case study compares two corridor options, but the methodol-
ogy could be widely applicable for a variety of highway corridor
decision-making contexts and be used to generate scaled values
for the performance measures under various analysis scenarios.

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT

The AHP is a process of eliciting the relative importance
of different scenarios or quantities by making pair-wise com-
parisons between them. While it is usually employed for elic-
itation of weights used to rank the importance of criteria, in
this research, it is used to compare the relative desirability of
obtaining different levels of incremental improvement over the
range of possible performance measure values. Based on the
results of the comparisons made, an AHP matrix can be con-
structed, from which the relative desirability of different level
of the performance measure, and consequently, data points
the value-curve can be obtained. The AHP decision-

process was performed through a guided workshop fo

of decision makers, namely si rtation a offigials
and transportation planners; pad @ sound and
understanding of the pla fgeess and of the lar per-

formance measur in Usuall procedure
can use either a §ingle sgt of response gd through con-
sensus from the decision an average of the

idual responses were

responses [ For this process, th8

collected h decision a view of examining

the trend milariti W em, and later translated to
e r

asi

espons the value function.
wo selected, per ance measures are indicated in
ted those that were easily understood by
akers, and for which the application of
ng made the most sense. The first measure
selected ntifies the daily emissions of the oxides of nitrogen
. @n monoxide (CO), and volatile organic compounds
other measure quantifies the proportion of total
es of travel that is in a non single occupant vehicle
- For the emissions measure, it is generally accepted that
e benefits of reducing emissions at the “worse” end of the
pectrum should be given greater importance. It was felt that
the input of decision makers in assessing how the value of the
measure varies would be useful. Similarly, for the measure con-
sidering SOV travel—it is well known that in the United States,
a majority of transportation occurs as SOV (automobile) travel.
Thus, it was felt that it was appropriate to introduce nonlinear
scaling to reflect the decision makers’ perspective on how best
the credit increases in non single-occupant travel. The process
of deriving the utility function is described in detail for the
emissions measure, while only the results are presented for the
measure concerning non-SOV travel.

C. Derivation of Value Function for Daily NO,, CO, and VOC
Emissions

This performance measure quantifies the total daily emissions
of NO,,, CO, and VOC due to automobile emissions per mile
of roadway. It is expressed as grams per mile, and the com-
bined measure is arrived at by weighting the emissions of each
pollutant according to their respective pollutant damage costs.
The scaling extremes, i.e., the projected best case scenario and
worst case scenario for this particular measure correspond to the
combined emission levels of 1.28 and 180.5 kg/mi, respectively.
Based on this knowledge, two points on the curve can be fixed,
as shown in Fig. 3.
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3
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0 A >
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123 Daily Emissions (kg/mile) 180.5
Fig. 3. Fixed points on value-curve for emissions.
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Value

Scenario A
1

Scenarios defined for the emission performance n

Scenario D Scenario C Scenario B

0 I

1.28 Daily Emissions (kg/mile)

Fig. 4.

To derive a value function between tWe%)ints, the rang

of values on the z-axis is split into foyffincref@nts. The ca
reducing emissions at each incre ‘&ermed as a
For example, Scenario X could
emissions from 181 to 1
defined as reducing em frotm 125 tg”10Q .
on knowledge of the pefo e measul @ variation, it
is possible to comp@relative sirab Or importance
of the scenario i ngth offeeference 1s expressed on
a numerical scal idelines as devised by
n4g both scenarios are equally
% t one scenario is absolutely
. PEi-wise comparisons are made
108, and the results are used to
rom which the weights for each of

inconsistencies in the decision-making process.

For the emission measures, four scenarios are defined cover-
ing the range of possible emission levels between the best and
worst case projections (see Fig. 4).

Table II provides the numerical details of each scenario. Ver-
bal descriptors were used (ranging from “very bad,” “bad,”

0

TABLE II
EVALUATION SCENARIOS FOR EMISSION MEASURES
Description of Improvement

Scenario Daily Emissions Verbal Descriptor*
A 180.50 kg/mile to 135.70 kg/mile Very Bad to Bad
B 135.70 kg/mile to 90.89 kg/mile Bad to Moderate
C 90.89 kg/mile to 46.09 kg/mile Moderate to Good
D 46.09 kg/mile to 1.28 kg/mile Good to Very Good

“The verbal descriptors were further described to the decision maker in technical terms,
specific to the performance measure in question.

TABLE IIT
AHP MATRIX FOR DERIVI‘ UTILITIES O
Scenario A ‘ C

.00

3.00

1.00

gscribed to theecision makers specific to the performance
re in ques® example, for the emission measures,
¢ “very bad” Q io represented the kind of emissions as-

sociated heavy, highly congested traffic, while the “very

t2

good’ s was represented by emissions associated with
free ower volume traffic conditions. Intermediate sce-

i also similarly described in a manner that the decision
) were able to understand. Decision makers were asked to

form a total of six pair-wise comparisons on the AHP scale,
fOr all possible combinations of the scenarios. Based on the re-
sponses, an AHP matrix can be compiled and used to calculate
points on the curve, and checked for consistency.

Rather than providing decision makers with scenarios related
to actual levels of the performance measurement, an alternative
approach could have been adopted to relate the performance
measure (in this case, emissions) to the cost of impacts (such
as health, environmental damage). However, the AHP process
proposed is based on deriving the decision makers’ perception
of how the value of a measure varies as the measure itself varies.
Given this, it was felt that consideration of the measure rather
than the costs was preferable, because decision makers may tend
to judge quantities expressed as costs having a linear variation
of utility.

1) Construction of AHP Matrix and Derivation of Values:
The AHP matrix is a square matrix of order equal to the total
number of options evaluated (in this case, four scenarios). The
rows and columns represent each scenario, and each cell of the
matrix represents the degree to which the row component dom-
inates the column component on the AHP scale. If the column
component is the dominant option, the reciprocal of the AHP
scale score is entered as the cell value instead. The diagonal
values of the AHP matrix are always unity, as each element is
equally important when compared to itself (= 1 on the AHP
scale). Table III shows the AHP matrix used to derive the value
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TABLE IV
NORMALIZED EIGENVECTOR FOR RELATIVE PRIORITIES
Relative Priority | Cumulative Priority
Scenario | (Eigen Vector) (Utility Curve)
A 0.64 0.64
B 0.25 0.88
C 0.08 0.97
D 0.04 1.00
1.00 \
0.90 \
g 0.80
5 0.70
% 060 AN
z N
g 0.50 \
3 0.40 \
s 0.30
a AN
0.20 \
0.10 \
0.00 T . .
0 kg/mile 50 kg/mile 100 kg/mile 150 kg/mile
Daily VOC, NOx and CO Emissions
Fig. 5.

Value function plotted from results of AHP evaluation- emissm(
sures.

function, and is based on the responses from 1nd1v1dua1
decision makers.

For this matrix, the normalized Elgenv represents th
ative desirability of the different scend of whicf?
resents a specific increment in the p mance meas re
Thus, the location of various poj e curve can
mined, from which a function c¥ erlved Ta WS
the calculated values use i e, and
Fig. 5 shows the shape k

2 ) Checking for Coriy, : of responses

tio (CR), as shown in (1)
s below 0.1 indicate a

CI and CR values for thidyné
which are found to i

6]

©))

where

n = order of matrix;

Amax = principal Eigenvalue of AHP matrix;

RI = random index —0.9 for matrix of order 4.

3) Deriving Equation for Value Function Based on AHP Re-
sults: Based on the data points obtained from the AHP, a value
function is derived using a method of least squares estimation

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT

1.00
0.90
0.80
0.70
0.60

0.50

0.40 /
0.30

0.20 /

0:10 /

0.00 r T ‘ T T
25% 35% 45% 55% 65% 75‘V
Percentage of Total ®MT on non-SOVs
Fig. 6. Value function based on res evaluatio SO avel
measure. 6

(see (3)).

Scaled Utility Value

7019 — 0.0 (3)

where
Yy=Ss lue
ed VO CO emissions, in kg/mi.

rlvatlon of ue Function for Proportion of Non-SOV
avel

This perfor Qmeasure quantifies the proportion of total
dail miles of travel that occurs in a non-SOV (this
inclgde er automobile occupancies, as well as bus and
afgi#). The best and worst case scenarios for this measure
ned based on attaining overall equivalent automobile
pancy levels of 1.63 and 1.14 corresponding to figures from
e latest National Household Travel Survey [19]. These values
translate the performance measure values of 77% and 25% as
the best and worst cases, respectively. The value function for this
measure is derived using the same technique as for the previous
measure. Fig. 6 shows the curve for this measure. The CI and
CR values were 0.066 and 0.073, respectively, indicating a fairly
high level of consistency.
Equation (4) shows the value function derived for this perfor-
mance measure.

y = 1.059 — 4.249¢>-258¢ 4)

where

y = scaled value;

x = percentage of total person miles of travel that is in a
non-SOV.

E. Summary of the Scaling Process

The process of scaling of various performance measures was
discussed in this section. Some of the performance measures (ex-
pressed as a percentage, or on a 0—1 scale) already reflected their
scaled values. For other measures, linear scaling was considered
for the majority, while a methodology for deriving nonlinear
value functions for scaling was proposed, and demonstrated for
two selected measures.
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TABLE V
COMPARISON OF SCALED VALUES FOR MEASURES AND AGGREGATE INDEX

Comparison for Emissions Measure

Base Case Scenario

Future Case Scenario

Scaled Value for Scaled Value for
. Measure Measure
Link Percentage Absolute Percentage Absolute
Change Difference Change Difference
Non | inear | over Linear Non Linear | over Linear
Linear Linear
Value Value
Value Value
Curve Curve
Curve Curve
1 0.68 0.13 423% 0.55 0.97 0.73 33%
2 0.77 0.22 250% 0.55 0.97 0.7
3 0.96 0.63 52% 0.33 0.98 0.82
4 0.96 0.67 43% 0.29 0.99 0.87
Total Section 0.86 0.36 139% 0.98 0.7,

Comparison for Non-SOV Measure

Base Case Scenario

Scaled Value for
Link Measure Percentage
mn Change Absolute N Absolute
Non . over Differen . & Difference
. Linear Li . Linea over Bmear
Linear Inear inear
Value Value
Value a Value
Curve
Curve Curve @
1 0.6 | 029 047 107% 031
2 0.6 0.29 0.29 107% 0.31
3 0.6 0.29 0.29 107% 0.31
4 0.6 0.29 0.29 107% 0.31
Total Section 0.6 0.29 0.29 107% 0.31
dex Value
Future Case Scenario
Index Value
With All
Absolute Non Linear Peé;:gt;ge Absolute
Difference Linear Value | gyer Linear Difference
ValueCu | Curve
rves s
0.11 0.38 0.33 15% 0.05
0.11 0.36 0.3 20% 0.06
0.07 0.55 0.51 8% 0.04
0.06 0.65 0.63 3% 0.02
0.41 0.36 14% 0.05

on of the Difference in Scaled Values for the
Individual Measures

A. Comp

A comparison between the scaled values for the emissions
performance measure using the value function that was derived,
and assuming a linear variation, is presented in Table V. The
comparisons are shown for both the base and the future cases,

and for the entire case study corridor, as well as in the corre-
sponding sections. For this measure, it was seen that the scaled
value using the derived functions varied from the linear assump-
tion by a magnitude ranging from 14% to 423%. The range of
variation can be attributed to the variations of the quantified
measure between the base and the future cases, and among var-
ious roadway segments. There was less variation that could be
inferred from the measure relating to the proportion of non-SOV
travel, as the quantified performance measure was the same for
all links on the section, for both the base and the future cases,
respectively. However, there was a 107% increase in the scaled
measure value, when the nonlinear utility function was used
instead of a linear utility function.



B. Comparison of the Difference in the Total Index Value

The aggregate index value is calculated as the weighted sum
of the individual scaled measures. The set of 13 measures
applied to the study corridor are assigned individual weights
(adding to 1), thus, the aggregate index value is also expressed

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT

questionnaires and formalizing the decision-making pro-
cess helps preventing bias to a certain extent, as it allows
the decision makers to consider their thought processes
instead of relying solely on intuitive judgments.

on a 0-1 scale. The index value is calculated for the case study, A. Limitations and Scope for Further Research

considering the nonlinear scaling for the two measures, and is
compared with the index value calculated by assuming linear
utility functions for the two measures also. The findings are also
shown in Table V. It is seen that the index values are impacted
ranging from a magnitude of 3% to 26%. This represents de-
grees of varying impact on the final results, and is a lesser range
of values when compared to those from individual measures.
However, it is still observed that the consideration of nonlin-
ear scaling for even a small subset of measures can affect the
outcome of the overall MCDM analysis.

V. OBSERVATIONS AND CONCLUSION

It can be seen that taking into account the nonlinearity of
utility can significantly impact the results in terms of the scaled
value for a quantified measure. The aggregated sustainability
index is made up of a set of performance measures, most of
which are scaled using linear utility functions. However, the
derivation and assumption of nonlinear utility functions, ev
for just two performance measures out of a total of thirtegh 1s
found to impact the final aggregate index value in mos t
is fairly obvious that the nature and the magnitu t act
depend upon the values of the individual meas ntifted for
a particular case. Another factor that can affect thg result is the
weights assigned to the different measuregglt can Still be con.
cluded, however, that the use of nonl\e y functions
performance measures in the MAUL@naly<$ican signifi

impact the results and findings.
In summary, the following arted from thgsfin: in
this paper. ¢

1) While the MAURgragides a suit making
methodology fordgra ation pla pplications, it

is indicated tifag thdwesults fi analysis can
be signi 1pacted byffgw the scaling is performed
for indivi performance medSures.

2) The extent Of the diffg
scaling for a perfi
value of the perfor

etween linear and nonlinear
&)
ascasure itself (i.e., where it lies
indicates that the construction of
s to be given importance.

Bns, which provides a useful alternative to di-
g and other approaches that sometimes require

4) However, given the extent to which input from the deci-
sion makers plays a role in this process (from the selection
of performance measures, to assigning weights, and pro-
viding input for the construction of functions), it is nec-
essary that the decision makers are objective and do not
introduce any bias. The authors posit that providing the

Careful consideration of the utility variations assumed in
a performance measurement-based analysis needs to be war-
ranted. In this respect, the AHP-based procedure proposed i
this paper provides a possible methodology for assessi

value functions. This methodology @llows certain performanc
w the decisign
eir own J§se t of

measures to be scaled accordin
values improve a measure, 1g

the measure’s value. Althg proces be con-
sidered as an uncon i p be used #f thy text and is
controversial amg sdcarchersin field, it was
found to be fairly Sraighgforward to implctaent and we are fairly
confident tHag resul nearity ver: inearity comparison)
would not much by usin e elicitation methods.
It would @e, 1Son between alternative

h into the assessment of value
cally developed for transportation
would prove useful to improve how
are approached in transportation sector.

case study corridef.
also ser a", urther strengthen this research.
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