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ABSTRACT

Decisionmaking problems in watergeurces are often associated with multiple objectives and
multiple stakeholders. To enable more effective and acceptable decision outcome, it is required
that more participation is ensured in the decision making process. This is particularly relevant for
flood management problems where the number of stakeholders could be very large. Although
application of multiobjective decisiormaking tools in water resources is very wide, application
with the consideration of multiple stakeholders is much more limiteglsolution methodologies
adapted for mukobjective multiparticipant decision problems are generally based on
aggregation of decisions obtained for individual decision makers. This approach seems
somewhat inadequate when the number of stakeholdersyifange, as often is the case in

flood management.

The present study has been performed to have an overview of existing solution methodologies
for mult-objective decision making approaches in water resources. Decision making by single
and multiple stakeholders has been considered under both deterministic and uncertain
conditions. It has been found that the use of fuzzy set theory to represent various uncertainties
associated with decision making situations under -oijiictive multipleparticipant
environment is very promising. Coupled with mualbjective methods (e. g. compromise
programming and goal programming), fuzzy approach has also the ability to support group

decisions, to reflect collective opinions and conflicting judgments.

Key Words: Owerview; multiple objectives; multiple stakeholders; decismaking; flood

management.



1. INTRODUCTION

1.1 General

Water resources planning and management provides ddogisnfor: (a) allocation of
adequate water to the consumers at appropriateatteolace; (b) protection from excessive
water (e.g. floodwater); and (c) maintenance of acceptable water quality (Loucks, 1981). The
increase in water demand with population growth is applying more stress on available water
resources and calls for anigfnt and acceptable management of the resources. Also the issue
of preserving ecosystems integrity arises in conflict with measures that are taken to meet the
population water demand. Major disasters like floods, draughts, intolerable water quality
condtions, waterborne disease epidemics etc. trigger consideration of appropriate planning for
increased control of water resources. Improved management of water resources requires the
planers take decision on: (a) structural measures through appropriate desgfruction
procedure, removal and operation of control structures; and (b) to implement nonstructural

measures through appropriate preparedness, operation and recovery planning.

The water resources decisioraking process should also consider diffeaaracteristics of

water resources systems. The characteristics include those of physical nature of the system (like
location, spatial distribution, and dynamic development etc.), as well as reliability and stochastic
behavior of the processes withie tystem. The reduction in availability and, at the same time,
growing demand for water give rise to competition among the users for the same resource,

resulting in planning for its multipurpose use. The conflict of interest among the multiple users is



andher main issue that may have different dimensions. Conflicts can be related to functional
requirements of different users, like irrigation water demand, municipal water supply demand
and hydropower demand etc. Upstream and downstream users may hastarcthaliorm of

both water quality and quantity. The characteristics of the system, in most cases, define the

dimension of the conflict that needs to be included in the decisadang process.

1.2 Multi -objective Decision Problems

Water resources plang and management often involves ralijective decisiormaking to

deal with problems having multiple and conflicting criteria. The objectives can be both
guantitative and qualitative. Considering a scenario for construction of a system of dams on a
river with objectives e.g., to increase national income, reduce damage due to flood hazard and
to minimize adverse environmental impacts etc., there exists considerable difficulty in deciding
the best design option as the objectives are not comparable santbescale and the options

that are more likely to achieve one objective may be less effective in obtaining the others.
Determination of acceptable relative values for all the objectives is also a difficult task. Multi
objective analysis methods are desajfor finding the more preferred alternative solutions to a
problem by evaluating the alternatives against the multiple objectives and are widely applied in
water resources planning processes (for more details see e.g. Haimes et el., (1975); Loucks et
el, (1981); Goodman, (1984) etc.). Cohon and Marks (1975) presented a review and
evaluation of mukbbjective programming techniques where the approaches are classified into
three groups based on three established criteria. Simonovic (1989) usedbjeditie

technique to develop the Water Resources Master Plan for the Republic of Serbia. Simonovic



and Burn (1989) demonstrated that moltfjective technique could be successfully applied in
determining the operating horizon for reservoir operation. Hipgd2)l edited the latest
developments in multiple objective decisimaking techniques, which demonstrate how these

methods can be employed to water resources problems.

1.3  Problems Involving Multiple -stakeholders

Multiple-objective decisiormaking becomemore complicated with the increase in number of
individuals/groups involved in the decision making process. In reality, the decision making
process often involves multiple decision makers. Policy makers and professional planners are
first to name. Howewe others like NGOs, different interest groups, communities affected by
the decision outcomes and general public may be included too. Moving from a single decision
maker to a multiple decision maker situation introduces a great deal of complexity into the
analysis. The problem is no longer limited to the selection of the most preferred alternative
among the nedominated solutions by an individual. The analysis must also be extended to
account for the conflicts among different decision makers with diffedgettives. In practice,

the decisiormaking in water resources is always associated with multiple decision makers. For
example, in order to decide about the flood control measure to be adapted in a floodplain, the
decisioamaking process should includetrepresentatives from all levels of government as well

as the residents in the floodplain and other interest groups. It is a real challenge to have a group
decision outcome that can satisfy all the stakeholders (Arrow, 1963). Group decision making
undermultiple objectives involves a diverse and interconnected fields like preference analysis,

utility theory, social choice theory, voting, game theory, expert evaluation analysis, aggregation,



economic equilibrium theory and so on (Hwang and Lin, 1997).

1.4  Uncertainties in Decision Making Problems

Water resources decistonaking is always associated with some degree of uncertainty. This
uncertainty could be categorized into two basic types: uncertainty caused by inherent hydrologic
variability and uncertaty due to a lack of knowledge (Simonovic, 2000). Uncertainty of the

first type is associated with the spatial and temporal changes of hydrologic variables like flow,
precipitation, water quality etc. The second type of uncertainty occurs when thdapagloe

of interest cannot be assessed exactly because of the limitation in the available knowledge. For
example, the decision for operating a dam is associated with uncertainties of both types. The
decision maker has to consider the uncertainty in fiogr, as well as the uncertainties
associated with potential dam failure and/or possible social implications of excess and shortage

of water.

Most of the water resources decision making in the real world takes place in a situation where
the goals, the estraints and the consequences of the possible actions are not known precisely
(Bellman and Zadeh, 1970). Controversy or ambiguity in comparing and weighing objectives
can create decision uncertainty. The uncertainty is also present in the selectiandefxan
measure risk, which should be technically correct as well as measurable and meaningful. The
guantification of social values is another source of uncertainty. whena risk measure and

the cost of risk are generated, the risk communicationaaceptance levels still remain

uncertain, as they depend on risk perception by the affected public. Without information on the



uncertainties for various possible outcomes, decision makers may make less than optimal
decisions (Morgan and Henrion, 1990). Withadequate uncertainty analysis, prioritization of
additional research intended to reduce uncertainty cannot occur. This reduces the utility of the

model output for management.

Uncertainties in water resources decigiteiking have been analyzed fronvesal different
perspectives. Borsuk et al. (2001) adapted a probabilistic model (Probability Network model)
to support decision in the near term under uncertainties associated with physical parameters.
The use of fuzzy set theory (Zadeh, 1965) has becowreasingly popular in addressing
imprecision, uncertainty and vagueness in grdegision making. Kacprzyk and Nurmi, (1998)
presented the solution of a group decision making problem under individual fuzzy preference
relations and a fuzzy majority. Bemdand Simonovic (2000) used fuzzy compromise
programming to water resources systems planning under uncertainty. &ivak (2001)
represented the uncertainty in relative importance of objectives by the qualitative judgments on
pairs of objectives. Also fzy linguistic terms have been used to address the subjective

judgment of the decision makers while stating the preference for the alternatives.

1.5 Present Study

To deal with complex water resources decision problems, like flood management, it is
necesary to develop a tool, which would consider multiple stakeholders with multiple
objectives where uncertainties exist at different stages of the deuisldng process. Flood

management comprises of different water resources activities aimed at repteintgl



harmful impact of floods on people, environment and economy of a region. Sustainable
floodplain management requires empowerment of stakeholders, adjustment to the environment,
and integrated consideration of economic, ecological and social cemses|wf disastrous

flood. The flood management process in Canada, (as elaborated for the Red River basin by
Simonovic, 1999), has three major stages: (a) planning; (b) flood emergency management; and
(c) postflood recovery. Appropriate decisionaking ineach of these stages is very important

to establish an efficient flood management process. During the planning stage, different
alternative measures (both structural and-starctural) are analyzed and compared for
possible implementation in order to immee future flood damage. Flood emergency
management includes regular evaluation of the current flood situation and daily operation of
flood control works. The evaluation process includes identification of potential events that could
affect the current dlod situation (such as dike breaches, wineupeteavy rainfall etc.) and
identification of corresponding solution measures for flood fighting (including building temporary
structures or upgrading existing ones). Also, from the evaluation of curratibsjtdecisions

are made regarding evacuation anegpapulation of different areas. Pdkiod recovery
involves numerous decisions regarding return to normal life. Main issues during this stage include
assessment and rehabilitation of flood damage, ppodsion of flood assistance to flood
victims. In all these three stages, the decision making process takes place wdaaiplittary

and multiparticipatory environment, where analyses must involve tradeoffs among multiple non

commensurable criteria.

During and after the devastating flood of 1997 in the Red River basin it has been indicated that

many of the stakeholders in the basin, particularly the flood plain residents, did not have



adequate involvement in the flood management degsaiing. Disatisfaction among the
stakeholders about emergency management decisions, including evacuation, was particularly
high. To resolve the issue it is necessary that the views of the stakeholders be included in a

decision making process that will be well acedpb all those involved.

A number of solution approaches at present are available foraijelttive multiparticipant
decision problems. Most of them are based on the technique to solve the decision problem for
an individual stakeholder at the timelaubsequently aggregate the results for all. The method
has potential deficiency for application when the number of decision makers is large. Also,
individuals usually compare the alternatives from different standpoints, and so it may prove

infeasible taaggregate their preferences.

The objective of this study is to investigate existing methods for solvingabjlttive multiple
stakeholder decisiemaking problems, and to analyze the applicability of the methods to flood
management. The summary of destmaking approaches reflects the potential value of
existing research in multiplebjective multiplestakeholder water resources decisiagking

under uncertainty. Although methodologies exist for incorporating multiple stakeholders in the
decisioamaking process, for very large number of stakeholders, as often required in flood

management, the methodologies seem inadequate.

In the following section a general formulation of a multiplgective multipleparticipant
problem with general requirements s solution are presented. The next section contains a

classification of existing solution approaches for ralifective problems followed by the



summary of a few works on metibjective multipleparticipant problems. The classification of
approaches iprovided for: multiobjective problems with single and multiple decision makers

under both deterministic and uncertain conditions.



2.

GENERAL FORMULATI ON OF MULTI-OBJECTIVE MULTIPLE -

PARTICIPANT DECISION PROBLEM

Formulation of a mukobjective multipleparticipant decision problem is based on the following

basic components:

1.

2.

A set of potential alternatives;

A set of objectives or criteria;

A number of decision makers;

A preference structure or weights; and

A set of performance evaluations of alternatfeegach objective or criteria.

A mult-objective problem is characterized by-alimensional vector of objective functions. In

mathematical terms, this can be formulated as:

Z(X) =[4(%, L(X),...n 2, (¥ Q)
subject to
xax 2

whereX is a feasible region.

X ={x:xOR", g(x)<0,x =000i,j} ... (3)



where R= set of real numberg;(x) = set of constraints; and= set of decision variables.

Every feasible solution to the problem (Eq.(1)), i.e. lll X, implies a value for each
objective, i.e.Z(x), k = 1, ..p. Thep-dimensional objective function maps the feasible region
in decision spaceX into the feasible region in objective spadg), defined on thep-

dimensional vector space.

In general, one cannot tpize a vector of objective functions (Haimes and Hall, 1974). In

order to find an optimal solution, it is required that information about preferences are available.
Without this information the objectives are incommensurable and therefore incomparable
implying that optimum solution could not be achieved since all feasible solutions are not ordered
(comparable). A complete ordering can be obtained in this case only by introducing value

judgments into the decision making process.

In the first step of the uiii-objective analysis problem, a set of nondominated or ‘noninferior’
solutions is sought within the feasible region instead of seeking a single optimal solution. The
nondominated solutions are the conceptual equivalents irabjdttive problems to aingle
optimal solution in a singlebjective problem. For each of the solutions outside the
nondominated set, there is a nondominated solution for which all objective functions are
unchanged or improved and there is at least one, which is strictly irdpFaea set of feasible

solutionsX, the set of nondominated solutions, denoteq asdefined as follows:

10



S={x:x0OX}, X O Xsuch thatZ, (x) > Z,(x)

for someq{1,2,...., p} and Z, (X)= Z, forall k #q} ... 4)

Each nondominated solutior 1S implies values for each of thp objectivesZ(x). The
collection of all theZ(x) for x I Syields the nondominated &&{S) The nondominated solution
is defined in the objective space, anid a subset of the feasible region in the objective space,

i.e. Z(S) O Z(X) . From the definition ofSit is obvious that if one objective function improves

by moving from one nondominated solution to another, then one or more of the othereobjectiv

functions must decrease in value.

Multi-objective programming problems can be continuous or discrete. Continuous formulation
requires analytical description of the objective function vector. One example of the continuous
formulation is a linear muitbbjective problem where:

1. Allthe objective functions are linear, that is, fer 1, ..i

f.(X)=c,x +C, X, +..+C.x (5)

where thec,, c,....., C, are given constants.

2. All constraints are described by lingaequalities of the form

<
apx taX o tax=pb (6)

>

11



where thea,,, a;,....., andb, are given constants.

A problem is called discrete if the feasible 3étcontains only finite number of points. For
example, if the decision maker can only choose from a finite number of alternativeX,ishen

necessarily finite and the problem is discrete.

Consider a problem whemm alternatives are to be evaluatedrbgecision makers, who are
usingp objectives. Th general conceptual decision matrix for this discrete-woiytictive multi

participant problem is shown in Table 1.

Table 1: Conceptual decision matrix for a discrete ruoliffective multiparticipant decision

problem
Ar a1 aAip
An am Amp
DM, W11 Wp1
DM, Wh Won

12



In Table 1,A denotes the alternativ€) is the objective andM is the decision maker. The
preference of the decision makketk = 1 ....n) for the objectivg (j = 1...p) is expressed by
wjx and g; is the performance evaluation of the alternatie= 1....m) for each objective.

The objectives as well as the performance evaluations can either be quantitative or qualitative.

The classical outcome of the decision matrix is the ranking of the altesndio obtain that, a

number of steps are necessary like establishing the preference structure, the weights and also the
performance evaluations. Among the rrolijective methods, some perform the ranking, some
establish the preference structure, andesm@hods come up with the values inside the matrix.
Some methods have the ability to incorporate qualitative data into the analysis. And some

methods are capable of including multiple decision makers in the decision making process.

In the following a gesral mathematical formulation of this muibjective multiparticipant
problem is presented followed by a general description on the solution approach (Hwang and
Lin, 1987). A payoff matrix can be obtained for the problem wheternatives are to be

ewaluated byn decision makers, who are usip@bjectives:

(&, a,L

Ak:[a;,-]k:%fl | a_z_”E, k=1,....n) ... 7
O C
R o=

13



by decision makek. The symboIAk_j: [ay; am,-]" means that the objectiyés being used by

decision makek to evaluate all alternatives from 1no

The solution to this problem is to have each alternative be evaluated by all the decision makers

using all objectives. The process carsbhmmarized as the following mapping functié: (

WA k=1, ...} = {G} . (8)

whereG is a collective weightedgreement matrix.

It is crucial that this mapping function represent all objectives that the decision makers use in
judging all the alternatives. Elements of the mapping function can be obtained using either the
Ordinal (Cook and Seiford, 1978 among athenr the Cardinal (Souder, 1972; Keeney and

Kirkwood, 1975 and others) approach. These are used to evaluate the alternatives through

ranking and scoring respectively.

2.1  The Ordinal Approach

The matrix presented in equation (6) includes all objeatised in ranking the alternatives by all

decision makers. The alternatives can be achieved by two appreatmesgreed criteria

approach and the individual approach.

14



2.1.1 Agreed Criteria Approach

The agreed criteria approach involves each decisid@musing the same objective to find the

matrices of all alternatives, the decision makers being in agreement on the type of objectives

used. For each objectiyg) =1 ...... p) the following matrix can be obtained:

Loa? "L
Eéi' o s
[fo) & B; [

c="0. L =1,...p) 9

. . { p) ©)
- L
%ii afiJ a:]u' E

The score is then determined for each alternative by each decision maker. The alternatives are

ranked according to the sum of all scores giving the first place to the alternative having the

highest score.

Then a collective ordered matrix is act@d by mapping:

{(AYy - Ay (10)

wherek =1, ...... n.

15



That is:

Ca, @&, %E

B, d, &,
A=[a]=0. C(=1,..mj=1,...,
[&] a [(I m; j o))

- L

By, a, aF

Here,a’; is the ordering of alternativieunder objectivg. If the dedsion maker wants to place

weights on the objectives, the vector of weights is expressed &a/, ....... W), wherew;; is

p
the weight assigned with theh objective anaE1 w, =1.
J:

Then an agreement matrix)(is formulated, this is a square nonnegative matrix in which entries

Ty represent the number of orderings whereitthalternative is placed in thi& position for a

given objectivej. The set of weights for objectives shoutdused in the decision process

resulting in the collective weighted matrix:
p
G =[gi]= Znilj W
J:

where

I 1 if ithalternatives placedn jthposition
" ~H otherwise

16



Alternative i is matched with rank numbérso that the sum of the corresponding assig
weight values is the largest possible. This can be achieved by solvingdhied@ssignment

problem of linear programming:

Max .Zml IZ: 9% (14)
Subject to

iZlel:l":l ------ mo (15)

2":“:1 ------ mo (16)
where

- _ [ iflhasbeenassignedt
' _%J otherwise

2.1.2 Individual Approach

The individual approach involves each decision maker having his/her own objective, which may

17



or may not differ from others, to determine matrix for eahraitive. The decision maker may

p
assign a set of weights to the objectwes (W, ...... W) k=1, ...... nand § wf=1,

where M is the weight assigned to tiga objective by individuak. Then the decision maker

sets up his/hervn agreement matrix in the same manner as described in the previous section.
The inclusion of weight to objectives allows the setting up of an assignment problem to get the

linear ordering of alternatives for each decision maker:
F= (1= [, wlt (18)
=[f"]= awrc
] JZ i

followed by the formulation of the assignment problem of linear programming for each decision

maker:
Max i i fi (19)
Subject to
izmlx.=11|=l, ------ mo (20)
ixl=1,l=1, ------ m (21)

18



where

- _[1 iflhasbeenassignedt
' _Ep otherwise

In each set of preference ordering of the alternatives, scores are givenrémHiest to last
ranked for each decision maker. Then the sum of the individual sooezl alternative is
determined. The alternative with the highest score is placed in the first place and in this way the

complete ordering of alternatives is obtained.

2.2 The Cardinal Approach

The cardinal approach is followed when the different tisgschave different types, units or
scales. Two stages are required to transform these objectives into a set of comparable scales.
First, the qualitative terms are transferred into an interval scale. The decision makers should
agree on the scaling proceeluthey use. Secondly, the values with different units are
normalized. Vector normalization can be used because all objectives are measured in

dimensionless units. This procedure implies that each column vector of the individual decision

matrix is dividedby its norm, so that each normalized vahiq? of the individual normalized

decision matrixD* can be calculated as

19



3

dijk =ﬁ ......... (23)
> &)

where,i =1, ..... m is the number of alternativeg=1,...... p is the number of objaees and
k = 1, ....n is the number of decision makers. The comparison of matrices includes all
alternatives, all objectives and all evaluations by the decision makers. Now the formulation of

collective ordering can be found again using the agreed caitetithe individual approach.
In the agreed criteria approach, all decision makers have equal role, and their evaluations have

equal importance. Under a given objective, a collective value is found which is the aggregation

of the values of the decision nes&. The collective matrix can be written as:

ndi;(
c:[q,-]:[ZﬂT] i= 1, ...mj=1...p (24)

Since all objectives may or may not be of equal importance, a vector of weights from the

p
decision makers is set up, given by = {Wy,............W}, Zvvj =1. Now the weighted
]:

normalized matrix can be calculated by multiplying each column of the naatvith its

associated weight;. Therefore, the weighted normalized maffixs

F= [fij] = [Cijo] ,i =1,...m; j =1, .....] p L (25)

20



In the individual approach, decision makkrhas a personal preference set of objectives

@a,...... p)¢ which may or may not share some of the other decision maker’s objectives. An
individual has to assign a vector of objective weighte/as (W, ... V\);), k=1, .....] n and

p
> V\}f =1, WhereV\); is the weight assigned to thebjective by individuak.

J

The individual weighted normalized matrix’, can be calculated by multiplying each column of

the matrix D* with its associated weighM. Therefore, the individual weighted normalized

matrix, F¥ is
F=[f1=[wWdT, (k=1 .n;i=1,.m;j=1,.p ... (26)

The methods to fohthe collective preference ordering are same as that described for ordinal

approach. The alternatives are ranked according to their highest score.

2.3  Flood Control Decision Making

The formulation illustrated in this section is applicable for any weseurces planning problem.

Our particular interest is in floecontrol decision making. Experience with flood management in
the Red River Basin (Simonovic, 1999; IJC, 2000; Simonovic and Carson, 2002) will be used
in this paper. One of the flood managem@nblems in the Red River basin is the complex
large-scale problem of ranking flood control alternatives. During the evaluation of the

alternatives it is necessary to consider multiple objectives that may be either quantitative or

21



gualitative. The floodnanagement process in the basin also involves numerous stakeholders in
both Canada and the USA. They are different levels of government, different agencies, private
organizations, interest groups and general public. They all have different and spedgiane
responsibilities during all the stages of flood managermguianning, emergency management

and flood recovery period.

After the devastating flood in the Red River in 1997, different alternatives have been assessed to
alleviate the future impacof flooding events in the flood plain area. Winnipeg with
approximately 670,000 people is the biggest community located in the flood plain. Two
measures are primarily considered to be capable of providing thestaigemprovement in
reliability that isrequired for the protection of the city from future floods. Those asgpansion

of the Red River Floodway and construction of Ste. Agathe Detention Structure. There are
advantages of all the alternatives in achieving different economic, environmeygimalpind

social objectives.

Currently, the provincial government is responsible for the decision making about the flood
control measures. The decision making process involves consulting different organizations for
their technical input. Concerns of gesl stakeholders about the alternatives are gathered

through public hearings and workshops. Economic analysis plays an important role in
formulating plans for reducing flood damages and making operational decisions during the
emergency. One of the maimitations of the existing flood management methodology is the

consideration of mostly the economic aspects. Very minor attention is given to environmental

and social impacts of floods.

22



Successful floodplain planning and management, including flood prepaaat mitigation,

require reliable, accurate, compatible and accessible data. 1JC (2000) reported that fragmented
and incomplete data and information are the major obstacles to better flood planning and
management in the Red River valley. Different typledata required for a flood management
process include technical data, economic data and also flood related data about impacts and
consequences of a flooding event. Topographic, hydrological, hydrometric and climatological
data are among the technicaksnwhich are required for the analysis of future flood control
measures and for the operation of existing flood control structures, and also for the evaluation of
different hydrologic scenarios. Cdstnefit analysis plays very important role in asseskmg
credibility of an alternative. Inclusion of social science research, specifically inclusion of
information about risk perception and values, would make the decision making process more

explicit to be applied for flood management.

There has been ireasing concern of general public about the decisions to be taken on the
flood control measures. During the 1997 flood, it has been indicated that, certain stakeholders
of the basin, particularly the flood plain residents, did not have adequate invohweieod
management decisianaking. Dissatisfaction has been observed among the stakeholders about
other emergency management decisions including evacuation. The view of all these stakeholders
is also necessary to be analyzed to offer a decision supsternghat will be well accepted to

all who are involved.

Decisionmaking for flood management is often affected by uncertainties in information on which

the decision is based. The uncertainties may arise from mainly two sources: (a) uncertainties in
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appoximation and description of physical processes (precipitation, flow, water quality etc.);
and (b) uncertainties in assessing particular values of interest to the decision maker.
Probabilistic approaches are widely used by scientists and engineeness #ukel uncertainties

of the first category. Developed stochastic programming methods in this category deal with at
least three sources of errors: (1) variations in the estimation of parameters associated with
probability distributions governing the ramdovariables of interest; (2) variations in data at
different time instants as the development and implementation of the optimal decision rules take
place; and (3) the presence of uncertainty as to the type of probability distribution available with
associted data (Goicoechea, 1982). The second type of decision uncertainties is more
profound in the arena of public decisioraking like in the case of flood management. The
goals, the constraints and the consequences of possible actions in flood management ar
practically not known precisely. Thisipartssubjectivity in the decision making process where

the relative strengths and weaknesses of different alternatives are evaluated by relating their
impacts to a number of evaluation criteria or objectivess thierefore difficult to compare and
assign appropriate weights to different qmmmmensurate objectives that may range, for
example, from flood damage in monetary units to psychosocial impacts of flood on one part of
population living in the floodplain.Quantification of social values and impacts is another source

of uncertainty. It is necessary to address all these uncertainties properly in order to make a
decision support tool more effective for flood management. Fuzzy set theory has been applied
by many researchers to capture the subjective uncertainties in the decision making process, but
a proper methodology to address the uncertainties inherent in a real world flood management

situation is yet to be developed.
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There is a very strong and growing @ewh as shown in the Red River example for developing a
method to incorporate all stakeholders in the deeisiaking. A common approach is to solve

the decision matrix, shown before, for each individual and then aggregate the results for all the
individuak. This method does not seem to be appropriate when the number of stakeholders in
the decision making process is very large. Process of finding the preference structure for
different objectives for multiple decision makers needs attention too. Individsiaddly
compare the alternatives from different standpoints, and it may prove infeasible to aggregate
their preferences. Keeping all these issues in mind a methodology feolojedtive decision

aid is needed to be introduced, where the compromise lesoei® economic and technical

points should exist. The method should reflect the active participation of all the stakeholders,
and the uncertainties inherent in the decision making process should be addressed properly. The
tool should be able to aid irodd management decisiamaking. Available data from the Red

River basin can be used to test the methodology.
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3. CLASSIFICATION OF  SOLUTION APPROACHES FOR MULTI -

OBJECTIVE PROBLEMS

The classification and comparison of the approaches to deal witrolyettiive problems have

been made several times e.g., by Cohon and Marks (1975), Nachtnebel (1994), Duckstein and
Szidarovszky (1994), Fuller and Carlson (1996), Martel (1999) and many others. These
classifications are based on the criteria that fit theeotisp authors research interests. In this
section we will review the general methods for mukigigective decision making with single, as

well as multiple decision makers, in both deterministic and uncertain conditions.

3.1  Deterministic Multiple -Objecive Problem — single decision maker

Cohon and Marks(1975) established three criteria for the evaluation of theolojedtive
solution techniques. These aréhe computational efficiency, explicitness of trade offs among
objectives and the amount nfdarmation generated for decisiameking. Based on these criteria
they classified the mulbbjective approaches into three groups: (i) methods for generating the
nondominated set; (ii) methods with prior articulation of preferences; and (iii) methods with

progressive articulation of preferences.

3.1.1 Methodsfor Generating the Nondominated Set

In these methods a vector of objective functions is considered to identify and generate the

subset of nondominated solutions in the feasible region. These mdtabdly with the
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physical realities of the problem, i.e. the constraints, and in doing so, make no attempt to
consider the preferences of a decision maker. The outcome of these methods, the
nondominated solutions, help the decision makers gain insige physical reality of the

problem.

Among the several methods available to generate the set of nondominated solutions, four are
widely recognized. These are: Weighing methee;onstraint method; Philip’s linear muilti

objective method; and Zeleny’s linear mubjective method.

Weighing and €-constraint methoddransform the mukbbjective problem into single
objective format, and then the set of nondominated solutions can be generadeahistric
variation of the weights ared parameter.

Theweighing methodtates that nedominated solutions can be obtained by solving a scalar
optimization problem, in which the objective function is a weighted surre @otmponents of

the original vectevalued objective functioZ (x). That is, the solution to the following problem

is in general nondominated:
p
max Z wZ.( (27)
=1

subject to
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xax (28)

wherew = 0 for all k and strictly positive for at least one objective. The nhondominated set and

the set of nondominated solutions can be generated by parametrically varying thewyéights

the objective function.

In thee-constraint methodhondominated solutions can be found by solving

maxZ(x (29)
subject to

xax (30)

Z(¥=ze alk£r . (31)

in which € is a lower bound of objectivie. Parametric variation &f in Eq.(31) traces out the

nondominated set.

The other two methods (Philip’s and Zeleny's linear ralifective problems) do not regei
the transformation of the problem into a single objective format and operate directly on the
vector of objectives to obtain the nondominated solutions. Both methods are applicable for

linear problems only.
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3.1.2 Methodswith Prior Articulation of Preferences

The generating techniques mentioned in (3.1.1) are based on incomplete orderings associated
with thep objectives of the original multibjective problem. The methods in this class are based

on the idea of deriving a complete or more complete agltrieliminate some or most of the
noninferior solutions. The basis for the orderings is the articulation of preferences prior to the
solution of the muktobjective problem. Methods in this class are further divided into continuous

and discrete types.

Continuous

After generating the set of nondominated solutions, the task of the decision maker is to select
one of those solutions as his/her final choice. Then this solution is one that meets the physical
constraints and satisfies the value structure efdéitision maker. This group of methods
requires that the decision maker articulates his/her preference structure regarding the objective
functions in search for the solution. These preferences are then built into the formulation of the
mathematical modebf the multiobjective problem. Following are the three examples of

techniques with prior articulation of preferences.

Goal programmingCharnes and Cooper, 1961) is based on the minimization of the weighted

absolute deviations from targets for each divjec For the general vector maximization

problem,the goal programming formulation is:
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minZ|dk| ......... (32)

subject to
xax (33)
Z(X)-d =T k=21,..p (34)

wheredy is the deviation from the target for thieh objective andly is the target for th&th

objective.

In the Utility function assessmemethod (Keeney and Raiffa, 1993) the preference structure

of the decision maker is formally and mathematically represeptadutiiity function. In the
presence of a vector of objectives, it is assumed that all information pertaining to the various
levels of the objectives can be captured by an individual's value function (in the deterministic
case) and utility function (in ¢éhprobabilistic case). Geoffrion (1967) developed a method for
proceeding more or less directly from a specification of a utility function to thedragtromise
solution, bypassing the generation of the nondominated set in most cases. For a two objective

problem, the formulation is:

maU[Z(%, Z(%] (35)

subject to
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xOX (36)

Where U is a monotonically nondecreasing ordinal function (in each objective). Figure 1
illustrated the applicatioof the utility function approach. A comproraisolution, A is reached

at the point where the utility function touches the feasible region.

Fi

LI(Zy Zs)

U7 Z)

A

Feasible
Fegion

Figure 1: lllustration of the utility function approach

Haimes and Hall ( 1974) presengdrogate worth tradeff methodwith the motivation that
the choice of optimal weights should be made with the knowledge thatdffslase a function

of the levels of objectives. These tramfefunctions show the relationship between a weight on
one objective and the valwé that objective. A set of tradaf functions may be interpreted as

a disaggregated nanferior set, in which the objectives are considered in pairs.

31



Discrete

These methods are for the situations in which the decision makers must choose from a finite
number of alternatives which are evaluated on a common set -@bnonensurable multiple
objectives or criteria. These sort of problems occur in many practical situations. The methods in
this group range from the very simple to the very complex. Some ométkods are:
Exclusionary screening; Conjunctive rankin§imple additive weighing (SAW) method

ELECTRE I and II; Indifference tradeoff method; Directing method; AHP etc.

For example, in the classicalmple additive weighing (SAW) methdéiwang ad Yoon,
1981), the decision maker assigns a set of weights(wy, Wy, ....... , Wy), to the objectives,

X;, ] = 1,...n. Then the performance of alternatieis calculated as:

U, = i\er"/iWi ......... (37)

where,r;; is the rating of théh objedive under thgth objective with a numerically comparable
scale. This is the simplest form of Multiple Attribute Utility Theory (MAUT). The most

preferred alternative , is then selected such that:

A :{A|miain} ......... (38)

The Analytic Herarchy Process (AHRPpaaty, 1980) is a flexible decision making process to

help people set priorities and make the best decision when both qualitative and quantitative
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aspects of a decision need to be considered. The AHP engages decision makersign breaki
down a decision into smaller parts, proceeding from the objective to criteria to subcriteria down
to the alternative courses of action. Decision makers then make simple pairwise comparison

judgments throughout the hierarchy to arrive at overall f®for the alternatives.

3.1.3 Methodswith Progressive Articulation of Preferences

The methods of this class generally follow an algorithmic approach which can be stated as (1)
identification of a nondominated solution, (2) seeking the tradeoff iafamof the decision

maker regarding this solution and modification of the problem accordingly, and (3) repetition of
(1) and (2) until the decision maker expresses the acceptance for a current achievement level,
provided one exists. These methods tylyicafjuire greater involvement of the decision maker.

This process may be advantageous as the decision maker gains greater understanding of the
problem, but in the other hand has disadvantage of being time consuming. Some methods of
progressive articulatio of preferences are: Compromise programming; Step method (stem);

Method of Geoffrion; SEMOPS method; TRADE method:; etc.

Compromise programminmethod(common in water resources management) identifies the
solution, which is closest to the ideal solutigtninimizing the distance from the ‘ideal’ point to
the solution selected (Zeleny, 1973). The distance measure used in compromise programming is

the set of D metrics defined for the tabjective problem as:
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where D, - distance from the ideal poit;  weights; f° = optimal value for objective f;"
= worst value obtained for objective fi(x) = result of implementing decision x with respect to

theith objective; and r = parameter witkx 1 < [1.

F 3
[deal Solution

g 9]
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=
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Region A0

b
Objective 1

Figure 2: lllustration of the Compromise programming method

The compromise set is simply the set of all compromise solutions obtained by the minimization
of D, for a given set aiveightsw; and for all 1< r < [0 (usually the values for r considered are r

=1, 2, and[d). Thus Compromise programming is allowpression of the decision maker's
preference in two waysthe parameter reflects the importance of the maximal deviation from

the ideal point and the weights reflect the relative importance of each objective. Figure 2 shows

the graphical representatiohtbe Compromise programming method.
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3.2 Multiple Objective Problem Under Uncertainty — Single Decision Maker

In most of the real world problems, some of the decision dgtarfdw,,) shown in Table 1

can be precisely assessed while others cannot. @obiabilistic and fuzzy set approaches are
used to denote these uncertainties. Probabilistic approaches follow two main steps, 1)
determining the probability of occurrence of an event; and 2) translating that probability into an
evaluation of risk by deterining the consequence of the event occurring or not occurring.
PROTRADE method can be named that uses probabilistic approach to deal with uncertainty in

multi- objective problem (Goicoechea et al., 1982).

The use of fuzzy set theory is more common anowallincorporating uguantifiable,
incomplete and nenbtainable information, and partially ignorant facts into the decision model.
Introduced by Zadeh (1965), fuzzy logic and fuzzy set theory have been used for modeling
ambiguity and uncertainty in thedi@on making. Fuzzy sets are a generalization of conventional

set theory that was introduced as a mathematical way to represent vagueness of parameters.
The basic idea in fuzzy logic is that statements are not just ‘true’ or ‘false’, but partial truth is
also accepted. In the same way, in fuzzy set theory, partial belonging to a set, called a fuzzy set,

is possible. Fuzzy sets are characterized by membership functions. By definifois, af

collection of objects denoted genericallyxhyythen a fuzzy $eA in X is a set of ordered pairs:

A={(xu,00xa0x (40)

4 (x) is called the membership function or grade of membershifnofA . These membership
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functions are appropriate for modeling prefees of the decision maker. Despic and
Simonovic (2000) have developed an approach for deriving the membership functions for flood

management.

Fuzzy decisioomaking was first introduced by Bellman and Zadeh (1970). According to them,

if goals G, and the constraintd; are fuzzy and are characterized by membership functions
[Mg (X),Hg (X)], then the decision space can be defined through their fuzzy intersection

operation (shown in Figure 3):

LO)=pe(Ynpug(®» (4)

1.0

Lgil%) Ll

Fuzzy
Decision

Figure 3: lllustration of fuzzy decision

Fuzzy theory has been applied in malijective decision making for 1) the aggregation of

performance ratings with respect to all objectives for each alternative; and 2) the rank ordering
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of alternatives aarding to the aggregated score. Incorporation of uncertainty in various multi
objective methods by applying fuzzy theory has been done by various authors. Zimmerman

(1987) and Chen and Hwang (1992) contain a very good summary of these methods.

To demonstte Simple additive weighing (SAW) method, let bathand r; be fuzzy sets

defined as:
w ={(y;.m, (v} 0O and (42)
np={0g.1, 0N, 0L (43)

wherey; andx; take their numbers on the real line ari: My, (y;) and M, (x;)take

values in [0,1]. Then the utility of alternatidecan be calculated as:
U ={(yue W (44)

The variableu; takes its value on the real lin®i and can be obtained using

ui:iijﬂ/iyj ......... (45)

Use offuzzy compromise programming has been introduced in water resources decision making
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by Bender and Simonovic (2000), where the distance matrix (shown in equation (39)) has been
transformed to a fuzzy set by changing all input from crisp to fuzzy and rapibigi fuzzy
extension principle. Fuzzification of objective values, objective weights, and the distance matrix

exponent has been done to incorporate subjective uncertainties while ranking the alternatives.

Fuzzy goal programming is another common agbrda solve multobjective problems under

uncertainty. Yang et al. (1991) formulated the goal programming model as follows, (gt
denote thekth fuzzy goal with a membership functiq [0,1] . The membership function takes

the valie between 0 to 1 for the range of maximum and minimum allowable deviations from the

goal. Then the resulting formulation is:

Max A, (46)
subject to

ASHe (47)

A X20 (48)

where A, is the level of satisfaction to attain the gqaljs the membership function; ards n-

dimensional decision vector.
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3.3  Deterministic Multiple Objective Problem - Multiple Decision Maker

The solution techniquegor deterministic mukbbjective multidecision makers problem
generally contain two steps (a) solution for multiple objectives; and (b) solution for multiple
participants. Methods for the former part have been described in the previous section of this
report. In this section the general methods for fpaltiicipant decisiomnaking as summarized

by Srisoepardani (2001) are presented. The methods are divided into three grups
methods that perform the structuring of the problem; (i) methods thatnpeneasuring
(ordering and ranking) of the problem; and (ii) methods that perform both structuring and

measuring.

3.3.1 Methodsfor Structuring Multiple- Participant Problems

These methods provide fresh perspectives on a problem to create anvaltspaat from
which meaningful and controllable distinct alternatives are likely to be identified. Analogy and
attribute association; Boundary examination; Brainstorming; Brainwriting; Morphological

connection; etc. are some of the methods in this class.

Brainstorming developed by Osborn (1953) is the most widely known and used group
techniques. It is based on two principles and four fundamental rules. The two principles are 1)
deferred judgment; and 2) quantity breeds quality. The four basic rgesiéoa brainstorming
session are 1) criticism is ruled out; 2) figeeeling is overcomed; 3) quantity is wanted; and

4) combination and improvement are sought. The method is based on the premise that deferred
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judgments enhance creativity and that orahrmoinication diminishes it. The main advantage of
this method is that it produces a large number of ideas within a shorter period of time. The
disadvantages include possibility of monopolization of a session by a group member; it's
requirement of having mérars of equal status with basic familiarity with the problem; and it's

applicability to relatively simple problems.

Brainwriting is a similar method with Brainstorming, except for using written ideas instead of
verbal communication. The advantages laa& dominance of stronger personality is eliminated
and all members of the group can work in parallel. The disadvantages are that: (a) there will be

inevitably duplication of ideas; and (b) it is not useful for large group size.

3.3.2 Methods for Ordering and Ranking Alternatives in a Multi-stakeholder

Environment

The Nominal Group Technique (NGDelbecq et el., 1975) takes advantage of the positive
aspects of brainstorming and brainwriting and structured communication that improves alignment
of groupmembers' perception of the problem without working towards consensus. The steps of
this method include: 1) introducing the meeting; 2) silently generating ideas in writing; 3) round
robin recording of ideas; 4) serial discussion for clarification; 5)npirelry vote on relative
importance; 6) discussion of the preliminary vote; and 7) final vote. NGT has the advantages of
brainwriting method, also it provides a sense of closure often not found-girlessired group
methods. Disadvantages include it'palaility to deal with only one question at a time; that it

requires highly skilled leader and that the method becomes burdensome with a large size group.
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The Delphi methodTuroff, 1970) is similar to NGT except that the group members do not
meet face tdface. Instead, a panel is used with members in communication remotely through
several rounds of questionnaires transmitted in writing. Delphi is an expert opinio survey with
three special features anonymous response, iteration and controlled feedbatktatistical

group response. Another advantage of this method is that it is possible to cover a wide
geographic area and a large heterogeneous group that can participate on an equal basis. This
method needs great deal of preparation due to the naturdtesf gommunication and is time

consuming.

Voting elicits ordinal judgments and mathematically aggregates them into a group judgment.
Two types of voting are nonranked voting system and preferential voting system. Nonranked
voting is for twealternativesituation. Preferential voting is the method which allows the voter
not only to indicate the most desired alternative, but also in what order or preference he/she
would place the alternative. However, the problem of aggregating individual preferences to fo

a group choice remains as a subject of much discussion and controversy.

Disjointed incrementalisms a method to select the best policy based on its incremental
consequences. This method was proposed to deal with complex policy decisions, typically in
the government, in which a holistic approach for policy decisions is either impossible or

impractical.

Conjoint measuremeris concerned with predicting the values of a dependent variable by
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combining a set of independent variables in some functiomal. fohe coefficients of the

function are usually estimated by regression techniques.

3.3.3 Methods for Structuring and Measuring alternatives in a multi-stakeholder

environment

Multiattribute Value Theory (MAVTJLuce and Raiffa, 1957) attempts to maxi&na
decision maker's value (preference) which is represented by a function that maps an object
measured on an absolute scale into the decision maker's utility or value relations. The function is
constructed by, for example in the case of MAVT, askirigriptiuestions involving probability

to articulate decision makers' value trafis among the conflicting attributes (objectives).
Preferences are used in MAVT. The functional representation of aaljeltiive problem is
obtained by aggregating the diént single attribute functions, each representing a different
objective, by taking into consideration the relative weights of the objectives. Recent versions of
MAVT have tended to look at the broad complexity of a problem within a structured

framework @ad not simply as criteria and alternatives.

Generic utility theoryis designed as a general framework for patitibute utility modeling. A
group utility or value function that takes the diversified evaluations of its individual members into
consideratin, can be obtained either by aggregating individual functions or by partial

identification of the group function (Seo and Sakawa, 1985).
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Game theorywhich is based on the utility theory, is a mathematical technique for the analysis
of conflict resolutin. A conflict is comprised of participants who select various outcomes from a
list of alternatives and the conflicting outcome may put the participants in competition. Game
theory attempts to abstract the elements of such competitive situations, ameimpimtot

mathematical models to analyze them in a scientific way.

3.4 Multiple Objective Multiple Stakeholder Problem Under Uncertainty

Research is in progress to develop the methods to deal withohjedtive multipledecision

maker problems undenagrtainty. These have been developed basically by combining the
methods mentioned in the previous sections. A few works are described in this section to get
the insight in the process that has been followed to arrive at a decision Holjealive multi

stakeholder environment where uncertainties are considered.

3.4.1 Probabilistic Approach

Borsuk et al., (2001) described a decisamalytic approach to modeling a river management
problem, focusing on linking scientific assessments of stakeholdetiv@gedhe first step in

the approach is elicitation and analysis of stakeholder concerns. The second step is construction
of a probabilistic model that relates proposed management actions to attributes of interest to

stakeholders.
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Because of the compléxiof the natural system and the need for a model to support decisions
in the near term despite scientific uncertainty, a probabilistic model known as probability
network has been adapted in this study. Probability networks are graphical models that depict
probabilistic relationships among uncertain variables. These relationships among the system’s
variables can be used to perform both prediction and inference. With the model fully specified
and validated, probability distributions (or risk profiles) carptmluced for model endpoints,

given particular sets of conditioning values. A decision maker then can visually compare the

probabilistic profiles to assess the nature of risks associated with different alternatives.

The consideration of multiple partieipt plans can be facilitated by considering summary
statistics, such as mean, medians, or exceedance probabilities. Alternatively, the risk profiles can
be analyzed for stochastic dominance, allowing for rejection of clearly inferior alternatives.
Finally, because the risks relate directly to endpoint variables that are meaningful to
stakeholders, they can be evaluated in terms of associated costs and benefits, or by means of a

multiattribute utility function to yield expected objectives.

3.4.2 Bayesian Analysis

Bayesian analysiss a popular statistical decision making process which provides a paradigm
for updating information in the form of probabilities. It is based on the premise that decisions
involving uncertainty can only be made with the aid obrimiation about the uncertain
environment in which the decision is made. Bayesian theory updates information by using Bayes

theorem, a statement of conditional probabilities relating causes (states of nature) to outcomes.



Outcomes are results of experimamsd to uncover the causes. Bayesian theory revises initial

or prior probabilities of causes, known from a large sample of a population, into posterior
probabilities by using the outcome of an experiment or test with a certain probability of success.
Prior probabilities are obtained either subjectively or empirically by sampling the frequency of
occurrence of a cause in a population. Posterior probabilities are those based on the prior
probabilities and on both the outcome of the experiment and on theeobstiability of that

experiment.

D’Ambrosio (web reference) demonstrated Bayesian method for collaborative decision making
which prescribes that the optimal action to choose is the alternative that maximizes the
subjective expected utility (SEU). Thaodel consists of three elementsl) a set of belief

about the world; 2) a set of decision alternatives; and 3) a preference over the possible outcome
of the action. The model avoids combining team members’ evaluations by sampling from the
entire space gbreference, a function bounded by the individual member preferences. If the
same choice is best everywhere in the space, then the choice is clear. If there are some parts of
the space in which a different choice is preferred, then the analysis measspagiahvolume

in which each choice is preferred. This volume can be interpreted as a probability that the

choice is the best under a consensus preference model.

3.4.3 Fuzzy Approach

Blin (1974) showed that the notion of fuzzy preference over thefsalternatives can be

applied to the group decision problewhere the decision maker becomes a collective entity
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and conflicts exist between individual preferences. It is noted first that the preference varies
over the pair of alternatives irAx A. There are certain pailéag,aj ) [0 Ax A for which an
individual or a group has a definite preference for the alternatveer a, . Preferences on all

other pairs cannot be represented by a simple ‘yes’ or ‘nehstat, and therefore are stated
as fuzzy preferences. Let us consider the closed unit interval [0,1] where strict definite

preference over certain pairs can be assigned the value 1, and reciproeaiydifinitely
preferred oveia, then the preference far, overa is assigned the value 0. All other pairs can

be assigned preference values between 0 and 1. Formally we have a finite sequence of nested

subsets,S,; U'S,, U...... 00§, OAx A. Each subse§,; is defined by a value, J[0,1] . All

pairs (ak , a1) 0 Ax A whose preference level is at leastare in §,; . In other words

S =(a.a)0AxAu(a,a) 20, L (49)

where uR(ak, q) denotes the level opreference over the pair. In the fuzzy set terminology
these §,; are thea -level sets of a fuzzy relatioR on Ax A with membership functiornu,
and those sets form a nested sequence of nonfuatiprrehith o, za; 0 S; U §; .

According to Zadeh (1971) any fuzzy relati®ion a set can be decomposed into the union of a

class of notfuzzy sets (thet -level sets)S,; :

R=US, O<a <1 (50)
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where each,; setis defined by the characteristic function

_o for(a.a)0s,
HS, (a.a)= Dy omerwise. e (51)

The process of resolution of a fuzzy relation into a sequence of progressively wedlerynon
relations provides a formal model of the notidwliierent degrees of preference. In the case of
group decision making, the derivation of the-furzy collective preference ordering from a
fuzzy set of individual preference orderings of multiple decision makers depends on the selection

rules for the allective choice. Using simple majority rule:
1
MR(ai,aj)ZHN|O”-| ........... (52)

where n is the number of assessors, u|1|6),j | denotes a total score (e.g. number of votes) for

the pairwise preference orderil@) between the alteativesa, anda, .

The final ordering for the alternative can be obtained by mapping the fuzzy preference relations

into a norfuzzy ordering.

Kacprzyk and Nurmi(1998) presented the use of fuzzy preference relations amg fuz
majorities in the derivation of group decision making (social choice) solution concepts and
degrees of consensus. Emphasis has been given on the use of the mentioned methods to derive

more realistic and human consistent solutions when both preferamtemajorities are
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imprecisely specified or perceived, and may be modeled by fuzzy relations and fuzzy sets.

ifAG]=12,..... n) alternatives are to be evaluatedoyk = 1, 2, ...... m) individuals,
first step is to construct a fuzzy preference celatiatrixr;* by pairwise comparison of the
alternatives by each individual. Then the aggregation is performed to reach the consensus in the

following way
To find out if A defeats A( h;* = 1) or not k;* = 0), h;*is calculated as:

fek
ol fE<0s (53)

J otherwise
Thenh*is calculated to find the level (O to 1) at which individki not against A

k — 1 C k
ME e (54)

J

To get this for all the individual; is calculated as:

Then, v(j? is computed which represent to what extent (0 to 1) most (Q) individuals are not
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against alternative; Awhich is

vo=ko(h) (56)

Finally, the fuzzy set of alternatives that are not defeated by most (Q) ofdiaduals is

expressed as the fuzzydQre:

Co ={(ANVG) (A VG e Ao} (57)

Here, fuzzy linguistic quantifiers as representations of a fuzzy majority have been employed to
define a degree of consensus. This degree is meant to overcome some fitimess
conventional concept of consensus in which consensus occurs only when all the decision makers

agree to all alternatives.

Kwok et al. (2001) proposed a fuzzy Group Support System (GSS) to improve the quality of
the group decision outcome. The moethntegrates (1) a fuzzy MCDM model; (2) a group
suppostrt system (GSS) and (3) structured group decisaking process. The fuzzy MCDM
model includes fuzzy individual preference generation and group aggregation. Supported by the

GSS, the structured deicis making process makes group participation effective.

Fuzzy MCDM model

The proposed fuzzy MCDM model for group decision making integratesankad voting
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method, particularly the approval voting method with fuzzy set theory. The model includes fuzzy

individual preference generation and group aggregation.

LetA = {A, A ..., A}, m>=3 be a finite set of alternative§ = {C,, C, ..., Cy be a given

finite set of attributes or objectiveB;= {P,, P> ..., Py}, n>=2, be a given finite set of decision

makers The steps of generating individual preferences are:

1.

2.

Considering the different importance of attribGtethe different weights to the attributes
are determined using the Analytic Hierarchy Process (AHP). By pairwise comparison of

the relative importare of attributes, the pairwise comparison matix[g],,, IS

established, where; represents the quantified judgments on pairs of attrililjtesd
C;. The consistent weights for every attribute can be determined by calculating the

normalized gncipal eigenvector. The weights are denoteavgsns,, ...., W, , where
t

w 0[0,1] and y w =1.
2

Against every attribute; (j = 1, 2, ....., t), now should be assigned either 1 or O to
preferred and unwanted alternatives respectively.ushal method of yes/no to choose

or reject an alternative is sometimes difficult to be followed by the decision makers.
Linguistic terms are used to assign belief levels containing various degrees of
preferences required by the decision makers. The diigterms used ar&belief) =

{very sure, sure, not very sure, not sure} and are represented by specific membership
functions for each term. The individual selections are denoted as two matrices:

alternative selection matrigv;) and belief matrix(by;) respectively, arev; 0{0,1} ,

b 0ZOO} (=1,2, cooey £ = 1,2, oy m),
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3. Then alternative selection matrix) is aggregated to alternative selection veatoy: (

V) =W XV W, XV, +W, XV, ... (58)

and the belief max (b;) is aggregated to belief vectdy, {:

4. The decision maker again makes overall judgment on alternatives based on the
alternative selection vector and belief vector. The result is called waligdlection

vector.

g
5. Allindividual selection vectors are then composed by group selection r#%t?ixThis
is then aggregated into a group preference veglor € 1, 2, ..... ,m, where each
decision maker has an equal weight of. Bfter ranking the group preference vector

(r;), the group can reach an agreement on the preferred alternatives.

Group Support System (GSS)

A Group support system is an interactive compbéesed system that combines computing,
communication and decision kewlogies to facilitate problem formulation and solution in
collaborative work. Its goal is to ease the cognitive load of groups on particular dewking

tasks so as to improve the productivity, efficiency, and effectiveness of group meeting. In this

study, the GSS has been used for brainstorming and evaluating alternatives for regisign
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Structured Group Decision Making Process

A structured group decisiamaking process is proposed to facilitate the use of GSS and the

fuzzy MCDM model. The sfis are:

1.

2.

Brainstorm the basic alternatives
Evaluate the basic alternatives with reference to the decision criteria
Generate individual fuzzy preference on the basic alternatives

Aggregate individual preference to obtain decision outcome

If all the decision makers agree with the evaluation results, then the whole decision process

ends, otherwise, decision makers may repeat the above steps in order to reach an appropriate

level of group consensus.

52



4. DISCUSSIONS

In light of the experience gatteel from this summary of multibjective decisiommaking
techniques, comments can be made on the applicability of these methods for the flood
management decisionaking in the Red River basin. As mentioned earlier, flood management
problem in the Red Rivebasin is a discrete type of problem, where a finite number of
alternatives have to be evaluated before taking the decision. The evaluations are to be
performed by a large number of decision makers (stakeholders) based on different non
commensurable objéats characterized by imprecision, indetermination and uncertainty. The
approach taken by Blin (1974) and Kacprzyk and Ni®9®8) used simple majority rule that

is more applicable for larger number of participant. But in both cases, multiple objeeirees w
not been considered, which leaves the scope to include multiple objectives with these
approaches. The approach of Kwok et al. (2001) is a widely applied one, where the
preferences of individual decision makers are aggregated to get the group déhision.
approach suffers from lack of efficiency in case of a large number of decision makers. The use
of linguistic variables to represent ordinal preference has been applied in all these works. But, in
real world decision making situations, both linguigikpressions and numbers, are needed to

express the decision makers’ preference.

Applicability of fuzzy approach to represent imprecision and vagueness is highly recommended,
as this approach can handle imprecision that is not possible to represengbifitprahalysis.
Fuzzy multiobjective methods, like fuzzy compromise programming and fuzzy goal

programming have been widely used in water resources planning problems, because these
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methods easily adapt to fuzzy inputs. Fuzzy goals, fuzzy weights amduatty parameters
bring these model closer to reality and the decision maker can extract the information necessary

with greater accuracy, minimum loss of information and above all with higher satisfaction.

The possibility of collective fuzzy input intbe two above mentioned methods can be explored

as a new research idea to incorporate a large number of stakeholders in the decision making
process. In compromise programming, if the fuzzy collective weight function can be constructed
that would reflecthe opinion of multiple stakeholders. In goal programming, the preference of
the stakeholders in achieving different goals, as well as the degree of achievements can be
represented by fuzzy membership functions. In both cases, the methodology to cothe up wi
these functions needs to be developed so that these reflect the collective opinions and conflicting

judgments present in flood management problems.
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5. CONCLUSIONS

A review of water resources muttbjective decisiommaking approaches has been made
focusing on the issues of single and multiple decision makers under deterministic and uncertain
conditions. Basic formulation of a multiple participant roltijective decision making problem

has been outlined for flood management in the Red River basitipl&objective decision
making methods have been classified under four grdapsultiple participant single decision
maker (deterministic); (b) multiple participant single decision maker (uncertain); (c) multiple
participant multiple decision maker {eeministic); and (d) multiple participant multiple decision

maker (uncertain).

Although the review is far from being complete, it can be concluded that there are a number of
approaches to deal with mutibjective decision problem. The inclusion of nplétistakeholders

is a growing line of research, where substantial works need to be done in order to handle a large
number of decision makers. Fuzzy approach can be useful to handle multiple stakeholders, as

well as to deal with uncertainties associateth e multiobjective decisiomaking.
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