
Extended OWA Operator for Group Decision Making on

Water Resources Projects

M. Zarghami1; R. Ardakanian2; A. Memariani3; and F. Szidarovszky4

Abstract: Six water authorities share the Sefidrud watershed in the northwestern region of Iran and resolving the conflict among them
is one of the major challenges of the water division of the government. In this paper a group decision support system will be developed
for identifying the criteria and their weights, needed for ranking water resource projects in this watershed. This model will be based on
extending the ordered weighted averaging �OWA� as an aggregation operator. The order weights of this operator will be determined first
by using the minimal variability method. Second, a new measure will be developed to quantify consensus among the stakeholders. It
guides the supervisor of the group decision making problem to negotiate with stakeholders effectively in the conflict resolution process.
Using extended OWA, 13 water resources projects in the Sefidrud watershed will be ranked. A simulation study will also be reported,
where the dependence of the optimal decision on the uncertainty level is examined. In addition, a new sensitivity analysis model will be
introduced for the combined goodness measures of the projects with respect to the optimistic degree of the supervisor. A new composite
measure of goodness will also be defined to obtain reliable solutions.
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Introduction

It is necessary to consider the technical, environmental, and social
implications of water resource projects, in addition to the eco-
nomic criteria to ensure sustainable decisions and favorable deci-
sion outcomes. This also requires engaging stakeholders at every
stage of the decision making process, which requires the use of
both group decision making �GDM� and multicriteria decision
making �MCDM� techniques. Group decision support systems
�GDSS� are introduced to solve these two models simultaneously
in an interactive environment. The important advantages of such
GDSSs for water resources management are as follows:
• To cope with limited water, financial and human resources;
• To allow for multicriteria decision making instead of single

criterion decision making;
• To avoid opportunity costs of delay in decision making;
• To resolve conflict among stakeholders; and
• To simplify administration of the projects.
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GDSSs have been developed since the 1980s to help tackle
semistructured and unstructured decision problems based on in-
teraction with the stakeholders. Some important and recent
GDSSs for water and environmental management problems are
listed in Table 1.

This paper introduces a new GDSS, entitled group fuzzy de-
cision making �GFDM�. The technique to be used in this GDSS
for its GDM problem and also for MCDM problem is based on
the ordered weighted averaging �OWA� method �Yager 1988�.
OWA has been already applied as an MCDM tool in water re-
sources management �Despic and Simonovic 2000; Yalcin and
Akyurek 2004; McPhee and Yeh 2004; Makropoulos and Butler
2006; Fu et al. 2005; and Mysiak et al. 2005�. This study also
extends the OWA operator to solve the group MCDM problems.

These problems face various types of uncertainty and therefore
the decision making is under risk. If the decision maker �DM�
strongly avoids the risk of making bad decisions, he/she will con-
sider more stakeholders’ preferences in the decision process.
However it will result in conservative decisions which are differ-
ent than the results for a neutral or optimistic DM. In fact, water
managers have varying optimism/pessimism natures based on the
nature of the problem especially with different stakeholders. The
optimism degree of the DM is a measure defined to vary from
zero �for very risk aversion DM� up to one �for very risk prone
DM�. The neutral DM’s optimism degree can be presented by 0.5.
The OWA operator is able to model this optimism degree, which
is the most important motivation of using it in GFDM. The main
contribution of this study is extending the OWA operator in de-
veloping a GDSS.

This paper first describes the case study and then an extended
OWA is applied to aggregate the preferences of a group of DMs.
This is the main step of the GFDM and we will present it in
detail. Based on this step, the water projects will be ranked by

using the extended OWA results. Sensitivity analysis on the com-
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bined goodness measures of the projects will be finally performed
by using both stochastic simulation and a new method.

Case Study: Sefidrud Watershed

The watershed of Sefidrud, located in the northwestern region of
Iran, has an area of 58,000 km2 �Fig. 1� and includes a population
of around 4 millions. Sefidrud is an important watershed in Iran
with respect to water potential and possibilities of water resources
development. Its mean annual discharge after the Sefidrud reser-
voir in the Astane gauge station is about 120 m3 /s or 3.7 billion
m3 /year. One part of the water potential is utilized in the water-

Table 1. Recent GDSSs for Water and Environmental Management Prob

Name Reference Brief des

GMCR II Hipel et al. �1997� Using graph model for con
environmental management

FORMDSS Tecle et al. �1998� A multiobjective and/or mu
system for analyzing multir
management problems.

ICANS Theissen et al. �1998� Helps all parties to identify
if any exist, that should be
proposal. If such alternative
program can help parties de

ISDM Biggs et al. �2000� To inform researchers, syste
stakeholders about the wate
requirements to sustain the
rivers.

WINPRE Hämäläinen et al.
�2001�

To provide implementations
programming methods for v
interval AHP modeling.

MAS Barreteau et al. �2003� Application of agent-based
and collective decision supp

WARMF Chen et al. �2004� Calculates various combina
nonpoint loads that can me
criteria. Consensus module
formulate, evaluate, modify

mDSS Mysiak et al. �2005� To guide users through the
driving forces and pressure
help them explore and eval
measures.

Fig. 1. Sefidrud waters
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shed, others are transferred to other watersheds in Tehran and
Ghazvin states, and the remaining amount is spilled into the Cas-
pian Sea.

In addition, to ensure the overall water quality of the system,
restrictions are imposed in water usage for different purposes.
Due to the high potential of growth in this area, there are various
concerns over the new water users, resulting in a conflict among
the stakeholders. There are six water authorities sharing this wa-
tershed and each of them has dams, water transfers, and irrigation
networks in operation, construction, or in the planning stage. The
capacity of the watershed is only a small portion of the total size
of the defined projects. Consequently, the Government of Iran
initiated an integrated water resources management project in
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2004 to enhance sustainable development of the watershed, based
on conflict resolution among water authorities. One important
step in that project is developing a GDSS to rank the decision
alternatives and in this paper we construct the GFDM to do this
job. This GDSS needs to identify the approved criteria and their
importance. Therefore, in the first step, similar watershed plans of
20 countries were analyzed and screened, among them Pakistan,
Turkey, India, Kenya, Sweden, the United States, and Brazil.
Next, based on a state-of-the-art review and the national acts of
Iran, preliminary criteria were introduced �Zarghami et al. 2007�.
In order to revise and finalize the preliminary criteria, 30 experts
conducted the revision. They participated in several sessions ap-
plying value management methodology. Experts were selected
from the government, consulting companies, universities, and
nongovernmental organizations. The revised criteria according to
the characteristics of the Sefidrud watershed are as follows:
1. Allocation of water to prior usages (C1): How should water

usage be prioritized? Water usage is as follows: domestic,
industrial, agricultural, environmental, and recreational.
Their priority differs for each stakeholder due to the geo-
graphic, economic, and social conditions;

2. Number of beneficiaries (C2): How many beneficiaries are
influenced by the project? Only the number of affected
people is counted, regardless of the water usage type;

3. Supporting other projects (C3): How important is the fact
that the project supports and complements other projects
�under operation/construction� in the region?;

4. Benefit/Cost (C4): How important is the financial efficiency
of the projects? The benefit/cost criterion is selected to mea-
sure efficiency;

5. Range of environmental impacts (C5): According to the
environmental impact assessment studies, group of experts
declared the range of environmental impacts of each project
in linguistic terms. These impacts have been assumed to be
negative;

6. Public participation (C6): Water projects create social con-
flicts in the region. If the people have higher participation in
the decision concerning relocation, selling their lands, labor
supply, and regulating their water rights, then the project has
a bigger chance of being successful. How important is this
criterion?; and

7. Job creation (C7): How important is job creation and poten-
tial employment by the project? Its importance varies for

Table 2. Weights of Criteria According to DMs

Criteria

DM1 DM2

M H

C1 VH H

C2 H H

C3 VH L

C4 SL H

C5 M H

C6 VH H

C7 H M

Note: VH=very high; H=high; SH=slightly high; M=medium; SL=slig
stakeholders due to their different rates of unemployment.
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The Water Resources Management Company as the represen-
tative of the central government is responsible for the water
resources projects in the Sefidrud watershed. The head of this
company is considered to be the supervisor in this study and he
has formed a board of DMs including representatives of the six
water authorities sharing Sefidrud. The supervisor delegates cer-
tain powers to each DM, but in this case the supervisor does not
reveal the relative powers of the board members preventing con-
flict between these water authorities. The lack of this information
creates a difficulty which can be solved by two approaches: as-
suming equal powers for the stakeholders, or obtaining the power
weights from an independent expert. We selected the second ap-
proach, in which the relative powers of the DMs are assigned
according to the values supplied by an independent consultant.
The actual values are shown in Table 2. These values may depend
on the national logistic plan, area of DM’s state, population of the
state, etc.

After describing the criteria to the representatives of the six
water authorities �DMs�, they gave their weights for the criteria as
shown in Table 2. The possible preferences are: very high �VH�,
high �H�, slightly high �SH�, medium �M�, slightly low �SL�, low
�L�, and very low �VL�. The DMs are very sensitive about pref-
erences and their impact on the decisions. Therefore building the
consensus on the criteria and their weights is very crucial, and
then it is an important element of the mathematical methodology.

In the first step the opinions of the different DMs should be
combined to find the weights of each criterion as the group’s
opinion. This is a GDM problem. These weights will be used in
ranking the water resources projects in the Sefidrud watershed by
applying a MCDM method. The GDM problem will be used only
to find the weights of the criteria and not for ranking the projects.
In the next section the methodology for solving both �the GDM
and the MCDM� problems will be described in detail.

Methodology: Extended OWA

An n-dimensional OWA operator is a mapping f : In→ I, where
I= �0,1�, that has an associated n-dimensional vector
w= �w1 ,w2 , . . . ,wn� of non-negative order weights with �wj =1, if

holder water authorities

DM4 DM5 DM6
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SL L H
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SH M SL
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F = f�a1,a2, . . . ,an� = �
j=1

n

wjbj = w1b1 + w2b2 + . . . + wnbn �1�

F=combined goodness measure �score� of an alternative; bj = jth
largest element of the set of the inputs a= �a1 ,a2 , . . . ,an�; and
n=number of inputs. An important advantage of OWA is the
fact that it has a large variety in covering the other aggregation
operators.

Notice that the inputs of the OWA model are ranked in de-
scending order. If the DM has an optimistic view then larger
weights will be assigned to the first ranks in the OWA operator
and therefore the model will have larger outputs. Based on this
perception, Yager �1988� has defined the optimism degree � in the
following way:

� =
1

n − 1�
j=1

n

�n − j�wj �2�

It is worthwhile to mention that the optimism degree of the DM is
an independent variable and the order weights of the OWA opera-
tor depend on this value.

One of the methods to obtain the optimism degree of the DM
is by using fuzzy linguistic quantifiers. The DM should be ques-
tioned on how many inputs he/she wants to consider in the ag-
gregated preferences. The supervisor clearly wants to reduce the
risk of making bad decisions. The term “risk” in this study refers
to the possibility of making a wrong decision, and it does not
refer to the specific hydrologic risks such as droughts or floods. If
the supervisor wants to include preferences of more people in the
GDM problem then he/she is considered to be more pessimistic.
If the supervisor wants to include preferences of only some of the
people, then he will be more optimistic. In this study the quanti-
fiers shown in Table 3 are used in questioning the supervisor. The
optimism degrees shown in Table 3 are, however, not exact. We
will therefore perform a detailed sensitivity analysis and also a
stochastic simulation to see the consequences of their uncertainty.

The well-known OWA method is next extended in three steps
to model the group MCDM problem in the Sefidrud case study.
The order weights are first extracted by using the minimal vari-
ability method. Linguistic inputs are then quantified by using tri-
angular fuzzy numbers and the importance weights of the criteria
presented by the different DMs are combined with their different
powers. This extended version of OWA is called extended OWA
and it can be described in the following steps:
1. In this paper the minimal variability method is used in ex-

ploring order weights. This method was introduced by Fullér
and Majlender �2003� as a nonlinear optimization problem to
derive order weights based on the entropy model of O’Hagan
�1990�. This method is a quantifiable approach to model the

Table 3. Equivalent Optimism Degree for Linguistic Quantifiers

Linguistic quantifiers Optimism degree, �

At most one of them 1.0

Few of them 0.9

Some of them 0.7

Half of them 0.5

Many of them 0.3

Most of them 0.1

All of them 0.0
optimism degree by giving attention to all of the orders in the
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OWA operator. It minimizes the variability of order weights
with a constant optimism degree of the supervisor as follows:

minimizing Var�w� = �
i=1

n
1

n
�wi − E�w��2 =

1

n�
i=1

n

wi
2

− �1

n�
i=1

n

wi�2

=
1

n�
i=1

n

wi
2 −

1

n2 �3�

subject to

1

n − 1�
j=1

n

�n − j�wj = �

�
j=1

n

wj = 1

wj � 0 �4�

Indeed, if a vector of the order weights has lower variability,
it will have a larger focus on the orders and not on a specific
weight. The minimal variability method actually disperses
the weights, satisfying the constraints for the normality and
for the optimism degree. A unique vector of order weights for
every optimism degree can be obtained by solving this
model. Fullér and Majlender �2003� solved this constrained
optimization problem by using the Kuhn–Tucker second-
order sufficiency conditions for optimality. The results are as
follows:

w
1
* =

2�2n − 1� − 6�n − 1��1 − ��
n�n + 1�

w
n
* =

6�n − 1��1 − �� − 2�n − 2�
n�n + 1�

w
j
* =

n − j

n − 1
w1 +

j − 1

n − 1
wn if j � �2, . . . ,n − 1	 �5�

2. Since the inputs for applying OWA should be numerical val-
ues, it is necessary to convert the linguistic inputs of the
decision matrix �e.g., the data in Table 2� to real numbers of
the unit interval �0, 1�. Linguistic numbers can be modeled
by using equivalent triangular fuzzy numbers as shown in

Fig. 2. Triangular fuzzy number �a , l ,r�
Fig. 2 and Table 4. They can then be defuzzified by using the
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max-membership method.
3. OWA assumes the identical importances for all inputs. How-

ever in this case study, the powers �pj� of the DMs are dif-
ferent. Therefore it is necessary to multiply the preferences
of the DMs by their importance weights.

Preference Aggregation

Extended OWA can then be applied to the GDM problem. If the
numerical value of the preference of DMj on criterion i is Sj�Ci�
by using step 2, then the group preference of this criterion can be
calculated by the extended OWA operator as follows:

GS�Ci� = f�p1S1�Ci�,p2S2�Ci�, . . . . ,pnSn�Ci�� �6�

where GS�Ci�=numerical value of the aggregated opinion of the
group on criterion i; Sj�Ci�=numerical value of the opinion of
DMj on criterion i; f =OWA operator; pj =power of DMj; and
n=number of DMs.

In order to use this equation, the order weights have to be
assessed, which can be obtained by the minimal variability
method. However it needs the knowledge of the optimism degree,
�, of the supervisor. In the case study of Sefidrud, the supervisor
selected to let the preferences of “many” of the DMs be included
in the final aggregated opinion. According to Table 3, the opti-
mism degree is assumed to be 0.3. Then, by Eq. �5�, the order
weights are w= �0.047, 0.095, 0.143, 0.190, 0.238, and 0.286�,
where n=number of DMs �n=6�. By applying the order weights
in Eq. �6�, we obtain the group opinion GS�Ci� on the weight of
each criterion i as shown in Fig. 3. Two different scenarios were
assumed for obtaining the power weights of the stakeholders and
Fig. 3 shows their effect on the group weights. The first scenario

Table 4. Linguistic Variables and Equivalent Triangular Fuzzy Numbers,
�a, l, r�

Linguistic
variables

Triangular fuzzy
numbers

Very low �0.00, 0.00, 0.10�

Low �0.20, 0.10, 0.20�

Slightly low �0.35, 0.20, 0.20�

Medium �0.50, 0.20, 0.20�

Slightly high �0.65, 0.20, 0.20�

High �0.80, 0.20, 0.10�

Very high �1.00, 0.10, 0.00�

Fig. 3. Group weights of criteria in two scenarios for stakeholders’
power weights
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uses equal power weights and the other is based on the different
power weights obtained from an independent consultant.

The most important and the least important criteria are the
same in the two cases. The assumption of different powers is,
however, more realistic; therefore we will use these results in the
rest of the study.

Consensus Measure

It is very important to have consensus on the values of the aggre-
gated preferences before using them in the solution of the MCDM
problem. Consensus as a sustainability metric describes the level
in which stakeholders are satisfied with a solution to a problem
�Bender and Simonovic 1997�. It also enhances the group of
stakeholders to collaborate in assessing proposed solutions and
identifies the source of disagreement. The consensus measure is
calculated after solving the GDM problem and if one of the cri-
teria violates the consensus limit, then the supervisor will nego-
tiate with the DMs to modify their preferences on the disagreed
criteria. In the case where this negotiation fails, the supervisor
should have sufficient power to make the final decision.

Kuncheva �1994� defined five consensus measures which are
implemented by Bender and Simonovic �1997� on a water re-
sources management problem. In this paper, a modified version of
one of these consensus measures �integral mean coincidence mea-
sure� is used. It can be defined as

CGS�Ci� = 1 −
1

n�
j=1

n


Sj�Ci� − GS�Ci�
� �7�

where CGS�Ci�=consensus measure on criterion i; GS�Ci�
=numerical value of the group opinion on criterion i; Sj�Ci�
=numerical value of the opinion of DMj on criterion i;
�=parameter declaring the importance of differences; and
n=number of DMs.

Consensus on each criterion is calculated and the result is
shown in Fig. 4 by using �=1. Based on Fig. 4, the weights of
criteria C2 �number of beneficiaries� and C7 �job creation� have
the highest and C3 �supporting other projects� have the least con-
sensus among the six DMs.

The acceptance of the consensus depends on a threshold ob-
tained from the supervisor. If a criterion has a lower consensus
measure than the threshold, then it becomes necessary for the
supervisor to negotiate with the members of the group for pos-
sible revisions in their individual preferences on the criteria. It is

Fig. 4. Consensus measure on each criterion
an iterative process and GFDM is an efficient method.
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Ranking Water Resources Projects

There are 13 water resource projects under construction in the
Sefidrud watershed. They are reservoirs with water distribution
networks and are embedded in the watershed according to the
schematic view of Fig. 5. The stakeholders in this watershed
would benefit from some of these projects while others are re-
stricting their water rights. The government wants to rank these
projects based on the agreed criteria and then the high ranked
projects will be supported first in their construction. Due to the
limited financial budget, the decreasing water resources, and the
increasing stakeholders’ conflicts, some of the low ranked
projects will be suspended.

Table 5. Decision Matrix of Water Projects in Sefidrud Watershed

Alternatives

C1 C2

Weigh

0.954 0.697 0

Eva

A1 Sahand M VL

A2 Shahriar SL VH

A3 Ghalechai H SL

A4 Kalghan SL L

A5 Germichai H M

A6 Givi SL VL

A7 Taleghan SH VH

A8 Talvar SH VH

A9 Galabar SH M

A10 Sanghsiah SL L

A11 Soral SL L

A12 Siazakh SL VH

A13 Bijar H VH

Fig. 5. Schematic view of water r
Note: Abbreviations are noted in Table 2.
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These projects have different characteristics which distinguish
them from each other in terms of the previously introduced seven
criteria. The decision matrix of these projects is shown in Table 5.
The data for the evaluations of these projects with respect to these
criteria are obtained form the responsible water authorities. These
data are then approved by the supervisor and are imported to the
GFDM.

The data of Table 5 are in either linguistic or numerical form.
The linguistic evaluations of the projects with respect to the cri-
teria are converted to numerical values by step 2 as already men-
tioned. The numerical evaluation, Xi, has been normalized into
the unit interval �0,1� as

Criteria

C4 C5 C6 C7

e criteria according to the results of GDM

0.654
0.845

�negative� 0.783 0.777

s of projects with respect to the criteria

1.07 VL H VH

1.30 VL SH VH

1.10 L VL M

1.20 L SH M

1.02 L M H

1.08 VL H H

1.00 SL SL SH

1.20 VL VL SH

1.43 VL VL VH

1.00 VL VL VH

1.00 VL VL VH

1.00 VL VL VH

0.80 L VL VH

es projects in Sefidrud watershed
C3

ts of th

.823

luation

SH

SH

L

M

H

VL

VH

VL

VL

SH

M

H

VH
esourc
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xi = �
Xi

maxi�Xi�
for positive criteria

mini�Xi�
Xi

for negative criteria� �8�

The normalized evaluation values are then multiplied by the
weights shown in the second row of Table 5. These weights have
already been calculated by solving the GDM problem for differ-
ent DMs’ powers �Fig. 3�. The resulting decision matrix is shown
in Table 6.

The combined goodness measure of any project, F, can finally
be calculated by using Eq. �1�. The input, a= �a1 ,a2 , . . . ,an�, for
each project is the vector of its weighted and normalized evalua-
tions which are indicated in each row of Table 6. In applying
OWA on the decision matrix of Table 6, the order weights have to
be assessed, which requires knowledge of the optimism degree of
the supervisor. We already know that this value is 0.3. Applying
Eq. �5� with n=7 �number of criteria�, the order weights are ob-
tained as w= �0.034,0.070,0.106,0.143,0.179,0.216,0.252�. The
combined goodness measures are shown in Fig. 6. The figure also

Table 6. Weighted and Normalized Evaluations of Water Resources Pro

Alternatives C1 C2 C3

A1 0.64 0.10 0.59

A2 0.48 0.70 0.59

A3 0.95 0.30 0.24

A4 0.48 0.20 0.47

A5 0.95 0.40 0.71

A6 0.48 0.10 0.12

A7 0.80 0.70 0.82

A8 0.80 0.70 0.12

A9 0.80 0.40 0.12

A10 0.48 0.20 0.59

A11 0.48 0.20 0.47

A12 0.48 0.70 0.71

A13 0.95 0.70 0.82

Fig. 6. Combined goodness and sensitivity measures of water
resources projects
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shows the sensitivity results which will be introduced in the next
sections.

According to Fig. 6, alternatives A2 �Shahriar�, A5 �Ger-
michai�, and A1 �Sahand� have the best three rankings, and A3

�Ghalechai� has the lowest rank.

Sensitivity Analysis

Sensitivity Analysis with respect to Inputs

The combined goodness measures �Fig. 6� are based on the de-
terministic evaluation of the projects �Table 6� and the constant
optimism degree. These inputs are, however, uncertain and the
optimal decision may differ in various situations. Therefore, it is
important to simulate the combined goodness measure with un-
certain inputs, and to analyze the results. Three cases will be
considered and examined in the following Scenarios:
1. The weighted and normalized evaluations of the projects

with respect to the criteria, where the elements of vector a
are uncertain, but the optimism degree, �, is considered de-
terministic;

2. Vector a is deterministic but � is uncertain; and
3. Both a and � are uncertain. This scenario is the most

realistic.
In each case, 100 random values of the uncertain parameters were
generated with expectations being the estimated �known� values
and with varying uncertainty levels. We selected �=0.05, 0.1, 0.3,
and 0.5 as the relative standard deviations �that is, the standard
deviations were assumed to be the � multiplies of the expected
values�. The relative frequencies �in %� of each project for being
the best, second best, and third best are shown in Table 7 for the
different values of � when Scenario 3 is selected. Table 8 presents
similar relative frequency values for the three scenarios with
�=0.3.

According to the results, A2 �Shahriar� is the most preferred
project. A5 �Germichai� and A1 �Sahand� are the second and third
most preferred projects, respectively. The same results are ob-
tained for all selected values of �, showing the robustness of the

Criteria

C4 C5 C6 C7

0.49 0.85 0.78 0.78

0.59 0.85 0.65 0.78

0.50 0.42 0.13 0.44

0.55 0.42 0.65 0.44

0.47 0.42 0.52 0.67

0.49 0.85 0.78 0.67

0.46 0.28 0.39 0.56

0.55 0.85 0.13 0.56

0.65 0.85 0.13 0.78

0.46 0.85 0.13 0.78

0.46 0.85 0.13 0.78

0.46 0.85 0.13 0.78

0.37 0.42 0.13 0.78
jects
results.
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Sensitivity Analysis with respect to the Optimism
Degree

The optimistic or pessimistic view of the DM has a significant
effect on the final decision under risky conditions. The OWA
approach quantifies the effect of the optimism degree in the deci-
sion outputs. Water resource projects are always in risky condi-
tions and the optimism degrees of the supervisors often change
depending on the actual situations. The combined goodness mea-
sures given in Fig. 6 are based on the specific values of the opti-
mism degree and therefore it is very important to develop a model
to represent the effect of changing the optimism degree. Torra
�2001� has introduced a sensitivity analysis model of OWA with
respect to the inputs: a= �a1 ,a2 , . . . ,an� and criteria weights, but
not with respect to the optimism degree. In this study, the devel-
opment of a general sensitivity analysis model with respect to the
optimism degree is a new element. Combining Eqs. �1� and �5�,
gives the relation

F =
2�2n − 1� − 6�n − 1��1 − ��

n�n + 1�
b1 + . . .

+ 2�2n − 1� − 6�n − 1��1 − ��
n�n + 1�

.
n − j

n − 1

+
6�n − 1��1 − �� − 2�n − 2�

n�n + 1�
.

j − 1

n − 1
�bj + . . .

+
6�n − 1��1 − �� − 2�n − 2�

n�n + 1�
bn �9�

and by differentiation

Table 7. Optimal Solutions in Scenario 3 with Four Values of �

Alternatives

�=0.05
Rank

�=0.10
Rank

First Second Third First Second

A1 0 2 100 0 8

A2 100 0 0 100 0

A3 0 0 0 0 0

A4 0 0 0 0 0

A5 0 98 0 0 92
A6 0 0 0 0 0

A7 0 0 0 0 0

A8 0 0 0 0 0

A9 0 0 0 0 0

A10 0 0 0 0 0

A11 0 0 0 0 0

A12 0 0 0 0 0

A13 0 0 0 0 0

Table 8. Most Frequent Projects in Three Best Rankings

Alternatives Rank

Frequency, �=0.30
�%�

Scenario 1 Scenario 2 Scenario 3

Shahriar, A2 First 100 100 100

Germichai, A5 Second 100 60 67

Sahand, A1 Third 100 38 76
JOURNAL OF WATER RESOURCE
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��
= S =

6

n�n + 1��j=1

n

�n − 2j + 1�bj �10�

where S=sensitivity measure of the change in F with respect to
the optimism degree �; F=combined goodness measure of an
alternative; �bj	=ordered set of the inputs; and n=number of in-
puts �criteria�.

It is clear from Eq. �10� that S is independent of the optimism
degree, �. The sensitivity measures of the 13 projects are calcu-
lated and the results are given in Fig. 6. It shows that, if there is
a change in the optimism degree, then the combined goodness
measures of alternatives A2 �Shahriar� and A4 �Kalgan� will be-
come less sensitive than the others, while A9 �Galabar� and A6

�Givi� are the most sensitive projects. Therefore this sensitivity
measure gives us a powerful tool to provide more insight into the
combined goodness measures of the projects. It will also be useful
in developing a new composite measure.

Introduction of New Composite Measure

Realistic decisions in water resources management must depend
on both the combined goodness measures and also on the sensi-
tivity of the goodness measures with respect to the uncertain
parameters. If the DM is not interested in the risk in his/her
decision, then his/her objective is to maximize the combined
goodness measure. If the DM cares only about the risk, then
minimizing the sensitivity measure of the combined goodness
measure is his/her objective, knowing that a smaller sensitivity
value represents a safer decision.

The correlation coefficient between the combined goodness
measures and their sensitivity with respect to the optimism degree
�Fig. 6�, is about −0.6. Therefore, maximizing goodness measures
and minimizing their sensitivity are conflicting objectives. Be-
cause of this conflict, we have to find an appropriate tradeoff
between these objectives. Therefore, in order to combine these

Frequency
�%�

�=0.30
Rank

�=0.50
Rank

rd First Second Third First Second Third

0 22 76 4 36 39
100 0 0 95 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 67 0 0 53 18

0 0 0 0 0 0

0 0 24 1 0 35

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 1 0 1 11 8
Thi

99
0

0

0

1

0

0

0

0

0

0

0

0

characteristics we define a new composite goodness measure as

S PLANNING AND MANAGEMENT © ASCE / MAY/JUNE 2008 / 273



F* = �
F − Fmin

Fmax − Fmin
+ �1 − ��

Smax − S

Smax − Smin
, 0 � � � 1 �11�

where Fmax and Fmin=maximum and minimum values of the com-
bined goodness measures, and Smax and Smin=maximum and mini-
mum values of the sensitivity measures of the 13 projects, which
are shown in the last two rows of Table 9. Here �=positive
weight showing the importance of increasing the combined good-
ness payoff in comparison to decreasing risk �sensitivity�. The
new composite measures have been computed for five values of �
as 0.00, 0.25, 0.50, 0.75, and 1.00. The resulting ranks of the
projects are shown in Table 9 for each value of �.

The use of this new composite goodness measure will reduce
the risk of rejecting the opinions of the stakeholders in the gov-
erning board with different optimism degrees than the supervisor.
The exact value of � should be determined by using frequent
repeated interactions with the supervisor. If he agrees on selecting
�=0.75 in the final decision, then the most preferred project be-
comes A2 �Shahriar� and the least preferred one becomes A6

�Givi�. These results have more reliability as they comprise the
combined goodness measures and the sensitivity measures.

Conclusions

The implementation of the extended OWA method successfully
provided the group opinion on the weights of the criteria in the
Sefidrud watershed. The DMs should have an acceptable consen-
sus which is characterized by a quantifying consensus measure.
It allows the supervisor to conduct additional negotiation if nec-
essary to reach better consensus. In order to have iterative inter-
actions with the stakeholders, GFDM is developed as a GDSS.
Extended OWA has been applied again for ranking 13 water
projects in the Sefidrud watershed and the robustness of the re-
sults was also examined by using stochastic simulation. A new
sensitivity analysis model was developed and used to evaluate the
sensitivity of the combined goodness measures of each project
with respect to changes in the optimism degree. By merging the

Table 9. Ranks of Project with New Composite Measures of Goodness

Alternatives

Combined
goodness

measure, F
Sensitivity,

S

A1 0.493 0.646

A2 0.604 0.340

A3 0.312 0.675

A4 0.399 0.353

A5 0.502 0.521

A6 0.361 0.805

A7 0.474 0.572

A8 0.394 0.784

A9 0.389 0.834

A10 0.371 0.735

A11 0.359 0.711

A12 0.474 0.645

A13 0.459 0.801

Maximum 0.604 0.834

Minimum 0.312 0.340
combined goodness measure and the sensitivity measure, a new

274 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT
composite measure was introduced and applied to find a robust
decision.

Implementation of the extended OWA in this case study
proved its capability for successful application in water resources
management.

Acknowledgments

The writers are grateful to the Water Resources Management
Company of Iran and the Mahab Ghodss Consulting Engineers
for their valuable data. The scholarship from the Ministry of Sci-
ence, Research and Technology of Iran for the first writer to work
in the University of Arizona and the hospitality of the Systems
and Industrial Engineering Department of this university are also
appreciated. The writers would like to express their sincere grati-
tude to the respectful referees whose insightful suggestions en-
hanced the quality of the paper.

References

Barreteau, O., Garin, P., Dumontier, A., Abramli, G., and Cernesson, F.
�2003�. “Agent-based facilitation of water allocation: Case study in
the Drome River Valley.” Group Decis. Negotiation, 12, 441–461.

Bender, M. J., and Simonovic, S. P. �1997�. “Consensus as the measure of
sustainability.” Hydrol. Sci. J., 42�4�, 493–500.

Biggs, H. C., Coetzee, Y., and Dent, M. C. �2000�. “Development of a
metadatabase to support a multiorganisational, multi-disciplinary river
ecosystem research and management initiative—Experiences from the
Kruger National Park Rivers Research Programme.” Water SA, 26�1�,
77–82.

Chen, C. W., Herr, J., and Weintraub, L. �2004�. “Decision support sys-
tem for stakeholder involvement.” J. Environ. Eng., 130�6�, 714–721.

Despic, O., and Simonovic, S. P. �2000�. “Aggregation operators for soft
decision making in water resources.” Fuzzy Sets Syst., 115, 11–33.

Fu, G., Hall, J., and Lawry, J. �2005�. “Beyond probability: new methods
for representing uncertainty in projections of future climate.” Working
Paper 75, Tyndall Center for Climate Change Research, Norwich,

Value of �

0.25 0.50 0.75 1.00

Ranks

5 5 3 3

1 1 1 1

7 11 7 13

2 3 6 7

3 2 2 2

12 13 13 11

4 4 4 4

11 10 9 8

13 12 11 9

9 9 10 10

8 8 12 12

6 6 5 5

10 7 8 6

— — — —

— — — —
0.00

6

1

7

2

3

12

4

10

13

9

8

5

11

—

—

U.K.

© ASCE / MAY/JUNE 2008



Fullér, R., and Majlender, P. �2003�. “On obtaining minimal variability
OWA operator weights.” Fuzzy Sets Syst., 136, 203–215.

Hämäläinen, R. P., Kettunen, E., Ehtamo, H., and Marttunen, M. �2001�.
“Evaluating a framework for multi-stakeholder decision support in
water resources management.” Group Decis. Negotiation, 10, 331–
353.

Hipel, K. W., Kilgour, D. M., Fang, L., and Peng, X. J. �1997�. “Decision
support systems CMGR in environmental systems management.”
Appl. Math. Comput., 83, 117–152.

Kuncheva, L. I. �1994�. “Pattern recognition with a model of fuzzy neu-
ron using degree of consensus.” Fuzzy Sets Syst., 66, 241–250.

Makropoulos, C. K., and Butler, D. �2006�. “Spatial ordered weighted
averaging: Incorporating spatially variable attitude towards risk in
spatial multi-criteria decision-making.” Environ. Modell. Software,
21�1�, 69–84.

McPhee, J., and Yeh, W. W.-G. �2004�. “Multiobjective optimization for
sustainable groundwater management in semiarid regions.” J. Water
Resour. Plann. Manage., 130�6�, 490–497.

Mysiak, J., Giupponi, C., and Rosato, P. �2005�. “Towards the develop-
ment of a decision support system for water resource management.”
Environ. Modell. Software, 20, 203–214.

O’Hagan, M. �1990�. “Using maximum entropy-ordered weighted aver-
aging to construct a fuzzy neuron.” Proc., 24th Annual IEEE Asilomar
JOURNAL OF WATER RESOURCE
Conf. on Signals, Systems and Computers, Pacific Grove, Calif., 618–
623.

Tecle, A., Shrestha, B. P., and Duckstein, L. �1998�. “A multiobjective
decision support system for multiresource forest management.” Group
Decis. Negotiation, 7, 23–40.

Thiessen, E. M., Loucks, D. P., and Stedinger, J. R. �1998�. “Computer-
assisted negotiations of water resources conflicts.” Group Decis. Ne-
gotiation, 7, 109–129.

Torra, V. �2001�. “Sensitivity analysis for WOWA, OWA and WM opera-

tors.” Proc., IEEE Int. Symp. on Industrial Electronics, Vol. 1, IEEE,

Pusan, Korea, 134–137.
Yager, R. R. �1988�. “On ordered weighted averaging aggregation opera-

tors in multi-criteria decision making.” IEEE Trans. Syst. Man Cy-
bern., 18�1�, 183–190.

Yalcin, G., and Akyurek, Z. �2004�. “Multiple criteria analysis for flood

vulnerable areas.” Proc., 24th Annual ESRI Int. User Conf., ESRI,

San Diego.
Zarghami, M., Ardakanian, R., and Memariani, A. �2007�. “Fuzzy mul-

tiple attribute decision making on inter-basin water transfers, Case
study: Transfers to Zayanderud basin in Iran.” Water Int., 32�2�, 280–
293.
S PLANNING AND MANAGEMENT © ASCE / MAY/JUNE 2008 / 275


