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ABSTRACT

This thesis presents a multi-objective decision framework to support decision-making
process in transportation investment analysis. One important capability of the multi-
objective decision framework is that it allows many intangible objectives that are difficult
to express on an absolute numerical scale to be considered without the need to convert

the units into monetary scale.

The multi-objective decision framework allows a decision maker to select a reduced
number of alternatives from a larger number of all available alternatives while ensuring
that the selected alternatives are the best possible options. The framework, which is based
on the Surrogate Worth Trade-off analysis, could be applied to both discrete and
continuous decision-problem scenarios. In a discrete problem, a predefined set of
alternatives is available, whereas continuous problems are not characterized by a pre-
defined set of alternatives. This framework is applied with the data generated for a

Capital Beltway Corridor investment study by Chowdhury and Tan [2].

This thesis consists of two chapters. Chapter one is introductory in nature, Non-
dominated solutions, ideal solutions, surrogate worth trade-off method applied to both
discrete and continuous problem, a fast algorithm for finding a non-dominated set in
multi-objective optimization, and a brief survey of literature have been also presented in
this chapter. In chapter two, the problem of multi-objective decision making framework
for transportation investment considered by Chowdhury and Tan [2] is reviewed by
reducing the problem into three objectives and applied with the data generated by
Beltway Corridor project. Non-dominated solutions are obtained with the approach used

by Mishra and Harit [15]. Tradeoff evaluation also has been done in this chapter.

v



CONTENTS

Certificate 11
Acknowledgement 11
Abstract v
Contents \%
I .INTRODUCTION 2
1.1 Optimal and Efficient solutions 4
1.2 Ideal Solutions 5
1.3 Discrete and Continuous Problems 6
1.4 Surrogate Worth Trade-off Method 7

1.5 A Fast Algorithm for finding the non-
Dominated set in Multi-objective

Optimization 7
1.6 Brief survey of the Literature 8
1.7 Present Work 12

II. TRADE-OFF ANALYSIS OF MULTI-OBJECTIVE
FRAMEWORK FOR TRANSPORTATION INVESTMENTS

Introduction 15

2.1 Framework of the Multi-objective Methodology 17



2.2 An Example Application of the Multi-objective framework
2.3 Conclusions

Bibliography

vi

23

38

40



CHAPTER-I



INTRODUCTION

The single-objective model was the first to be d@gved and thus it was received considerably
more exposure, been put to more use, and is ggneoalsidered to be a relatively high level of

refinement. Thus, the implication is simple, welsted tool is available and we may be inclined
to fit the problem to this model despite the assimng required. But in real life there are many

problems with more than one objective for which tindti-objective models are required.

Dantzig’s initial concept was centered about theettioment of the linear programming model
but with a single objective. This so set the tooe the development of traditional linear
programming that many (if not most) linear programgntexts completely ignore even the
possibility of more than one objective. Unlike thaditional single objective optimization

problem wherein it is settle on optimizing singlgextive function, there is no single universally
accepted approach for solving the multi-objectivgtiroization problems due to usually
conflicting nature of objective functions leadirggthe situation where the optimization of one of
these may adversely affect the optimization of he&o in the case of multi-objective
optimization problems, there is no need to acdesgéecision maker’s utility function that may

vary from decision maker to decision maker.

The process of decision-making is the selectioramfact or courses of action from among
alternative acts or courses of actions such thailliproduce optimal results under some criteria
of optimization. In decision analysis of complexstgyns, such terms as “multiple criteria”,
“multiple objectives”, or “multiple attributes” arased to describe decision situations. Often,
these terms are used interchangeably. Certairdye thre no universal definitions of these terms.
Multiple criteria decision- making (MCDM) has seatrte emerge as the accepted nomenclature
for all models and techniques dealing with multiplgiectives decision-making (MODM) or
multiple attribute decision making (MADM). Theseeathe two brand categories of MCDM
problems. MODM methods are often used with refezset@ problems with large set of
alternatives, while MADM methods are meant to detee best from a small explicit list of
alternatives. MODM, therefore, is a problem of dasiand mathematical techniques of



optimization are needed in solving it. On the othand, MADM is a problem of choice and

classical mathematical programming tools need satded.

A necessary condition of MCDM is the presence ofranthhan one criterion. The sufficient
condition is that the criteria must be conflictimgnature. Therefore the following definition can
be stated: “A problem can be considered as thMd@DM if and only if there appears at least
two conflicting criteria and there are at least @lternatives solutions.” Criteria are said to be
in conflict if the full satisfaction of one will sailt in impairing or precluding the full satisfaurti

of the other(s). Conflict may arise due to intrajo@al and interpersonal reasons. A consumer
purchasing a car is often confronted with conffigtcriteria caused intrapersonally. On the other
hand, a family looking for a house to reside ig@dal example where conflicts of criteria may
be due to interpersonal reasons. In view of theflicting nature of the criteria involved in
MCDM, choosing the “best” alternative is indeed #ficult task for the decision maker.
Consequently there is a need for methods to sysieatia resolve the conflicts among criteria
(or objectives) in order to reach acceptable com@es and come up with satisfying (or often

as “satisficing”) solutions.

Most decision-making scenarios in transportatiasbfam involve multiple objectives that often
conflict. Multi-objective optimization is not pugebh maximizing or minimizing problem. It is a
mixture of several conflicting maximum or minimunnoplems, which boils down to that of
“satisficing” these conflicting objectives. Multbgective optimization is the process of

simultaneously optimizing two or more conflictingjective subject to certain constraints.
Formulation of M ulti-objective optimization

M ulti-objective optimization can be defined as:

“a vector of decision variables which satisfies styaints and optimizes a vector function whose
elements represent the objective functions. Heheetdrm “optimizes” means finding such a

solution which would give the values of all theealiyve functions acceptable to the decision

maker.”



This model can be formulated as:

Optimize f (X )= (f; (X), 5 (X),--.f X))

Subject to
9j (X)s==2b, j=12,...m

J
X =0
_ \J
X—()&, x2>h)

where,f X )istheobjectivefunctiontooptimizfl(X), f2(X),...,fk (X)arek number of distinc

objective functions subject taconstraintsX isa vector consists of decisian'atblesi X 1o

1.1 OPTIMAL AND EFFICIENT SOLUTIONS:

Optimal solution

An optimal solution is one which attains the maximuwalue of all the objectives
simultaneously. The solution is optimal to some problem iff ¢ Sandfi(y) > fi(y) for all k
and for allx e § whereSis the feasible region. In general, there is niinogd solution to a multi-
objective problem. Therefore, optimality replaceg the concept of “satisficing” or the best
compromise solution, which depends on the decismakers preferences with respect to the

objectives. Therefore, one can obtain only effit@siutions in multi-objective problem.

Efficient or Non-Dominated solutions
A set of solutions is said to be efficient if thepdts no solution that is superior to it with resp
to at least one objective function but is not iiderto it with respect to any of the objective

functions.

If x; andx, are two solutions, then these can have any ofgossibilities-one dominates the
other or non-dominates the other. In a minimizagwoblem, without the loss of generality, a

solutionx; dominates; iff the following two conditions are satisfied:



Oi0{L, 2,...,Ngy b (%) < (%)
OIGL 2, Noy o F,00) < 1;(%,)

where,f & )and f (x )are the objective functio

If any of the above conditions is violated, theusioln x; does not dominate the solutign If x;
dominates the solutiox, x; is called the non-dominated solution within the{se& x;} . The
solutions that are non-dominated within the ensiearch space are denoted as Pareto-optimal
and constitute the Pareto-optimal set or Paretoraptfront. From the entire set of efficient
(non-dominated) solutions the decision maker caecsethe solution one believed most

attractive.
1.2 IDEAL SOLUTIONS

Due to the conflicting nature of the objectivesnmulti-objective optimization, it is not at all

possible to achieve the individual optimum of eabfective by a single solution. Each objective
function has its own *“ideal” solution which isfférent for all other objectives. Hence, using
one of the “ideals” as the solution for the mubjective problem would only mean that one
objective achieves its individual optimum while #de rest only achieve partial satisfaction with
respect to their individual optima. The matrix,gemerally known as “payoff” matrix, shown in
Fig.1.1 helps to clarify this phenomenon. The diedoof the matrix constitutes individual

optimal values of the k objectives functions. Hiés are the individual optimal solutions and
each of these are used to determine the valuethef mdividual objective functions, thus the

payoff matrix is developed.
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1.3 DISCRETE AND CONTINUOUS PROBLEM

A typical decision problem in transportation invesht could be continuous, discrete, or a
combination of both. In a discrete problem, a pfieéd set of alternatives is available. Many

transportation investment projects have this charestic, as project alternative are selected from
a number of possible alternatives (such as thectsgheof a project site from several possible
sites). Continuous problems are not characteriyeal fire-defined set of alternatives. Instead, for
a continuous problem (such as miles of a particub@d that need to be reconstructed), a
mathematical model including decision variablesistaints, and multiple objective functions

must be formulated to generate alternatives. Thusida alternatives are not pre-defined in a

continuous problem while a finite number exist isctete problems.



1.4 SURROGATE WORTH TRADE-OFF METHOD

Haimes, et al., [9] introduced the SWT method antiais been applied in water resources
systems. The SWT method is used to generate sterogarth functions. The method is
composed of several consecutive phases in two nségms. The first step generates the non-
dominated solutions using the constraitnethod. The constraint method suggested by Haimes
(1971) is applied by optimizing one objective whal of the other objectives are constrained to
some valued). The solution to the problem largely depends @ dhoser vector. It must be
chosen so that it lies within the minimum or maximwalues of the individual objective

function.

The second step in the SWT method, knowthas interactive process, includes direct
interaction between the analyst and the decisiokemdt can guide the decision maker to
develop trade-off among objectives from the set f#asible solutions generated earlier to find
the preferred solution. In many situations, tramsgmn projects consider both economic factors
and financial return on the investment and othetofs such as quality of life and preservation of
the environment. However, even though the generatfimon-dominated solutions meets those

criteria, decision maker need to make trade-off mgnguch criteria.

1.5A FAST ALGORITHM FOR FINDING THE NON DOMINATED SET
INMULTI-OBJECTIVE OPTIMIZATION

Mishra and Harit [15] has proposed an approach hvhg very different from existing
algorithms. In existing algorithms, there is alilib classify solutions only after finding all

dominated solutions. So to find non dominated sohst we need to search entire set repeatedly.

In this algorithm, only non-dominated solutions &webe stored. A few comparisons need to
classify a point in to either dominated set or mominated set. First sort population according
to the descending order of importance to the fibgective value. In this way the solutions which

are good in first objective will come first, in thist those having bad value will come in last.



Initialize a set § for keeping non-dominated solutions only. Theartswvith the first solution
and add this solution to non-dominated setSince first point is best in terms of first olijee

S0 no point can dominate this point in first objpet so it will be non-dominated. Now compare
every other solution of the list with this set &d update this set when find another non-
dominated solution and skip on those solutions Wwiaice dominated by any element of the set.
For example if solutions in the list are uniquefirst objective function value, then for second

point it need only one comparison to decide whetthisris dominated or non-dominated.

The reason can be explained as follows, this swiutian be dominated by only first solution
(which is best in first objective). It cannot bendioated by other solutions because its value for
first objective function is greater than all sotuis except first. Similarly for the third solutidn
need at most two comparisons from fist and secamt.pAnd for the last point of list it needs to
compare this solution to all non-dominated solugiolfi solutions in list are not unique in first
objective function value, then make certain modifien in proposed algorithm. Like checking
every solution to its immediate successors, if angnediate solution dominates this solution
then remove this point from the non- dominated SetFinally display the non-dominated

solutions.

1.6 BRIEF SURVEY OF THE LITERATURE

The multi-objective analysis is gaining prominendee to its ability to handle multiple
conflicting objectives in an efficient manner. Sguon multi-objective analysis is reported by
Cohon [4], Hwang [11], Goicoechea et al. [8], Dél, [in both traditional and non-traditional
optimization environment. In traditional multi-objese optimization methods, namely,
Weightage Method and Constraint Method that geaarah-inferior/non-dominated alternatives
whereas numerous methods are developed in notidraalienvironment provided by Raju and
Kumar [16]. Recent development in the field of opsation (single objective and multi-
objective) play a major role to appraise decisidnasions systematically and effectively in a
structured and holistic manner given by Deb, K.[6].



Most of the decision-making scenarios in the transpion field are complex and include
multiple and often conflicting objectives. Thesgealiives are sometimes difficult to measure in
monetary units alone, so traditional economic mashguch as cost-benefit analysis may not be
sufficient. Sakarada [17] suggested the purposmsitbenefit analysis, if a policy maker has to
decide between several mutually exclusive projemst-benefit analysis is a useful economic
tool for comparing projects and deciding which am@ptimal. However, cost-benefit analysis
requires a common unit of measurement, and mostaip used common unit is money.
Monetary valuation of benefits for cost-benefit lggs may be difficult to do and unreliable in
its result for many decision scenarios. Multi-obijge analysis enables evaluation of the

alternatives without the need to convert the objestinto monetary units.

Tabucanon [18] suggested multi-objective analysiwides a set of best solutions from a larger
set of available options, and provides an objectr@aenework to eliminate a large number of
possible options from any further consideration.t®¢ same time, the framework provides an
acceptable confidence bound where most desirablgists are included in the set of best

solutions.

Tantawy and Sallam [20] considered the Multiplgeotive linear programming problems with
the same objective space and they suggested tkat dine linear mapping efficient extreme
points in decision space of multiple objectiveseéin programming may not map to non-
dominated extreme points in objective space, cmdthat two or even more multiple objective
linear programming problems to have the same dbgapace is given, the important of this
study is that the Decision-Maker may depends oremé points of the set of the objective space
than that of the decision space since in most jgedgiroblems the number of objective is small

compared to the number of the decision variablessarthey have fewer extreme points.

Buchanan and Daellenbach [1] proposed a comparawasuation of interactive solution
methods for multiple objective decision models. iTlwgork describes a laboratory experiment
which compares the performance from the user’stdidiew of four different solution methods
for multiple objective decision models with contorus variables. The results highlight a need for

solution methods to accommodate the decision makiagacteristics of the user.



Debeljak et al. [5] outlines the MCDM process ahdnt presents two of the more well-known
methods: the analytic hierarchy process and theogate worth trade-off method. They
proposed an integrated approach which attemptajpture the advantages of both methods in

order to develop one robust solution strategy.

A typical decision problem in transportation intraent could be continuous, discrete, or a
combination of both. In a discrete problem, a pfiedd set of alternatives is available. Many
transportation investment projects have this charetic, as project alternatives are selected
from a number of possible alternatives (such asstdection of a project site from several
possible sites). Continuous problems are not ckexiaed by a pre-defined set of alternatives.
Instead, for a continuous problem (such as milesaoparticular road that need to be
reconstructed), a mathematical model including sleni variables, constraints, and multiple
objective functions must be formulated to genesdtiernatives. The decision alternatives are not

pre-defined in a continuous problem while a fimtenber exist in discrete problems.

Chowdhury and Tan [2] developed a framework basedalti-objective optimization that can

be used to generate and analyze the most desirabkgortation investment options based on
their objectives and constraints. The frameworkolwhs based on the Surrogate Worth Trade-off
analysis could be applied to both discrete andicoats decision-problem scenarios. In discrete
problem, a pre-defined set of alternatives is awdél, whereas continuous problem are not

characterized by pre-defined set of alternatives.

Several studies applied different multi-objectivethods to develop tools for making decisions
in transportation-related issues, mostly for diszqgroblems. Many of these applications have
been limited to a utility-based approach, rathantbptimization-based approach, where various
weights are assigned to different decision critefiais type of decision-making approach was
used in a study to identify the critical highwayfetg needs of special population groups

(Dissanayake et al. [7]).

The optimization-based approach is more objedtmnam the utility-based approach for multi-
objective decision analysis. The utility-based apph is greatly reliant upon decision makers'

input and criteria weighting, when final output apbject selection could be influenced by

10



personnel changes among the decision makers. The-ldsed approach includes the decision
maker's input as a part of developing the outpyiut is sought through a set of questionnaires
on the relative importance of selected measuresfettiveness (MOES).

Haimes et al. [9] applied a powerful optimizatiomsbd approach called the Surrogate Worth
Trade-off (SWT) method for decision making in watesource systems (Haimes et al., 1975).
The SWT method is used to generate surrogate worittions. The method is composed of
several consecutive phases in two major steps. fifbie step generates the non-dominated
solutions using the constrairy) (method. In a non-dominated solution, any improeetrof one
objective can be achieved only at the degradatidheoother. The constraint method is applied
by optimizing any one of the objectives from n n@mlof objectives while all of the other
objectives (n-1) are constrained to some vaiyeThe solution to the problem largely depends
on the chosen, vector, which is chosen between the minimum angimam values of the'k

objective function.

The second step in the SWT method, known as tkeaictive process, includes direct interaction
between the analyst and the decision maker. lgoae the decision maker to develop trade-offs
among objectives from the set of feasible solutigeserated earlier to find the preferred
solution. In many situations, transportation prtgemonsider both economic factors and financial
return on the investment and other factors suchyudity of life and preservation of the

environment. However, even though the generatiomaf-dominated solutions meets those

criteria, decision makers need to make trade-offsray such criteria.

Haimes et al. [9], has developed a framework f@eating the safety of alternative automobile
designs in terms of the likelihood of crash ocauceeand severity of likely injury and they used
a multi-objective decision analysis approach calleartitioned Multi-objective Risk Method" to

develop the framework for evaluating the vehicledsh crash avoidance and worthiness
technologies based on the expected and worst-aaseoes. This methodology permitted
evaluation based on unconditional expected evesatswvell as worst-case outcomes. The
proposed framework included the SWT method to assbe preference of the decision
maker/design engineer for competing design alteremtby interviewing him or her and

communicating the possible outcomes and correspgrichde-offs.
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A study by Chowdhury et al. [3], presented anriatéve Multi-Objective Resource Allocation
(IMRA) tool to help decision makers minimize thedquency and severity of vehicular crashes
by selecting countermeasures and allocating ressuoptimally among various competing
highways. This methodology also illustrated thelé¢ra@ff between various decision options and
how to set priorities for a variety of potentiahsh countermeasures. The main objective of this
research was to develop a tool that would aid itmzgd resource allocation to improve highway
safety. The IMRA tool supported interaction betweke analyst and the decision maker that

would help the decision maker select the best amarigus options.

Korhonen et al. [12] proposed a formal man-machmeractive approach to multiple criteria
optimization with multiple decision makers. The aggrh is based on some earlier research
findings in multiple criteria decision making. Asdrete decision space is assumed. The same
framework may readily be used for multiple criten@thematical programming problems. The
results of the experiments indicate that their apph is a potentially useful decision aid for

group decision-making and bargaining problems.

1.7 PRESENT WORK

This thesis presents a multi-objective decisiom@@ork to support decision-making process in
transportation investment analysis. One importapability of the multi-objective decision
framework is that it allows many intangible objees that are difficult to express on an absolute

numerical scale to be considered without the neemvert the units into monetary scale.

The multi-objective decision framework allows a idaan maker to select a reduced number of
alternatives from a larger number of all availableernatives while ensuring that the selected
alternatives are the best possible options. Thadveork, which is based on the Surrogate worth
Trade-off analysis, could be applied to both diseend continuous decision-problem scenarios.
In a discrete problem, a predefined set of altérasatis available, whereas continuous problems
are not characterized by a pre-defined set ofradteres. This framework is applied with the data

generated for a Capital Beltway Corridor investretntly by Chowdhury and Tan [2].
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This thesis consists of two chapters. Chapter sneatroductory in nature, Non-dominated
solutions, ideal solutions, surrogate worth traffernethod applied to both discrete and
continuous problem, a fast algorithm for findingnan-dominated set in multi-objective
optimization, and a brief survey of literature hdeen also presented in this chapter. In chapter
two, the problem of multi-objective decision makifrgmework for transportation investment
considered by Chowdhury and Tan [2] is revieweddnucing the problem into three objectives
and applied with the data generated by Beltway i@arrproject. Non-dominated solutions are
obtained with the approach used by Mishra and Ha&}. Tradeoff evaluation also has been

done in this chapter.
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TRADE-OFF ANALYSISOF MULTI-OBJECTIVE
FRAMEWORK FOR TRANSPORTATION
INVESTMENTS

INTRODUCTION

In this chapter the work of Chowdhury and Tan [#s been reviewed in detail by reducing the
problem in three objectives. A fast algorithm haeib used to find the set of non-dominated
solutions. In decision making scenarios, a transportation agahways want to make the best
use of available resources for completing projeBist many problems arise to agency like
limited resources, selection of an alternative frmmpeting projects etc. Decision Maker has to
select the best alternative for completing thegubguch that the available limited resources can

be used in an optimal manner.

Most decision- making scenarios in transportatimybfem involve multiple objectives that often
conflict. These objectives are sometimes diffidoltmeasure in monetary units. A traditional
economical method cost benefit analysis is alscsatitcient because it requires a common unit
of measurement and mostly used common unit is moRagrefore, this approach requires that
all costs and benefits have to be transformed &tsingle monetary dimension. Since, all
objectives such as customer satisfaction and emwiemtal quality cannot be transformed into
monetary units. So this approach leads to manycdiffes in practical. The decision making
process led to the development of multi-objectigeision making concepts in the late 1970s and
early 1980s. In this development, all objectives approached on an equal basis, regardless of

whether they can be estimated in monetary or nonetaoy terms.

Multi-objective decision making analysis can hdlp tecision making process for transportation

projects. Two major players are involved in tramggoon investment: decision maker(s) and

15



analyst(s). The decision maker makes importantqetgs regarding the relative significance of
the objectives. The analyst generates alternateved trade-offs among objectives using

mathematical tools.

There are two approaches to implementing multi@hje decision analysis. The first
emphasizes preference assessment and the secobdsesl on generating solutions or

alternatives.

The preference assessment approach requires agitegfdtement of preferences by decision
maker prior to the solution process. The preferereme expressed in many different forms,
including weighting or use of a multi-attribute lityi function. The decision maker can then
determine how to allocate resources among a sgbfEcts.

The solution generating approach emphasizes gaedta range of solutions and trade-offs to
be presented to the decision maker for consideralibe main purpose of this approach is to
produce the entire set of non-dominated or effectiglutions. The analyst then helps decision
maker choose among possible solutions. The solutltowsen is called the most preferred
solution or the best compromise solution. Surro§siteth Trade-off Method is such a technique

of multi-objective optimization, which is used witthis approach.

The multi-objective decision framework allows a idaan maker to select a reduced number of
alternatives from a larger number of all availableernatives while ensuring that the selected
alternatives are the best possible options.

The framework, which is based on the Surrogate NVérade-off analysis, could be applied to
both discrete and continuous decision-problem s@@naThis framework allows a decision

maker to select a reduced number of alternativesn fa larger number of all available

alternatives while ensuring that the selected métteres are the best possible options. This
framework is applied with the data generated f@apital Beltway Corridor investment study.

The detailed case study follows a discussion ofrdr@ework.

16



2.1 Framework of the M ulti-objective M ethodol ogy

The multi-objective framework includes a total of steps. These steps are discussed below.

Step 1: Identify Objectives

The first activity is to identify the objectives b measured. An objective is a statement about
the desired state of the system under considerabjectives should be specific and cover the
main goal or need, such as minimizing delay tim&imzing cost, and maximizing safety.
Although some projects have a single objective, tniEnsportation projects have multiple

objectives. The analyst should consider all ofdbgectives in this process.

Step 2: Select Measures of Effectiveness

In this step, the objectives to be measured areetef The effectiveness of each project
alternative is measured according to the performaf¢hese alternatives on all of the objectives

specified in Stepl.

Step 3: Formulate a Mathematical M odel

The mathematical model is expressed as a mathahaimction that represents the problem.
The model is used to generate the value of decigiables and maximize or minimize the
objective function subject to the specified consts If there are n-related decisions to be made,
they are represented as decision variablesof..,%) whose respective values are to be

determined.

The appropriate measures of effectiveness, sucostsand travel time, are then expressed as a
mathematical function of these decision variabldss function is called the objective function.
For example, in the scenario given above the adbgds to minimize cost and the decision
variable &) is number of miles of road to build in argeavherei = 1, 2, anch. The identification

of the decision variable leads to essential ansteetise questions the decision-maker is seeking.
The constant valueX() in this case may be the cost per mile of roadt buareai, wherei = 1,

2,...n. So, the objective function would be total coSt,= Cix; + CoX; +...+ CX,. Any

17



restrictions on the values that can be assigneithése decision variables are also expressed
mathematically, typically by means of inequality eguality. This mathematical restriction is
called a constraint function. A constraint functi@an restrict or reduce the number of

alternatives.

The decision variablex), objective function4j), and constraint function are used to represent
the decision-making problems by transforming themo ia mathematical model. The decision

variable is used to differentiate the mathematimaldel between a continuous and discrete
problem. In a continuous problem, the decisionaldés will be continuous, such as the case

where decision variabbg represents miles of pavement type areg that will be built.

In a discrete problem, the decision maker simplgidks which projects are to be chosen. The

mathematical model for this type of problem usesfttiowing decision variables:

_ :{ 1 if a project is selected, =1,2m.,
% 0 if projecti is not selected

Eachx is a binary variable, which has value of 0 or InaBy variables are important in
mathematical models because they represent a Gre&io" decision. In this case, a yes/no
decision means projectis or is not selected. An example is provided Wwelchere minimizing
cost is the objective, subject to a set of constsasuch as travel time and emissions that are less

than some amount or numbey,

The mathematical model can be expressed as follows:

m
Minimize Cost Z= ) xI cl;
i=1
Subject to,
m
*
; Xi -||- S&'T
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m
Lk

; X * g ng

=1

Where, i = cost of project
T, = travel time of projecit
E; = emissions from project

where,x = Oor 1£.|_ and £E are constants, which are given oegtable limit of

travel time and emissions, respectively.

Step 4: Generate Solutions Using Surrogate Worth Trade-off Method (SWT)

The SWT method is a multi-objective method useddnerate a set of solutions and provide a
technique that incorporates the decision makeeéeprnces in choosing the optimal solution.

The following tasks are performed in this step:
Construct a Payoff Table

A payoff table (Table 1) consists of all objectivalues, when each objective is optimized
subject to constraints. The first row in the tablows that the resulfy(X") represents the
objective values for the first optimization ruix', optimizing objectiveZ;. This process
(optimization run) is repeated for a number of Snegual to the number of objectives, 2,,..,

Z,. For example, when the total numbers of objectaresthree4, 7%, and 2), the optimization
should be run three times to construct a payoffetatf’ refers to the number of optimization
runs for eaclZ. The maximum (max) and minimum (min) refer to dmimization runs with the

highest and lowest values &t

The purpose of developing a payoff table is to Helulate the constraint model in the next
task by determining the lower and upper boundsterconstraint value, such as lower and
upper bounds of cost or travel time constraints.
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Table 1. Payoff Table

Zy(XY) Zy(XY) & Zp(X')
X! Z:(Xh Z,(Xh & Z,(XY
X2 Z:(X%) Z,(X?) & Z,(X)
&
&
: &
XP Z1(XP) Z5(XP) & Z,(X)
Max| Maximum value of | Maximum value of Maximum value of
Z(X) Z(X") Zo(X)
Min|| Minimum value of | Minimum value of Minimum value of
Z,(X) Z(X") Zp(X)

Transform a Multi-Objective Problem into a Single Objective Problem

This task involves considering one objective asnpriy and transforming other objectives as
constraints. The general form of a multi-objectoreblem with p objectives and m constraints is

shown below transformed into a constraint modeh@n [4]).

Maximize or minimizeZ1 é(l Xo 1 Xn )22 Q(l Xo oy s Zp( Xp Xoeons %)

Subjectto:c1 X(1 Xo 1 Xn 9 0,
Cy Xg Xp Xn 9 .0
Cm Y Xy Xn ¥ O
Xjz 9= L2n

The primary objective isZ;) where theh™ objective is chosen arbitrarily for following

optimization model:
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Maximize 4]( )i )& x)

Subject ta £ ( )i )& %)= 0,
c, Ky Xy Xy KO,
Gm K X5 .. Xp E O
Z, K Xy ¥ Fo
k=1,2,...h 4Lh+1,..,p
Xj20,j = 12.n

Choose the Different Values of g from the Range of Minimum and Maximum Values for
Each Objective (identified in Step 1)

The minimum and maximum values (for each colummesgntingZ(X"), Zo(XY),..., Z(X") in the
payoff table) are derived from the payoff tableasible solutions to the constraint model will
exist whengy is chosen between the minimum and maximum lime Felection of constraint
values, g, between the minimum and maximum limit, ensuret fieasible solutions to the
constraint problem could be generated. Each solutfothe constraint model, with a selected
combination ofg values between the minimum and maximum limit, vatbduce a non-

dominated solution when all the objective constsaare binding.
Solvethe Constraint M odel for Every Combination of Valuesfor the &

The mathematical models (constraint model) withrgwembination of constraint values, are
solved in this task to generate a set of non-doméhaolutions. The model may be solved

mathematically or by using commercially availabigimization software packages.

Step 5: Trade-off Evaluation

The analyst can leave the selection of final denigrom the set of hon-dominated solutions to
the decision maker. So, from Step 4 one can gattireo step 6. Alternatively, the analyst can

pursue Step 5 to guide the decision maker to disnltrom the set of non-dominated solutions.
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The following tasks are included in this step:
Generate Trade-off Value (1)

The decision maker’s preference from a set of geadrsolutions is constructed through trade-
off evaluation between objectives. The trade-oftigal;, is computed as the change in value
between a pair of alternatives in objectivgiven changes in value between a pair of altereati

1

in objectivej. Z' means value of objectivdor alternative 1 and;> means value of objective

i for alternative 2. The following equation illustea the calculation:
A =(Zt- Z1(F - 3°) =4z147
Interact with Decision Maker to Get Worth Value (W)

By interacting with the decision maker, the anabgst identify the regression function between
the worth,W; and trade-off valuej;. W; ranges from —10 to +10, where +10 indicates that t
decision maker prefers changing teunit for objective, Z;, over one unit change of objective
J, . However, -10 indicates the opposite extreme t titia decision maker does not prefer the
change ofl; unit of Z; to one-unit change ;. A zero indicates indifference or signifies equal

preference between objecti¥e and Z;.

The optimum solution would result in average wordttues closest to zero, signifying the point
at which the decision maker cannot trade betwegecbbes. The worth function can be
determined by asking the decision maker a set e$tipns to determine how much &f he or
she has the greatest desW¢ & +10) to chang&; by per one unit change @f. The questions

would continue fol; values of +5, -5, and —10 to get the worth regoes&inction.
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Step 6: Choose the Preferred Solution

The preferred solution is defined as the solutiathvan average worth value close to zero
(computed in Step 5). This indicates that the decisnaker is indifferent to the various

objectives.

2.2 An Example Application of the M ulti-Objective Framewor k

The multi-objective decision-making framework dissed above is applied to the Capital
Beltway Project (Chowdhury and Tan [2]) in the ropwlitan Washington, DC, area to

demonstrate the practical application of the methagly to actual transportation projects.

The Capital Beltway corridor is located in the ropwlitan Washington, DC, area. It is the only
circumferential route in the area, connecting maagial routes. A study conducted by the
Maryland State Highway Administration found thag ghrojected high increase in travel demand
within the Beltway corridor in the year 2025 re@sithat both High Occupancy Vehicle (HOV)
lanes and rail transit will be needed to handle pn@jected traffic. This Maryland study
recommended that both HOV lane and rail transéraditives be considered. HOV lanes and rail
transit would perform different functions. It wouwérve different markets within the region and
corridor. HOV lanes are added to concurrent langsatdding one lane in each direction,
providing commuters who are willing to carpool aké a bus with one lane on the Beltway that
operates without too much congestion. It is conetuthat even when rail transit is available, a
large percentage of total trips in the corridor Wbobe made by automobile. It is further
concluded that the HOV lanes would help to impréngeel conditions for HOV users. The
Maryland Department of Transportation conductegssp impact studies for the HOV lane and
the rail transit alternatives for the study are&e THOV lane corridor is divided into five
segments. Rail transit was divided into six différalignments (B P>, Ps, P, Ps, Ps), in which

P1, P, and R are aligned for heavy rail and, s, and R for light rail transit.
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Decision Problem

In this study case, the decision-making problersoived using the Surrogate Worth Trade-off
Method. The best solution has been achieved by rongbboth HOV lane and rail transit
options and deciding how many miles of HOV lane ra@eded for each segment. Additionally,

an alignment is to be selected with the correspantight or heavy rail transit.

Problem Solving

Step 1.
The identification of objectives is the first stephe decision making process. The objectives for

the Capital Beltway Corridor project are as follows

- Support regional mobility and address travel dedna

- Minimize incremental costs while maximizing traostation capacity.

Step 2:
Measure of Effectiveness uses three differentrizite evaluate each alternative.

- Total costs
- Annual ridership

- Daily new ridership

Each HOV segment and transit alternative is evatua@nd measured for their effectiveness.
"Annual ridership” represents current ridership heiitt any improvements and "daily new
ridership” represents the increase in ridershipabsee of improvements. The measures of
effectiveness are shown in Tables 2 and 3. Thelsevare obtained for this case study from a
Maryland Department of Transportation Capital BefwCorridor Transportation study.
Ridership values in Tables 2 and 3 are approximatas they are based on the assumption that
they are not affected by the HOV length or typéranmsit selected.
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Each of the criteria is measured in terms of castual ridership, and daily new ridership. This

case study is basically a combination of a contusu@OV) and a discrete (rail transit) problem.

The goal is to generate how many HOV miles neelleduilt and decide which rail transit

alignment should be chosen.

The ralil transit alternatives are based on aligrtraad rail transit type (light and heavy rail):

« P; = heavy rail transit alternative with alignment 1

« P, = heavy ralil transit alternative with alignment 2

« P3; = heavy rail transit alternative with alignment 3

« P4 = light rail transit alternative with alignment 4

- Ps = light rail transit alternative with alignment 5

« Ps = light rail transit alternative with alignment 6

Table 2: M easures of Effectivenessfor HOV Lanes

Segment Cost per mile(in Annual Ridership per mile(in || Daily New Ridership
millions of $) thousands) per mile
1 $17 399 1,347
2 $17 25 83
3 $41 297 1,002
4 $43 96 324
5 $24 86 292
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Table 3: Measures of Effectivenessfor Rail Transit

Total Cost (In Millions of $)

Alignment
Segment
P1 P, Ps3 P4 Ps Pe
1 $2,136 $1,659 $2,136 $786 $857 $786
2 $3,766 $3,019 $3,066 $1,254 $1,257 $1,430
3 $2,599 $2,599 $2,599 $766 $630 $630
4 $1,418 $1,418 $1,418 $470 $423 $423
Annual Ridership
Alignment
Segment
P1 P, Ps3 P4 Ps Pe
1 5,935,403 || 4,382,770 || 5,228,753 || 3,507,785 || 5,376,469 | 3,492,959
2 33,810,886 40,724,948| 28,604,913 53,625,924| 30,363,296| 39,989,544
3 11,133,474| 10,531,544 10,789,939| 10,251,554 15,392,336| 12,122,800
4 4,522,762 | 4,338,398 || 4,317,583 | 6,005,887 || 9,396,844 | 8,627,636
Daily New Rider ship
Alignment
Segment
P1 P2 Ps3 P4 Ps Pe
1 10,028 7,401 8,830 5,925 9,085 5,900
2 30,847 32,054 26,090 42,332 27,696 31,822
3 10,156 9,606 9,840 9,360 14,036 11,063
4 7,636 7,325 7,291 10,148 15,870 14,578
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Step 3: Develop a Mathematical Formulation. There are two types of decision variables in this
model. One, which is continuous, is for the HO\kalative, representing how many miles of
road need to be built for each segment. The HO¥rradtive is divided into five different

segments:
Xi= miles of road in segmenti = 1,2,...,5

The second, which is discrete, is for rail transgiresenting a "yes" or "no" decision (1 = yes and
0 = no) based on six different alignmentsWth j = 1,2,...,6) and type of rail transit; heavy rail
(P1, Po, Bs) or light rail (R, Ps, Fs).

1, if a projecf is selected,
R= {j=12,..,6

0, if a project is not selected.
Three objectives are considered based on the MEEstsd earlier,

1. Minimize Total Cost,

6
Z = X C + P C
1 igl Lo jéll J

2. Maximize Annual Ridership,

6
Z,= X A+ P A
2 igl P jZ:]_J J

3. Maximize Daily New Ridership,

Z_gx D+Z6:PD
3 im T T =3 )

27



« G = total cost per mile for HOV in segment

G = total cost for rail transit alternatiye

« A = annual ridership per mile for HOV in segment

- A = annual ridership for rail transit alternative

« D; = daily new ridership per mile for HOV in segment

- Dj = daily new ridership for rail transit alternatiye
Constraints:

« X1 <4.0 miles

« X2<2.6 miles

« X3<8.6 miles

« X4<8.3 miles

« X5<16.6 miles

e P1+Py+P3+Ps+Ps+Pg=1
« X>0

There is a restriction foP; (j = 1,2,...,6) where the sum & should equal 1, representing
mutually exclusive alternatives (i.e., only onel taansit alternative needs to be chosen). In

addition, the total HOV mileage should be less thaaqual to the total segment length.
Step 4: Generate a non-dominated solution using the SWEIuding the following tasks:

Construct a Payoff Table: The first task is to construct a payoff table l{lEa4) by optimizing
each of the three objectives separately (cost, anmdership, daily new ridership) to obtain

maximum or minimum values.
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Table 4: Payoff Table of Capital Beltway Corridor

Zq Z Z3

[

Min Cost X" $3,167,000,00( 60,528,944 66,687

X
N

Max Annual Ridership $4,496,100,00"79,830,75( 89,522.4(

Max Daily New Ridershif X3 $4,496,100,00"79,830,75( 89,522.4(

Formulate a Constraint Model: The second task is to transform a multi-objecpvegblem into
a single objective problem using the constrainthoet In this case, the maximized daily new
ridership objective4s) is chosen as a primary objective and all othgealves Z; andZ,) are

transformed as constraints, as shown below:

Daily New Ridership,

Z_gx D+z6:PD
3 im0 =3 )

Subject to Constraints:

—gx C+§PC <
Zl_.:ll NN =h
Z‘%X A+§PA<
2 =300 T =0T T 2

X1 <4.0 miles
X2 <2.6 miles
X3 < 8.6 miles
X4 <8.3 miles
X5 <16.6 miles
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Pi1+Py+P3+Ps+Ps+Pg=1
Xi>0

Choose Constraint Values: Thel values (Table 5) are chosen arbitrarily from défe values
of the range of minimum and maximum for objectiteand 2 from the payoff table (Table 4).
By choosingL between the minimum and maximum values, the féasiutions for the above
constraint problem can be generated. Each solufotihe constraint model, with a selected
combination ofL values between the minimum and maximum limit, valoduce a non-
dominated solution when all the objective constmaiare binding. The algorithm given by
Mishra and Harit [15], is used for the selectionnoin-dominated solutions in multi-objective

optimization.

Table 5: Constraint Values of Capital Beltway Corridor

Constraint Sdected Constraint Values

J

L1 $3,167,000,00($3,831,500,00( $4,496,100,00

Lo 60,528,945 | 70,179,800 || 79,830,750

Derive Solutions from the Modd: The final task is to solve the constraint problém
maximizing the daily new ridership subject to alhstraints for every combination of values for
L, andL,. The optimization process shows tiitat= 1 when project is selected. If the result
showsP; = 0, project] is not selected. Seven project alternativgs Xz, Ys, Ya, Y5, Ys andY?)
exist as combinations of HOV and rail transit petgeby solving the constraint model presented
in this step. Using commercially available optintiaa software packages, such as TORA

software, may solve the model. The combinationshosvn in Table 6.
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Table 6: Generated Alternatives and Associated Decision Variables from the
Solved Constraint M odel

Proj ect HOV Rail

Selection Transit
Xi | Xo [| X3 || Xa Xs

Y1 0.00j( 0.00( 0.00}| 0.00|f 0.00 Ps

Y, 4.00/ 0.00( 8.60( 0.00} 10.16| Ps

Y3 4.00( 0.00 8.60( 0.00| 5.91 Pe

Ya 4.00} 0.00] 8.60( 0.00| 5.62 P4

Ys 4.00] 2.60( 8.60( 8.30} 16.60 Ps

Ys 4.00} 2.60( 8.60( 8.30} 16.60| Pe

Y7 4.00] 2.60( 8.60( 8.30} 16.60|[ P4

In Table 6,Y; represents the result of the optimization wherevHi&cision variable values of
X1, Xo, X3, X4, and Xs equaled 0, 0, 0, 0, and O miles, respectively thdrail transit decision

variable values o1, P,, Ps, P4, Ps, andPs equaled O, 0, 0, O, 1, and O, respectively.

Based on the decision variable values generat@aldte 6, the objective value;( Z, and Z3)

for each alternative are shown in Table 7.
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Table 7: Objective Value of Generated Non-Dominated Solution of Capital

Beltway Corridor

Z1(min cost) Z5(max annual ridership) Z3(max daily new ridership)

Y1 3,167,000,000 60,528,945 66,687

Y2 3,831,440,000 65,552,905 83,659.65
Y3 3,831,440,000 68,891,399 79,094.65
Ya 3,831,480,000 78,024,670 83,411.48
Ys 4,387,100,000 66,968,545 88,444.4
Ys 4,489,100,000 70,672,539 85,120.4
Y- 4,496,100,00 79,830,750 89,522.4

Step 5:

Trade-off analysis as part of Surrogate Worth Trafid/lethod involves the following tasks:

Generate Trade-off Value

As part of the SWT method, a trade-off evaluatietween objectives is needed to choose the
preferred solution among the seven generated attees {1, Y»,...,Y). These values are based
on the objective values from generated alternatshesvn in Table 7. The analyst presents the
trade-off values between different alternativeédp the decision maker select an alternative.
The trade-off value is obtained from the Daily nadership divided by the difference of the
other objective value (Table 8). The value can bégative or positive. A positive value means
that by increasing the primary objective, in these daily new ridership, the other objective will

increase. A negative value means that by increa$siagrimary objective, the other objective

will decrease.
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Table 8: Trade-off Value of Capital Beltway Corridor

Project A34/10"5 231003
Ya/Y, 2.5 3.3
Ya/Y: 1.8 1.4
Y'Yy 2.5 9.5
Ys/Ys 1.7 3.3
Yo/Y1 1.4 1.8
YAYy 1.7 1.2
Yo/Y3 ~ 1.3
YalY, 620.42 -0.01
YalYs 0.86 3.3
YalYe 0.22 0.28
YalY; 0.88 0.41
Y4/Y, 10792.07 0.47
Ys/Ys -1.6 -4.8
Ya/Ye 0.91 3.3
Y4/Y; 1.5 0.95
Yo/Ys -0.9 -0.45
Ya/Ys -0.25 -0.23
Y'Yz 0.91 3.3
Ys/Ye 3.2 -0.89
Yo/Y; 0.98 0.08
Yo/Y7 62.8 0.48
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In the Table 8, the trade-off value for proj&etYs, if the daily new ridershipZ) increases by
3.3, the annual ridershiZy) will also increase to 1,000 riders. For proj¥glys, if the daily new
ridership &) increases by 1.3, the annual riderstiy) (vill decrease to 1,000 riders. The

~ Symbol means that a trade-off between two oljegtis not influenced by another particular

objective.

Interact with Decision Maker to Get Worth Values (W)

A regression analysis is done to develop the miatip between objective trade-off value and
worth values based on decision maker opinion, wihschacilitated by question-and-answer
process between the analysis and decision makiee. Values for th&V; ; andW;, which are

shown in Table 18an be find by putting the values &f, andis, (Table 8)in regression lines.

Table9
W3 1 A3
10 -1
5 -0.5
-5 1
-10 0.5
Table 10
W35 232
10 2
5 1.6
-5 -0.6
-10 -0.01

Regression line can be formulated using the folhgpequation:

Y =a+ h X+bpX
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Evaluate the following equations using principldezst square on above regression line:
Yy = natbh¥x +b Y%
YX V= ayx+ by x’+ by X’
YX'y=ayx®+ by x®+ bpyxt

For given set of points), ) : i = 1,2,....n, above equations can be solveddpiby, and by,

and with these values a, b andb, in regression line, it is the parabola of best fit

By taking worth values shown in table 9 and talfleagY variable and trade-off values shown in

table 9 and 10 ax variable, evaluate the regression line with thedees ofX andY variables.

Table11
X Y X? X3 x* X2Y XY
-1 10 1 -1 1 10 -10
-0.5 5 0.25 -0.125 0.0625 1.25 2.5
1 -5 1 1 1 5 -5
0.5 -10 0.25 0.125 0.0625 2.5 -5
Yx=0 [ Yyi=0 | ¥x*= | ¥x°=0] ¥x'= | 3x°vi= | Sxv=
2.5 2.125 3.75 -225

4a+ b (0) +by(25) =0

a(0) + by (2.5) + b, (0) = -22.5

a(2.5) + b (0) + by(2.125) = 3.75
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On solving these equations the valuesafdn, andb, are:
a=-4.166,h=-9, 1 =6.666
Finally, the regression line for table 9 is:

W3 1= 6.7 (1431)"2 — 9(431 ) — 4.1667

Table 12
X Y X2 X3 x* XY XY
2 10 4 8 16 40 20
1.6 5 2.56 4.096 6.5536 12.8 8
-0.6 -5 0.36 -0.216 0.1296 -1.8 3
-0.01 -10 0.0001 | -.00000] 0.00000¢01-0.001 0.1
Y%= | Yw=0] ¥Ix= | ¥x°= Yxt= | 2= | Yxivw=
2.99 6.9201 | 11.8799 22.68 50.999 31.1

4a + 1 (2.99) + (6.9201) = 0
a(2.99) + [ (6.9201) + b(11.879) = 31.1
a(6.9201) + h(11.879) + b ( 22.683)= 50.999
On solving these equations the valuesafdn, andb, are:

a=-8.810,h=-1.72,=5.830
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Finally, the regression line for table 10 is:

W312: 5.84(].3,2 )A2 - 1.72(].3,2 ) - 8.8

Step 6:

The final stage of this decision scenario is t@cethe preferred solution based on alternatives
with an average value of decision maker weighf, closest to zero. Table 13 shows that
alternativesy; andYs have a trade-off value closest to zero, 0.78. Assalt, the decision maker
can select eithely; or Yz based on preference. Since, the best solutioneesled as the
combination of both HOV lane and rail transit opgocand deciding how many miles of HOV

lane are needed for each segment. ThereYaris,selected as best alternative.

Table 13: Worth Valuefor Capital Beltway Corridor

Proj ect W31 W30 Average
Yol Yy 15.2083 49.1216 32.16495
YoV, 1.3413 0.2384 0.78985
Yo/ Yy 15.2083 501.92 258.5642
Yo/ -0.1037 49.1216 24.50895
Yo/ Y1 -3.6347 7.0256 1.69545
Y4y -0.1037 -2.4544 -1.27905
Yol Y3 ~ 3.3056 3.3056
Yol Yy 2573424 -8.78222 1286708
Yo/ Ys -6.95138 49.1216 21.08511
Yo/ Ye -5.82242 -8.82374 -7.32308
Yol Y7 -6.89822 -8.5235 -7.71086
Yo/ Y, 7.8E+08 -8.31834 3.9E+08
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Y3/ Ys 27.3853 134.0096 80.69745
Y3/ Ye -6.80843 49.1216 21.15659

Y4/Y7 -2.5917 -5.1634 -3.87755
Y4/ Ys 9.3603 -6.8434 1.25845

Y4/ Ys -1.49795 -8.09546 -4.79671
Y4/ Y7 -6.80843 49.1216 21.15659
Ys/Ye 35.6413 -2.64334 16.49898
Ys/Y7 -6.55202 -8.90022 -7.72612
Yo/ Y7 25854.36 -8.28006 12923.04

2.3 Conclusions

Multi-objective decision making framework for tsportation investment considered by
Chowdhury and Tan [2] is reviewed by reducing thebpem into three objectives and applied
with the data generated by them for Beltway Corrigooject. Most decision-making in
transportation agencies involves multiple objeditieat often conflict and cannot be measured
in monetary units. This makes the use of tradiliamaestment analysis tools, such as benefit-
cost analysis, difficult. This study presented dtiabjective framework that could be applied
under different decision scenarios in transpontatinvestment processes. Instead of transforming
all different project alternatives or objectivestoinmonetary values, these alternatives or
objectives can be approached on an equal badeindwn measures of effectiveness, either in
monetary or non-monetary terms. The proposed frarlewermits objective decision analysis

for any transportation investment.
The proposed framework addresses both discretecantnuous decision problems and a

combination of the two. This makes the proposedhéwork applicable to a wide range of

decisions that are required in transportation itnaeat scenarios.
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The application of the proposed framework in thei@d Beltway Corridor investment study
demonstrated the suitability of the methodologye Tiamework presented in this study could be
considered by public agencies as an alternativeoomplement to traditional economic analysis
and integrated with agency funding processes amhgenent systems. The proposed decision-
analysis framework, which is general in nature,l@éclso be applied to other transportation

areas, such as aviation, rail, and water.

The approaches could lead to new practices forsagcianalysis and decision-making in the
transportation industry. They allow interactionvkeen the analyst and the decision maker in the

selection of final projects, enhancing objectivejgct selection.
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