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Abstract Water resource systems, with an abundance of project purposes and re-
source values, are subject to conflicting policy, planning, and management decisions.
Multi-criteria decision making methods (MCDM) provide a framework to help water
managers identify critical issues, attach relative priorities to those issues, select best
compromise alternatives, and facilitate communication to gain general acceptance.
This paper addresses a method that incorporates several system factors/components
within a general framework for providing a holistic analysis of the problems and
comprehensive evaluation of the related mitigation/adaptation measures and policy
responses. The method accounts for uncertainties in both the quantification and
importance of objectives in the ranking process. The proposed fuzzy multi-criteria
decision making process uses the well known Technique for Order Preference by
Similarity of Ideal Solution (TOPSIS) method in both deterministic and uncertain
environments. The performance of the proposed approach to a real water resource
management problem in Iran is illustrated. Results show that the model may be
used in a large-scale multi-level assessment process. Ranks of the alternatives are
presented using deterministic and fuzzy based models.
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1 Introduction

Water resource systems, with very diverse purposes and resource values, are subject
to conflicts over water management decisions. Most often these conflicts arise
because water resource systems are managed to optimize conflicting benefits for
water supply, hydropower, recreation, and/or flood control. Although these benefits
are usually quantified in monetary values, natural and environmental resources are
often difficult, if not impossible, to be quantified in economic terms (Flug et al. 2000).
In optimization approaches to systems analysis it is most convenient to describe all
objectives in commensurable units. In spite of extensive research efforts in this area,
to date this remains difficult and controversial. This difficulty is more pronounced for
natural and cultural objectives, which are often evaluated in qualitative terms only.

Management of water resource projects is highly complicated partially due to
their multi-period, multilayer, and multi-objective features. For a given goal, many
alternative options may exist with different levels of satisfaction for the related
decision makers and stakeholders. It is, if not impossible, very difficult to clearly
identify the “best” among them (Goicoechea et al. 1982). Optimal ranking of water
projects with conflicting objectives (environmental, physical, socio-economic, and
health) can be very complex issue and challenging.

Today Multi-Criteria Aid (MCA), as an established methodology, has received
particular attention in water resource management, partly because water policy is
seldom guided by a single objective. MCA can be defined as a decision model which
contains (Figueira et al. 2005a):

— A set of decision options to be ranked by the decision maker

— A set of criteria, typically measured in different units

— A set of performance measures, which scores and/or ranks each decision option
against each criterion.

There is a need for reliable methodology to select and rank water projects and
alternatives according to different objectives. During last decades, techniques dealing
with complex problems being characterized by mixtures of quantitative and quali-
tative objectives, have received considerable attentions. These techniques establish
preferences between alternatives to an explicit set of objectives and measurable
criteria (Mourits and Oude Lansink 2006; Figueira et al. 2005a).

Multi-criteria decision analysis (MCDA) methods provide a framework to help
water managers identify critical issues, assign relative priorities to those issues, select
compromise alternatives, and facilitate communication to gain general acceptance
between stakeholders (Hajkowicz and Collins 2007).

The Technique for Order Preference by Similarity of Ideal Solution (TOPSIS),
with no articulation of preference information, was initially proposed for solving
multiple attribute decision making problems (Hwang and Yoon 1981). With a given
reference point, MCDM problems can then be solved by locating alternatives or
decisions which are closest to a reference and/or ideal point.
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The aim of this research is to address a technique incorporating multi-level
analysis to determine the actual state of the water related environment from joint
ecological and socioeconomic perspectives. Based on this technique, a holistic analy-
sis and comprehensive evaluation of the project and/or related mitigation/adaptation
measures and policy responses in a large-scale water resource development project
is accomplished considering several system factors/components within a general
framework. The proposed multi-criteria decision making approach includes not only
those factors within the water system itself but also other socioeconomic, ecological,
environmental, legislative, and political issues due to their direct or indirect relations
to water management. The method is able to account for uncertainties in both
the quantification and importance of objectives and/or criteria in the ranking. The
proposed approach has been applied to the Karun river basin in Iran where the
ministry of energy places high priority on economic return and energy development,
environmental interest groups prefer preserving the natural ecosystem, and native
people are more concerned about their living style and local culture, which is closely
related to habitat protection and community stability.

The proposed method starts with evaluating the actual state of the system as: (1)
Basic indicators are defined, (2) Maximum and minimum values for the basic indi-
cators are determined, (3) basic indicators are grouped according to defined second-
level composite indicators, and (5) second-level composite indicators are grouped
according to the composite ecological indicators and the composite socioeconomic
indicator. Then the second-level and the third-level composite distance functions
are calculated from the first and second-level distance functions, respectively. The
composite distance from the reference point (ideal solution) is then minimized to
locate the most desirable solution, as discussed in detail in the next sections (UNEP
1987).

2 MCDM Approaches in Water Resources Alternative Ranking

Multi-criteria decision making (MCDM) refers to the process of screening, pri-
oritizing, ranking, or selecting a set of alternatives under usually independent,
incommensurate, and/or conflicting criteria (Larichev and Moshkovich 1995; Raju
et al. 2000).

A wide variety of MCDM models has been developed to help a decision maker
(DM) select from, at least partly conflicting, finite sets of alternatives accord-
ing to two or more criteria. An MCDA problem consists of a set of alterna-
tives and/or options, A = {A, As,..., Aj,..., A,}, and a set of criteria C =
{C1,Cs, ..., Ci, ..., Cy). The consequence on criterion i of alternative A; is ex-
pressed as x;;. The importance of each criterion is usually given in a one dimensional
weights vector W, where w; denotes the weight assigned to the ith criterion. Although
not universal, Hajkowicz and Collins (2007) outline the most common stages in a
MCDM process.

As outlined by Hajkowicz and Collins (2007), MCDM techniques may be clas-
sified as (1) multi-criteria value functions (Lai et al. 2008), (2) outranking approaches
(Figueira et al. 2005b), (3) goal or reference point method (Abrishamchi et al. 2005),
(5) pairwise comparisons (Saaty 2004), and (6) tailored methods (Hyde et al. 2004).
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Goal programming (GP) and compromise programming (CP) are two major
methods which fall into goal or reference point method. The underlying principle
of GP is to eliminate alternatives until a satisfactory level of performance for each
criterion is achieved. The CP is an extension of GP in which some measure of distance
is used to come as close to the ideal solution as possible. These approaches identify
the reference levels as ideal and anti-ideal values for the criteria. Then the closest
decision options to the ideal and furthest from the anti-ideal are identified. Where
no ideal or anti-ideal is easily defined, the minimum and maximum criterion values
may be used. Compromise programming and TOPSIS are among the most common
techniques of this type.

In an extensive critical survey of 94 papers in water resource applications of con-
ventional MCA methods, Hajkowicz and Collins (2007) found out that, disregarding
the specific methods within the category, distance to ideal point approach has been
employed more frequently (Table 1). TOPSIS was reported as the least frequently
used method within the category. Although there is a controversy in accepting fuzzy
set analysis as a MCDM method by itself, it has been ranked as the second in this
survey. In fact, it combines different MCDM approaches with fuzzy set concepts
to tackle some of the possibilistic uncertainties in the values and/or weights of the
criteria (Hajkowicz and Collins 2007).

The applications cited by Hajkowicz and Collins (2007), names some more
important articles in different areas of water management. Without downgrading
other valuable researches, few related works belonging to the third class (goal or
reference point method including TOPSIS) are cited as follows. Gershon et al. (1982)
dealt with multi-objective optimization of river basin planning. MCDM approach was
employed to select a best wastewater management alternative by Tecle et al. (1988).
Simonovic (1989) formulated a MCDM model for ranking national water master
plans in Canada. Flug et al. (2000) applied the weighted sum method to evaluate nine
discrete flow release alternatives in managing the Colorado River system below Glen
Canyon Dam. Kheireldin and Fahmy (2001) applied Compromise Programming to
evaluate Egypt’s long term water strategies under several social, economic, and
environmental factors. They concluded that while this MCDA approach provided
an efficient and systematic way of presenting tradeoffs among policy choices, it
also provided transparency for negotiation among different stakeholders. Some
other major contributions are on ranking groundwater management alternatives
(Duckstein et al. 1994), design of long-term water supply in Southern France (Netto

Table 1 Water resource applications of conventional MCA methods

Category MCA method Number of application
Distance to ideal point Various methods (CP, TOPSIS, ...) 24
Fuzzy set analysis Fuzzy set analysis 22
Pair wise comparisons Analytic Hierarchy Process 15
Outranking methods ELECTRE I, II, II1, IV and TRI 15
Outranking methods PROMETHEE I, 11, V 12
Multi-criteria value function Multi attribute utility theory 8
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et al. 1996), conflict resolution in water resource planning (Cai et al. 2004), and urban
water supply planning (Abrishamchi et al. 2005).

Most real-world water resource problems are characterized by various degrees
of uncertainty. Ashtian et al. (2009) presented an interval-valued fuzzy TOPSIS
method to solve MCDM problems in which the weights of criteria are unequal.
Inexact and interval-valued fuzzy approach has been proposed and applied to solid
waste management problems in uncertain environments (Tan et al. 2009; Cai et
al. 2009). To directly cope with linguistic models of human interpretation of envi-
ronmental systems, Borri et al. (1998) introduced a fuzzy rule-based methodology
for environmental evaluation. Gonzalez et al. (2002) utilized fuzzy logic to relax
the need for in-depth environmental knowledge and extremely accurate data to
conduct the assessment study. Very often crisp data are inadequate to model real
life situations. Triantphyllou and Lin (1996) employed fuzzy arithmetic operations to
develop a fuzzy version of TOPSIS method which leads to a fuzzy relative closeness
for each alternative. Morén et al. (2009) presented a fuzzy EIA model which
incorporates both qualitative and quantitative information, using fuzzy set theory.
They also presented a software program which implements this fuzzy methodology
for environmental impact assessments. Liu et al. (2009) utilized fuzzy logic as a
decision support approach for environmental impact assessment. The evaluation
knowledge represented by “if-then” fuzzy rules is used to measure the significance of
environmental impacts. Chen (2000) described the rating of each alternative and the
weight of each criterion by linguistic terms which were expressed in triangular fuzzy
numbers. A vertex method was proposed to calculate the distance between two trian-
gular fuzzy numbers. According to the concept of the TOPSIS, a closeness coefficient
was defined to determine the ranking order of all alternatives by calculating the
distances to both the fuzzy positive-ideal solution (FPIS) and fuzzy negative-ideal
solution (FNIS) simultaneously. Peche and Rodriguez (2009) proposed an approach
based on fuzzy logic to carry out the environmental impact assessment (EIA) of
activities and projects.

The choice of an appropriate method depends on the characteristics of the system
being considered, on availability of data, and on the objectives and constraints
specified (Barros et al. 2003).

3 Problem Formulation with UNEP Method; TOPSIS Approach

The TOPSIS method was initiated for solving a multiple attribute decision making
problem with no articulation of preference information (Hwang and Yoon 1981).
TOPSIS technique is based on the concept that the ideal alternative has the best
level for all attributes considered, whereas the negative ideal is the one with all
the worst attribute values. A TOPSIS solution is defined as the alternative which
is simultaneously farthest from the negative-ideal and closest to the ideal alternative
(Chu 2002).

Due to incommensurability among the criteria, one has to normalize the distance
family to minimize and practically reduce the effects of the incommensurability. To
obtain a compromise solution, the normalized distance family to the ideal solution
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may be used. The problem then becomes how to solve the following auxiliary
problem which defines the distance between two points, f(x) and f(x*) (the ref-
erence/ideal point), in k dimensional space as:

k 1/p
mlndp = (Z (fx) — ))p> 1

=1

o re - )\
N

or

=1

in which p addresses the importance of deviation from the ideal situation, and x*
is the ideal solution. The value of p reflects the way of achieving a compromise
by minimizing the weighted sum of the deviations of criteria from their respective
reference points.

The United Nation Environmental Program (UNEP) has proposed a methodol-
ogy and guideline for assessing water resource development projects. The method-
ology employs a TOPSIS type approach. The first section of the procedure refers to
the evaluation of the actual state of the system. It is performed by defining the basic
indicators, determining the maximum and minimum values for the basic indicators,
grouping the basic indicators according to defined second-level composite indicators,
and grouping second-level composite indicators according to the composite ecologi-
cal indicators and the composite socioeconomic indicator.

Let A be the set (discrete or continuous) of management options, and A; be the
jth element of this set. Next, the relationship Z;(x;) between the options A; and
the resulting values of the basic indicators (x;) should be estimated. This step can
be performed with different degrees of sophistication. Clearly, a detailed analysis
would involve use of several prediction models both for indicators in the ecology
and socioeconomics environments. Since units of basic indicators are different, the
further trade off analysis requires that the actual values be normalized, using the
maximum and minimum Z‘ (max Z’ and min Z’, respectively) (Eq. 3a and Eq. 3b)
to produce index function of S;(x;).

max Z/ — Zi(x;)

Six) = ——"—- 3
) max Z! — min Z* (32)

Si(x) = M (3b)

max Z! — min Z*

Where max Z' = max; Zj(x;) and min Z' = min; Z;(x;).
Next, second-level composite distance functions are calculated as:

n; 1/pi
LP(x) = |:Z aij. S (Xi)P’:| 4)
i=1

Where, n; is the number of basic indicators in group i, «;;» are weights expressing
the relative importance of basic indicator i in group /', and P; is the balancing
factor among indicators in group i’. The weighting factors «;; and P; should be
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assessed. The weighting scheme is assumed to be independent of the various options.
Further, third-level composite distance functions are calculated from the second-
level distance function as:

my 1/ pk
L0 = [zaﬂ,.L;?; wk} ®
i=1

Where my, and Py are the number of elements and balancing factor among indicators
in group k (ecology and socio-economy in second-level). Finally, the system compos-
ite distance function can be calculated as Eq. 6.

Liw = [ LO0 + e L 0?] ©)

Equation 6 shows that the systems composite indicator, L, is a function of option A;,
basic indicator, relationship Z (x), and a weighting scheme « and p. The next step of
the procedure selects the most desirable option from the available ones. The option
with the closest state to the ideal state is selected as the best option. Since the system
composite index L measures the distance from the ideal state, the best option will
correspond to the minimum value of L(x).

4 Fuzzy-Based Approach to TOPSIS MCDM (UNEP Method)

Classical TOPSIS methods assume that the ratings of alternatives and the weights
of criteria are crisp numbers. Increasingly, this is recognized as unrealistic. Gener-
ally, uncertainties arise from unquantifiable, incomplete, unobtainable information,
and/or partial ignorance. A variable’s value can be uncertain, both, if it is single-
valued, deterministic, and constant with imperfectly known value, or if its value is
constantly fluctuating with a random pattern (Lund 1991). Beside the probabilistic
analysis, many other forms of analysis have been proposed to integrate uncertainty
into decision analysis. These include fuzzy sets, analytic hierarchy process (AHP),
sensitivity analysis, “robust” analysis, etc. (Lund 2008). Since classical TOPSIS
method cannot handle problems with imprecise information, the representation
and interpretation of “uncertainty” and human-related subjective preference may
be helpful. Fuzzy set theory (Zimmermann 1996) seems to have been the most
commonly used method in accounting for such vague and imprecise information
(Hajkowicz and Collins 2007).

Uncertainty in water resource management problems can be attributed to the
random or fuzzy character of the information available. Fuzziness is non-statistical
in nature and refers to the absence of sharp boundaries in the information. This
imprecision is generally due to the inclusion of human judgments and preferences
in a problem formulation. Fuzzy set theory has extensively been applied in MCDM
processes (Zhou et al. 1999; Fu 2008).

Fuzzy multi- criteria decision making model (FMCDM) utilizes linguistic variables
and fuzzy numbers to aggregate the decision makers’ subjective assessment about
criteria weightings and appropriateness of alternative candidate versus selection
criteria to obtain the final scores-fuzzy appropriateness indices (Fu 2008).
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To consider fuzzy, as opposed to crisp, values in D (performance matrix) and W
are presented as Egs. 7 and 8.

D =[5 )

w = (w) ®)
Where xj-,» represents the fuzzy rating of alternative A; with respect to criterion C;,

and w; represents the fuzzy weight for criterion C;.
In the absence of a reliable probability distribution function, an intuitively easy,
effective, and commonly used approach to accounting for uncertainty about the

value of an unknown parameter is a triangular fuzzy number xNi]- = (ajj, bij, ¢;j). In
applications it is often convenient to work with triangular and/or trapezoidal fuzzy
numbers because of their computational simplicity, and they are useful in promoting
representation, and information processing in a fuzzy environment (Ertugrul and
Giines 2007; Ertugrul and Karakasoglu 2008).

The fuzzy performance matrix is formed by arraying columns of alternatives with
rows of criteria as shown below.

X111 X112 ... Xip
X221 X222 ... Xop
D: :V "\/ cees :\/
Xit Xig e Xip
_xml Xm2 - Xmn n

Where )Nc,j represents the performance of alternative A; with respect to attribute C;.
The performance matrix should be normalized to convert the values of alternatives
into a common dimensionless unit for comparison. The normalized performance x;;
can be obtained using the following transformation formulae for benefit criteria and
cost criteria, respectively.

;._ aij bi,‘ Cij (9)

==, =, =

! et ef

- _ (4 a a

PO (B B (10)
Cl']' bij ai]-

Where cl-+ = max;cj, a; = min;a;;, and r;; represents the normalized performance of

Aj with respect to attribute C;. The matrix form of r} is given as follows:
r =[] (11)

By multiply the performance matrix r by its associated weights w, the weighted

performance matrix V is obtained as:

V=row (12)
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Zhou et al. (1999) proposed a multi-objective fuzzy pattern recognition model to
provide the global evaluation for every alternative with respect to all criteria. Ac-
cording to the maximum principle of membership degree, one can select the desired
alternative from n available alternatives. They defined the optimum membership
degree of each alternative as:
\2
(47)

2 2
(4) + ()
In which d} and d; are the synthetically weighted distance of alternative j to the best
and worst alternatives, respectively.

To calculate the distances of alternative A; to the ideal and anti-ideal alternatives,
the fuzzy ideal weight distance is defined as Eqs. 14-15.

o o aa\\717
R e
rom =~ 1/q
d; =) (d <;ij’;i )) } (15)
Li=1

~W W
Where R = [r;]is the weighted performance value of alternative A; with regard to
criterion C; and m is the number of criteria. In this study, we define the positive ideal

wj= (13)

solution Nr*i = (1, 1, 1) and the anti-ideal solutions Nr_i = (0, 0, 0) under the criteria as
references to measure alternatives’ performances. For more information on different
methods to measure the distance between fuzzy numbers refer to Hsieh and Chen
(1999).

5 Model Application to Karun System Development
5.1 Description of the Study Site

In this study, the Karun system has been considered by different levels and different
approaches. Karun is the largest river in Iran with average annual discharge of
14,690 MCM. Due to its high hydropower potential and large irrigation demand in
Khuzestan plain, 12 reservoirs are either constructed, under construction, or being
designed (Fig. 1). This study concentrates on Karun II(3), II(8), III, and IV from
which Karun III reservoir is already constructed and is definitely a fixed member
of all development and management options. For Karun II, two different alterna-
tives are available at different sites, in which Karun II(8) is approximately 40 m
shorter. Due to their pronounced environmental impacts, the Ministry of Energy
has conducted an impact assessment study on all potential reservoirs emphasizing on
Karun I1(3), II(8), III, and IV as the largest ones. Table 2 presents the seven different
development alternatives defined by the water authorities in Iran Water and Power
Development Company (IWPDC) to assess the priority of any of the reservoirs
and/or their combinations. All information on different alternatives is extracted from
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Shahr-e Kord

Godarlandar Dam
Abbaspour Dam
Karcon Il Dam
Karoon Il Dam
Bazoft Dam
Karoon V Dam
Karoon IV Dam

. Khersan | Dam

. Khersan Il Dam

. Khersan Il Dam

-k a PR NDHNE NS
Nag® s = MV

Fig.1 Karun river basin development scheme

technical reports on individual reservoirs and is available on request from the first
author (Hydroinformatic Research Center 2005).

Environmental impact assessment is generally complex in nature in that it involves
a variety of qualitative factors arising from ecological, social, economical, and even
political concerns. Because of imprecision in data, uncertainty in modeling and sub-
jectivity in human judgment, decision making for environmental impact assessment
(EIA) is actually a multi-criteria decision making problem under fuzzy environments.

5.2 Modeling Approach

This study employs a multi-level evaluation method for determination of the ac-
tual state of the water related environment from a joint ecological-socioeconomic

Table 2 Development

. Y g Option Management option

alternatives in Karun river

basin study Ay Karun II(8), Karun III, Karun IV
Ar No development
Aj Karun 11(3), Karun III, Karun IV
Ay Karun III, Karun IV
As Karun II(8), Karun III
Ag Karun ITT
A7 Current state (as is)
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standpoint. The method is flexible since the number of basic indicators as well as third
and second level criteria may be changed according to the characteristics of the sys-
tem. This flexibility is reflected in the mathematical presentation of the methodology.

Clearly, there are systems which have few basic indicators and/or where no second
level criteria is proposed. On the other hand, more than three level analysis and
system decomposition may be needed if the water related environment is much more
complicated. The specified three-level analysis seems a good compromise between
sophistication and practical applicability.

In this study, a combination of the multi-attribute utility theory of United Nation
Environmental Program (UNEP 1987) and the proposed fuzzy optimization method
have been used to assess the alternatives proposed by the Karun river basin authori-
ties as addressed in Table 2.

To implement the UNEP multi level evaluation method for alternative ranking in
deterministic environment, the following step by step summary is given to evaluate
the state of the water related environment (UNEP 1987).

1. Select the basic indicators (first level indicators)
2. Set up the best and worst values for all basic indicators

Table 3 First, second, and Third level Second level  First level
third level indicators and/or — - - -
criteria Ecology Wild life Animal diversity

Wood area

Endanger species

Local valuable species

Fish diversity

Pasture and irrigate lands
Water quality Temperature and stratification

TDS and sedimentation

Eutrification

River ecology
Hydrology Stream flow

Flooding (peak reduction)
Geophysics  Sites and views

Erosion

Induced seismicity

Socio-economic Social issues  Public participation

Population resettlement

Inundate houses

Education

Community spatial structure
Economic Irrigation and animal husbandry

Employment

Communication and

infrastructure
Interaction with other projects
Power generation (gw*10°3)

Sanitary Background pollution
Public health
Culture Tourism

Local culture
Historical site
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04 Karun 11(8) , ll
Karun I, v

03 Karun I(3), W, v
Karun Il (8), M, vV

02 Ideal

0.1

0

0 01 02 03 04 05 06 07 08 09 10

Fig. 2 Distance to ideal reference point based on UNEP deterministic approach

3. Estimate the value of indicator i for the proposed option j (x;))

4. Normalize basic indicators and aggregate them to form second level criteria using
the appropriate weights

5. Aggregate the second level criteria to obtain values for the third level criteria

6. The third level criteria (socio-economic and ecology) are then aggregated to
obtain the distance measure from the ideal reference point.

7. Rank the options based on their distance measure from the ideal point.

The basic indicators, second, and third level criteria for both deterministic and fuzzy
TOPSIS are listed in Table 3. The results for the deterministic environment are
presented in Fig. 2, where the first management option consisting K'TI(8), KIII, and
KIV receives the highest priority.

In the fuzzy UNEP technique, the importance weights of the criteria are obtained
using pairwise comparison and are defined as linguistic variables of extremely
important (EI), very very important (VVI), very important (VI), important (1), fairly
important (FI), unimportant (U), and very unimportant (VU). Table 4 presents the
ranges of fuzzy numbers assigned for different linguistic values of the criteria weights.

In the second stage of this research, the weights and/or attributes of the indicators
and/or criteria at different levels are assumed to be fuzzy. To test the performance
of the proposed fuzzy TOPSIS model in ranking the options, two different cases are
examined. In the first case, linguistic weights for all assessment levels are presented
by fuzzy numbers. Triangular fuzzy numbers for weights of indicators are defined
based on the experts’ opinions as outlined in Table 4. These fuzzy values are
aggregated to obtain the distance from the reference level for alternatives’ ranking.
Results of the proposed fuzzy UNEP approach to evaluate the state of the system
with second and third level fuzzy weights are presented in Fig. 3. As it can be seen,

IKarun
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Table 4_ Lingui§tic 'value's for Linguistic values for criteria weights Fuzzy number

evaluation of criteria weights -
Extremely important (EI) (0.95,1,1)
Very very important (VVI) (0.7,0.85, 1)
Very important (VI) (0.55,0.7,0.85)
Important (I) (0.35, 0.5, 0.65)
Fairly important (FI) (0.15,0.3,0.45)
Unimportant (U) (0,0.15,0.3)
Very unimportant (VU) (0,0, 0.05)

the general ordering of the options remains the same as the deterministic TOPSIS
approach. Results for the same case with the first, second, and third level fuzzy
weights are given in Fig. 4. In the both cases, alternative A; receives the higher
priority followed by alternatives Ag, A4, and As.

Extending the fuzziness to the weight of the first level has slightly reduced
the priority of alternative As in comparison to alternatives A, and Ae (Figs. 3
and 4). Also alternative A; takes the position of alternative A; and vice versa.
Detailed results of the model for deterministic and fuzzy cases are available from
the corresponding author upon request.

In the second case, the fuzzy performance measure of each decision option against
each criterion is also considered. Considering the possibilistic nature of uncertainties
in the information originating from the absence of sharp boundaries and linguistic
presentation of the criteria weighs by the experts and the authorities, the criteria and
their weights are considered as fuzzy numbers. Based on the deterministic results
and experts’ judgment, the fuzzy values for the subject criteria are obtained and used
for the alternative’s ranking. As an example, fuzzy performance measures and their
associated fuzzy weights for the second level criteria are presented in Tables 5 and 6,
respectively. Results of the fuzzy UNEP approach to evaluate the state of the system
with the second level fuzzy indicators are presented in Fig. 3. Results of the approach

PP

=
S
]
[/ e e
——o—— Fuzzy Weight and Fuzzy Criteria-Level2
L e — & - FuzzyWeight-Level2 B
——a— Crisp
0 T T T T T T T
0 1 2 3 4 5 6 7 8
No of Option

Fig. 3 Comparison of the overall ranking with UNEP and fuzzy UNEP approach (fuzzy nature of
second level)
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1.2

——o—— Fuzzy Weight and Fuzzy Criteria-Levell

— 0= = FuzzyWeight-Levell
——t— Crisp

Rank

0.4 T T T T

No of Option

Fig. 4 Comparison of the overall ranking with UNEP and fuzzy UNEP approach (fuzzy nature of
first level indicators)

show that with small margin alternative A¢ and A, are competitive alternatives
after the A, alternative. Alternative A; with some operational measures to reducing
the negative impacts on major criteria includes Karun 11(8), Karun III, Karun IV
reservoirs. As was expected, alternative A; has received the highest priority. In other
words, A; is closest to the ideal alternative and farther from the anti-ideal alternative.

Extending the uncertainties to the first level, the weights and attributes of the
first level indicators have also been considered as fuzzy numbers. Again, the positive
and negative ideal solutions are determined, and the membership value of each
alternative to the ideal solution (ranking order of each alternative) is calculated.
The ranking measure is shown in the form of a rank index ranging from 0 to 1. The
larger the ranking index, the higher the priority of the option. The ranking order of
each alternative in this case is presented in Fig. 4. In all cases the first alternative
A receives the highest priority, followed by the fourth and sixth alternatives. In this
case, the ranking order is partly the same as the deterministic TOPSIS approach.
Considering the fuzzy performance measure of each decision option against each
criterion changes the priority for alternative Az with respect to A, as opposed to the
deterministic TOPSIS.

5.3 Sensitivity Analysis

To test the sensitivity of the final ranks of the alternatives on the weights assigned
to different criteria, a comprehensive sensitivity analysis has been carried out on the
fuzzy weights of the first, second, and third level fuzzy indicators. Effects of assigning
higher importance to the socio-economic criteria in the third level, compared to the
ecology, was tested by increasing the socio-economic weight from important to very-
very important (I to VVI), while reducing that of ecology to fairly important (FI).
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Table 6 Fuzzy weights for the

A Third level indicator ~ Second level indicator ~ Fuzzy weight
second level criteria

Ecology Wild life (0.55,0.7,0.85)
Water quality (0.55,0.7,0.85)
Hydrology (0.35, 0.6, 0.75)
Geophysics (0.35,0.5,0.75)
Soci-Eco Social issue (0.15,0.3,0.45)
Economic (0.55,0.7,0.85)
Culture (0.35,0.5,0.75)
Sanitary (0.35,0.5,0.75)

This results in higher priority for A, alternative with respect to Ag, as opposed to the
previous results. In another words, A4 takes Ag’s position in overall ranking (Fig. 5).
It is important to note that priorities of other alternatives remain unchanged. In fact,
alternatives A4 and A¢ are more sensitive to that of socio-economic indicators.

On the other hand, if the importance of the ecology is raised by two levels (i.e.,
from I to VVI) and that of socio-economics is reduced from important to fairly
important (i.e., I to FI) results in unchanging the ranks of alternatives (Fig. 5).

Sensitivity of the overall ranking to criteria weights in the first and second levels is
carried out by systematically changing the proposed fuzzy weights. Two level increase
in weights of socio-economic basic indicators (i.e., hydropower, employment, and
infrastructures), while keeping those of other basic indicators constant, results in
higher ranking for those alternatives with higher hydropower potentials. Explicitly,
alternatives A, A4, A3, As, and Ag receive higher priorities (Fig. 6). Again the first
alternative receives the highest priority among all nominated alternatives.

Further sensitivity analysis on the weights of first and two level indicators reveals
that alternatives ranking is not significantly sensitive to the weights of ecology and
social criteria in the first level. In fact by modifying their weights from important to
very important, the ranking remains unchanged (Fig. 6).

0 —=a = FUZZY UNEP

Ranking Order
W
\

No of Option

Fig. 5 Sensitivity analysis on the fuzzy weight of third level indicators
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7. —e—FUZZYUNEP |

First Level; Ecologylmportance

—— First Level; Econo.Importance

—@— First Level; Social Importance

Ranking Order

No of Option

Fig. 6 Sensitivity analysis on the fuzzy weight of first level indicators

6 Conclusion

Optimal water projects ranking is a complex issue involving conflicting objectives
(environmental, physical, socio-economic and health). There is a need for a reli-
able method to select and rank water development projects according to different
objectives. MCDA provides an efficient means to develop future strategies and a
system methodology to rank water projects in the presence of different objectives
and constraints to satisfy the broad objectives defined by the sociopolitical conditions
which are sometimes non-commensurable and conflicting. The proposed multi-
criteria decision making approach includes not only those factors within the water
system itself but also a number of other socioeconomic, ecological, environmental,
legislative, and political issues due to their direct or indirect relations to water
management. The proposed MCDM model incorporates the uncertainties in both
the quantification of the objectives and their importance in the ranking process. The
model is easy to implement in a relatively large-scale water resource management
and ranking problem. Both deterministic and fuzzy-based MCDM models are ap-
plied to rank projects in the Karun river basin of Iran. Results show that the ranking
order remains more or less the same with both models. Both methods show that the
option with the operational management scheme is the best option, followed by the
6th and 4th options with marginal differences.

Open Access This article is distributed under the terms of the Creative Commons Attribution
Noncommercial License which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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