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Review Paper
Decision sciences in the management of water resources:

multi-criteria methods and game theory applied to the

field of sanitation

Alexandre Bevilacqua Leoneti and Eduardo Cleto Pires
ABSTRACT
Due to the complexity of some managerial problems, especially those related to sanitation, academic

studies have shown the need to use appropriate methods to assist in this type of decision. Within this

context, this research aimed to provide a review of the literature from the field of decision sciences to

the field of water resource management. It was identified in this study that the use of multi-criteria

methods, including Analytical Hierarchy Process, Measuring Attractiveness by a Categorical based

Evaluation Technique, Multiattribute Utility Theory, Elimination et Choice Traduisant la Realité,

Preference Ranking Organization Method for Enrichment Evaluations, Technique for Order Preference

by Similarity to Ideal Solution, and game theory, including cooperative and non-cooperative bargaining

games, are useful for creation and comparison of scenarios, reducing the time needed to reach a

solution for complex problems involving a large number of criteria and agents. It also demonstrated the

benefits of creating greater transparency in the decision-making process, thus increasing the potential

for a solution acceptable to all the parties involved. Although still little explored, discussions of

sanitation problems can and should be enhanced with the use of techniques and methods of decision

sciences, and multi-criteria and game theory techniques are particularly suitable for this task.
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INTRODUCTION
Due to the integration of different and conflicting aspects in

solving complex problems, especially those related to sani-

tation, academic studies have shown the need to use

appropriate methods to assist in this type of decision.

Methods for this purpose were originally developed from

techniques involving optimization with the help of tra-

ditional methods such as linear programming, dynamic

programming, stochastic programming, and simulation tech-

niques, most often prioritizing cost and efficiency aspects

(Linkov et al. ).

According to Souza (), one of the first studies on tech-

niques for the analysis of wastewater treatment systems was

developed by Lynn et al. (), who used linear programming
techniques and matrix algebra to propose a model for the pro-

ject creation of wastewater treatment plants – WWTPs. Fraas

() also addressed this problem by proposing regression

equations based on parameters provided by the Environ-

mental Protection Agency in the United States, to find an

adequate level of efficiency at the lowest possible cost. In

turn, Vanrolleghem et al. () and Gillot et al. () devel-

oped simulation procedures to assist in the design of

wastewater treatment plants, incorporating into the process

some functions of installation and operation costs, using the

results of this simulation as input to an operating cost model.

These studies mostly show economic or technical

aspects that must be considered when undertaking a study
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involving wastewater treatment systems. Among other

factors, the preference given to the use of technical and

economic criteria is largely due to: (i) non-divisibility of

resources (e.g. river); (ii) non exclusiveness of resources

(e.g. fishing in the river); (iii) intangibility of resources (e.g.

contributions of wetlands to climate stabilization); and (iv)

difficulty of identifying property rights (e.g. property rights

of a coastal ecosystem) (Xenarios & Bithas ).

However, the use of just technical and economic criteria

could lead the decision maker to a choice that is not the

most adequate for a given environment, masking other poss-

ible arrangements that are as or more suitable when taking

into consideration sustainable aspects, such as: (i) health

and hygiene criteria; (ii) social-cultural criteria; and (iii)

environmental criteria (Hellström et al. ).

In this sense, the models to support decision making

that are based only on economic and/or technical criteria

should evolve to models using more criteria and procedures

appropriate to their resolution (Chen et al. ). According

to Butlera & Schütze (), this type of modeling allows the

construction of various scenarios and their impacts on

the environment to be studied without having to change

the system in real scale. In addition, as emphasized by

Huesemann (, p. 283), ‘in many cases, environmental

science and technology appear to be successful only because

attention is focused narrowly (in space and time) on specific

objectives while wider, long-term impacts are ignored’.

Thus, one would expect that the question of evaluation of

different aspects of the problem would receive greater atten-

tion, which is only possible within a multi-criteria approach

(Hajkowicz & Collins ; Hajkowicz & Higgins ).

In this scenario Huesemann (, p. 284) complements

by saying that ‘the inclusion of many different stakeholders

in policy decisions might finally lead to the recognition of

the enormous importance of non-technical issues and to

the discovery that changes in personal and social behavior

may provide the only possible solutions to many complex

environmental problems.’ However, when more than one

individual is part of the decision-making process, the

multi-criteria approach will unavoidably also require the res-

olution of conflicts that arise because of the different

requirements for each criterion in the group. For example,

for a wastewater treatment plant (WWTP) choice, some

agents may prefer to meet economic criteria whereas
others prefer to meet environmental criteria. That is,

within a micro economic context, there is a latent conflict

between treatment efficiency and cost (Fraas ). In this

other approach, group decision making can be aided by

game theory to propose a compromise solution, especially

for cases where collaboration between agents is not possible

or expected (Binmore ). Thus, the application of game

theory has also been proposed to achieve greater approxi-

mation of decision-making models and the complex reality

that involves sanitation problems, especially in multi-criteria

scenarios with different agents acting to meet their prefer-

ences (Madani ).

Within this context, this research aims to present a

review of the literature from the area of decision sciences

to the area of water resource management. The research

contributes to the literature bringing together outranking

multi-criteria and game theory methods for aiding the

choice of sustainable alternatives in management of water

resources. Seeking to clarify the decision-making process,

the intertwining of various criteria, being treated under

different approaches and by different agents, may contribute

to the improvement of decisions, especially those related

to the sanitation sector, thus improving population quality

of life.
OVERVIEW OF MULTI-CRITERIA METHODS AND
GAME THEORY

Multi-criteria methods

The overall objective of the multi-criteria decision is to

prioritize all decision alternatives with respect to their per-

formance based on the criteria. Therefore, the multi-

criteria decision is characterized as a situation in which a

decision maker must prioritize or select, classify, or rank

one or more alternatives from a finite set of possible sol-

utions, depending on how they meet the criteria, which

are generally conflicting (Wallenius et al. ).

According to Baker et al. (), the modeling of multi-

criteria problems can be described in eight steps: (i) defi-

nition of the problem; (ii) determination of the minimum

requirements that the solution must meet; (iii) establishing

the objectives that the solution must achieve; (iv)
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identification of alternatives that could solve the problem;

(v) defining the criteria based on objectives; (vi) selecting a

method to aid in decision making; (vii) applying the

method to select the most appropriate alternative; and

(viii) evaluation of alternative proposals.

Several methods have been proposed to assist different

problematic (ranking, selecting, or classifying alternatives)

in the decision-making process. The most widely used

methods are: (i) Analytical Hierarchy Process (AHP), by

Saaty (); (ii) Elimination et Choice Traduisant la Realité

(ELECTRE), by Roy (); (iii) Preference Ranking Organiz-

ation Method for Enrichment Evaluations (PROMETHEE),

by Brans & Vincke (); (iv) Technique for Order Prefer-

ence by Similarity to Ideal Solution (TOPSIS), by Hwang &

Yoon (); (v) Measuring Attractiveness by a Categorical

Based Evaluation TecHnique (MACBETH), by Bana e

Costa & Vansnick (); and (vi) Multiattribute Utility

Theory (MAUT), by Keeney & Raiffa (), which takes

into account the decision maker’s preferences in the form

of the utility function that is defined by a set of attributes.

These methods are divided into compensatory and non-com-

pensatory methods, the compensatory methods being the

ones in which the criteria are aggregated in a manner that

make it possible that a criterion with low performance can

be compensated by a criterion with high performance, as is

the case of sum average weighting method.

The AHP method is a compensatory multi-criteria

method to support decision making developed by Thomas

L. Saaty in the 1970s, which allows the modeling of unstruc-

tured problems in various areas of knowledge. Basically, this

method is used to rank ‘n’ alternative in accordance with ‘m’

objectives (AHP can also be used for ranking criteria, this

procedure being useful for eliciting the preferences of

decision makers for further multi-criteria applications). For

this purpose a numerical scale from 1 to 9 is used, where

1 is assumed when considering that the elements also influ-

ence the highest level equally, and 9 is assumed when

considered that the first element influences the highest

level absolutely more than the second element. From the

allocation of intensities through pairwise comparisons,

which is accomplished through interviews with decision

makers using a judgment collection questionnaire, the next

step is to create a matrix that will receive the data that

were collected in these interviews. Having created the
matrix, its vector of priorities is calculated. Mathematically,

the principal auto-vector of the matrix, when normalized,

becomes the vector of priorities. The same process is per-

formed level by level between all the elements belonging

to each level. Using all calculated priority vectors it is poss-

ible to create the matrix called ‘matrix of priorities’, which

will be multiplied on the right by the matrix of the priority

vector created at the highest level, or ‘first-level matrix’.

The result of this algebraic operation is a global priority

vector, i.e. representing preferences of an individual as to

the choice of alternatives from the defined criteria (Saaty

). Finally, AHP uses an index for testing the consistency

of the judgments. For performing these calculations, AHP

has a very well developed software package known as the

Expert Choice.

MACBETH is also a technique based on pairwise com-

parison and has a software package for performing its

calculations, which is M-MACBETH software. MACBETH

is a constructivist approach to decision support because

the interactivity with decision maker is one of its key advan-

tages. According to Bana e Costa & Vansnick (), the

procedure starts by questioning a decision maker about

his/her attractiveness between any two alternatives a and

b of a set of alternatives A. If for the decision maker a is

more attractive than b, the decision maker should define a

verbal absolute judgment about the difference of attractive-

ness between a and b by choosing one of six semantic

categories ranging from weak attractiveness to extreme

attractiveness. An index for testing the consistency of the

judgments is used to review the judgments made until the

semantic consistency condition is satisfied. If there is cardi-

nal consistency, the algorithm proposed in MACBETH gives

a real number for each alternative, which are then plotted in

a graphic form for evaluation and concordance of the

decision maker.

The ELECTRE is a family of non-compensatory

methods also capable of handling different criteria, both

quantitative and qualitative, and provides ranking, selection

or classification of alternatives. In this type of method, the

preferred alternatives are those that have a better perform-

ance for most of the criteria, and do not cause an

unacceptable level of discordance to any of them, a charac-

teristic of methods known as outranking methods (Roy

). The ELECTRE procedures provide for the



232 A. B. Leoneti & E. C. Pires | Decision sciences in the management of water resources Journal of Water, Sanitation and Hygiene for Development | 07.2 | 2017
establishment of a level of agreement, disagreement and

indifference to be used in the establishment of relations

between the alternatives. These indices are defined by the

decision maker and vary in the range between zero and

one, setting the limits for each relationship. The family of

ELECTRE methods is divided into ELECTRE I, ELECTRE

IS and ELECTRE IV for problems of choice (selecting),

ELECTRE II, ELECTRE III and ELECTRE IV, for prob-

lems of ranking, and ELECTRE TRI for problems of

classification (Figueira et al. ).

The PROMETHEE is a family of non-compensatory

method that uses pairwise comparison functions in order to

rank alternatives considering multiple criteria (Brans &

Vincke ). There are basically two methods of this family,

namely: PROMETHEE I, which generates a partial rank

from the relationships of dominance and subdominances,

which are considered from the preferences and values; and

PROMETHEE II, which generates a ranking by combining

both relations identified by the above method. Both methods

also utilize a preference function, which is a function of the

difference between two alternatives to any criteria. The other

methods that belong to the family of PROMETHEE methods

are PROMETHEE III, PROMETHEE IV and PROMETHEE

V, for ranking alternatives, PROMETHEE VI for the human

brain representation, PROMETHEEGDSS for group decision

making, and the PROMETHEE TRI for dealing with classifi-

cation and PROMETHEE CLUSTER for nominal

classification (Behzadian et al. ).

Finally, one should note the TOPSIS and MAUT com-

pensatory methods. TOPSIS was developed on the concept

that the best alternative should be closest to the ideal alterna-

tive and have the greatest distance from the negative solution

in a geometrical sense. Thus, the order of preference of the

alternatives is produced by comparing the Euclidean dis-

tances (Hwang & Yoon ). MAUT takes into account the

preference of the decision maker in the form of a utility func-

tion which is defined over a set of attributes. The utility value

can be determined by utility functions followed by verifica-

tion of the preferences (Keeney & Raiffa ).

Game theory

Widely known in various fields of science, game theory is a

mathematical theory that deals with the general
characteristics of competitive situations, placing particular

emphasis on group decision-making processes (Luce &

Raiffa ). The main advantages of the application of

game theory are that it enables theoretical understanding

of the interaction between players, and helps strategic think-

ing, exploring the possibilities of interaction between agents,

especially in the case that the decision cannot be made in a

cooperative environment. Thus, the application of the games

approach allows expanding the players’ view of the problem

and finding new possibilities for resolution of the same,

which would hardly be realized without the aid of this

theory (Osborne & Rubinstein ).

According to Fiani (), to be classified as a game, the

strategic interaction situation must have four characteristics:

(i) allow interactions; (ii) involve more than one agent; (iii)

promote rationality; and (iv) prioritize strategic behavior.

In this way, any game is also a model, which should contain

elements on the situation of strategic interaction between

the players, especially whether or not they know the

decisions of other agents. In this context, the player may

be considered as any individual or organization involved

in the process of strategic interaction, which has authority

to make decisions.

Briefly, a game must have a finite number of players

trying to achieve the best possible outcome, given their pre-

ferences. For this, players interact with an action, move, or

choice at a given moment of the game, which means that

each player will have their set of actions. All of these actions

for a player i can be represented by the set: Ai¼ {aj}. It must

also be verified whether the players have made a decision at

the same time or successively, in which case it should be ver-

ified whether they know the previous decisions. If the

players decide at the same time, the game is known as a sim-

ultaneous game. Simultaneous games are those in which

each player ignores the decisions of others when they

make their own decision (Fiani ). The strategic form

in a table format provides all possible combinations of

players’ actions and their results for a simultaneous game.

Where decisions occur in succession, the game is

known as a sequential game. Sequential games are those

in which players decide based on what the other players

have decided in the past, that is, when decisions are made

knowing the decisions of the other players, regardless of

chronological order. In this game the players perform their
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moves in a predetermined order (Fiani ). The extended

form, in the form of a game tree, provides all possible scen-

arios of the sequential game and its results.

In both cases it is necessary to determine the payoff of

the players. Payoff is determined by a utility function

which is a way of assigning numbers to describe preferences

(Luce & Howard ). Thus, this utility function denotes

the payoff that player i receives when player 1 adopts strat-

egy s1, player 2 adopts strategy s2, and so on, including the

fact that player i adopts the strategy si. The utility function

is given by Ui¼ (s1,…,si,…,sn) and must meet the inequality,

f(x) � f(y) whenever U(x) �≻ U(y) (1)

where �≻ represents the preference of x over y.

Finally, when players cannot establish secured compro-

mises it is said that the game is non-cooperative, otherwise it

is said that it is cooperative. Therefore, the possibility of

establishing guaranteed compromises is what will determine

whether the game is cooperative or not (Binmore ).

Games where the payoff of the players are inversely related,

i.e. a player’s gain necessarily involves the loss to another

and this constitutes the so-called ‘strictly competitive

games’ or ‘zero sum game’.

Whatever the type of game, players will work with their

strategies and sets of information. According to the prin-

ciples identified by Neumann & Morgenstern (), if the

individuals involved in a situation of interaction act ration-

ally, they seek to identify alternatives that meet not only

their criteria, but also to meet, at least minimally, the criteria

of other individuals, being the solution an equilibrium for

the game. In this sense, the strategy is an action plan that

specifies the number of strategies of players at all times

when searching for equilibrium solutions. The set of strat-

egies, or space of strategies, is the set of strategies that

each player has. The set of strategies is given by: Sji¼ {sji},

and from this set, the game is analyzed by possible combi-

nations of strategies (Fiani ). Each combination of

strategies is given by S¼ (s1,…,sn), where s1 is the strategy

of player 1, s2 of player 2 up to player ‘n’.

Also, it should be considered that there are two types of

situations: games with perfect information and games with

imperfect information. A perfect information game is if all

players know the entire history of the game before making
their choices. If any player at some point in the game has

to make choices without knowing the exact history of the

game up to that point, the game is said to be an imperfect

information game (Osborne & Rubinstein ).
APPLICATIONS IN SANITATION

Using qualitative variables, considering weightings for

different criteria and evaluating different scenarios:

the methods from the multi-criteria approach

Examples of applications using multi-criteria methods to

support the decision in sanitation can be found in the litera-

ture, especially after the 1980s. For example, Duckstein et al.

(), who evaluated the impact of alternative treatment

plants in the Santa Cruz river basin in the United States,

compare the use of ELECTRE I and ELECTRE II, compro-

mising programming and MAUT methods. The authors used

the methods for evaluating a decision matrix containing

25 alternative measures by means of 13 criteria, of which

only five were quantitative. The authors provided an inter-

esting approach for comparing multi-criteria decision

making (MCDM) methods, since there are significant differ-

ences between them. The authors classified these differences

into six classes, namely: (i) type of data required; (ii) nature

of alternative (discrete or continuous); (iii) consistency of

results; (iv) robustness of results; (v) ease of computation;

and (vi) amount of interaction required between the

decision maker and systems analyst. The authors concluded

that: (i) ELECTRE can be used with qualitative variables,

while the other methods cannot; (ii) ELECTRE cannot

deal with continuous alternatives (i.e. an infinite number

of reservoir systems corresponding to continuously varied

reservoir sizes), while the other methods can; (iii) ELEC-

TRE presented a minor difference in the results compared

to the other methods which is due to the fact that there is

a threshold value for discordance to be either satisfied or

not, while with the other methods all discordances are

included in the analysis; (iv) all the methodologies con-

sidered are fairly robust with respect to changes in

parameter values; (v) MAUT requires the most time for

learning by the analysts and for application, but analyzing

its results is rather straightforward, while ELECTRE is
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tiresome; and finally (vi) MAUT requires an extensive

amount of interaction between the decision maker and the

analyst that may be impractical for certain real world

cases. The authors concluded that ELECTRE I could be

used to reduce the number of alternatives under consider-

ation and ELECTRE II could be used to rank the rest of

them, although they find out the compromising method

the most appropriate for this case. However, it is interesting

to note that from the criteria considered, eight used a subjec-

tive scale with five levels (e.g. a social criterion such as

‘Creation of new opportunities’ and an environmental cri-

terion such as ‘Effect of wildlife and vegetation’), which

would require a method that accepts qualitative variables,

which is the case in the ELECTREs methods.

In turn, Karagiannidis & Moussiopoulos () used

the ELECTRE III multi-criteria method to evaluate five

proposals of integrated systems of urban solid waste man-

agement, to assist in planning in the Athens area of

Greece. According to the authors, the ELECTRE III multi-

criteria method was chosen to carry out the application

because the method involves some aspects that are often

overlooked by other methods, such as the preference and

veto of the decision makers. Precisely, the authors criticize

ELECTRE I and II methods because of the lack of possi-

bility to set thresholds values for these preferences and

indifferences, which generated unsatisfactory previous

applications in solid waste management problems (Kara-

giannidis & Moussiopoulos ). The evaluation of five

alternatives for integrated management of municipal solid

wastes was based on 24 criteria, some of them (e.g. a

social criterion such as ‘Development in other sectors’)

were measured by an ordinal scale used according to quali-

tative considerations of experts. The final ranking was

achieved using both ascending and descending distillation

methodology, although the authors stressed that this sol-

ution cannot be seen as the ‘optimum’ solution, because of

the process of weighting criteria. Instead, the authors state

that conflicts might occur because of the divergences in

the weighting given to the criteria by individuals or groups

involved. Therefore, the authors suggest that different scen-

arios should be assessed (Karagiannidis & Moussiopoulos

).

The advantages of using ELECTRE methods are, there-

fore, the use of qualitative variables (ordinal or cardinal
scales) and the ease of implementation. Qualitative variables

are especially important for expanding the traditional tech-

nical-economic criteria evaluation, which is usually based

on quantitative variables that are easily obtained, e.g. cost

of implementation or efficiency of waste removal. These

variables can be included into analysis using expert opinions

in the form of Likert scales (ordinal scale), which can be cal-

culated using ELECTRE methods. Another advantage is the

ease of implementation, which allows the evaluation of sev-

eral scenarios, although interpretation of the final result is

not straightforward due to its distillation process. The

main disadvantage in terms of application is that although

threshold values being a feature that theoretically dis-

tinguishes this method from others, this brings more steps

to the process. These further steps might be minimized

when defined as being equal to zero the veto, indifference

and preference thresholds, making the set of criteria all

true criteria (Leoneti a). Finally, it is important to

stress that the use of a non-compensatory method would

not allow a better technical-economic performance of an

alternative to overcome its worse social and environmental

performance and vice versa.

Kalbar et al. (), in choosing a wastewater treatment

plant, proposed to use the TOPSIS method as the multi-

criteria decision-making technique to assist in the decision

of the most appropriate technology for a given installation

site. The criteria used were: (i) global warming potential

(kg CO2-Eq/p.e.-year); (ii) eutrophication potential (kg

PO4-Eq/p.e.-year); (iii) life cycle costs net present worth

(Rs. Lakh/MLD); (iv) land requirement (m2/MLD); (v) man-

power requirement for operation (number for operation of

medium scale plant); (vi) robustness of the system

(reliability, durability and flexibility); and (vii) sustainability

(acceptability, participation, replicability and promotion of

sustainable behavior). The latter criteria (robustness of the

system and sustainability) were measured using a cardinal

scale of 0–100 (0 being the worst score and 100 the best

score), with scores given by the authors based on their

experience with these technologies in India. The former cri-

teria were obtained from a primary data source collected

from field-scale municipal WWTPs in India. Given that

the ‘TOPSIS algorithm can easily be implemented computa-

tionally and can be made available as a decision support

tool for the end users’ (Kalbar et al. , p. 160), the authors
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proposed a scenario-based decision-making procedure,

being the scenarios made by each set of criteria’s weightings

for a given decision-making situation, addressing the tech-

nology options for wastewater treatment in India. The

authors stressed that TOPSIS effectively identifies the

WWTP alternative best suited to scenarios proposed

(Kalbar et al. ).

The advantages of TOPSIS are the use of qualitative

variables (cardinal scale), the ease of implementation and

the low complexity for calculations. It should be mentioned

also that the mathematical basis of TOPSIS (the Euclidian

distance) is one of the most outstanding mathematical con-

cepts (see the calculation of the hypotenuse in a triangle

rectangle), what makes its interpretation easy. However, it

should be noted also that precisely due to the distance-

based calculation, the use of ordinal variables such as

Likert scales would not be recommended. For instance,

the paper of Kalbar et al. () used qualitative variables

(robustness and sustainability) such as cardinal variables,

even those being collected from experts’ opinions. A notor-

ious disadvantage is that this method is highly sensitive to

ranking reversal problems (Leoneti a).

Simon et al. () show the evaluation of water man-

agement strategies in the German cities of Berlin and

Potsdam, using the PROMETHEE II method for obtaining

the ranking of more favorable alternatives for water manage-

ment. The authors state that water management represents

an area of conflict between economic, ecological and

social issues, and that the trade-off between these three

issues is necessary to support sustainable development.

Nine different scenarios were evaluated for 14 sections of

a river, being evaluated by four criteria which were: (i)

reduction of the discharge in a river section; (ii) difference

of phosphorus from target concentration; (iii) concentration

of total nitrogen; and (iv) short-term pollution. The AHP for

eliciting the weights preferences was used. Although in this

specific application PROMETHEE II did not perform well,

PROMETHEE II is the most used method among the

family of PROMETHEE methods (Behzadian et al. ).

The advantage of using PROMETHEE methods is the

possibility of using different preference functions for model-

ing each criterion of the decision problem. PROMETHEE

also makes possible the use of qualitative variables, includ-

ing ordinal and cardinal variables, as in the case of
ELECTRE methods. However, as with the ELECTRE

cases, for some of the preference functions the definition

of a preference and indifference threshold is necessary,

which requires additional effort of the decision maker. The

same advantage of being a non-compensatory method

makes its advantages similar to ELECTRE methods.

Bottero et al. () applied AHP and its variant analytic

network process to evaluate different sewage treatment

plants to the problem of waste water in the alpine environ-

ment. The alternatives considered were: composting,

anaerobic digestion, and phytoremediation, which were

evaluated based on 24 criteria, some of them being social

criteria, such as ‘public opinion’ and others environmental

criteria (e.g. ‘use of natural resources’) among the traditional

technical-economic criteria. Some of the non-technical-

economic criteria were evaluated on a binary scale, e.g.

‘yes’ or ‘no’. Bottero et al. () concluded that AHP is suit-

able for dealing with complex decision-making problems

because they allow the analysis of several criteria that may

be considered and compared systemically. In this sense,

the authors claim that the more complex the problem, the

more necessary is an analysis of the decision problem with

sophisticated decision methods (Bottero et al. ).

The advantage of AHP, as with the other MCDM

methods, is the possibility to consider quantitative and quali-

tative variables into the evaluation of decision problems. In

the case of AHP, these variables can be on a binomial, ordinal

or cardinal scale, which is its greatest advantage over other

methods. It should be noted that its mathematical structure

is very robust, since it uses linear algebra for calculation of

the final ranking. As a consequence, AHP is the currently

most appliedMCDMmethod in all areas of knowledge.How-

ever, the possibility of using every kind of variable is at the

same time AHP’s notorious disadvantage, because the AHP

method derives relative priority scales from the original vari-

ables into a process of (c:(c� 1)=2)þ (c:n:(n� 1)=2) pairwise

comparisons, n and c being the number of alternative and cri-

teria respectively, that should be performed by the decision

maker (Harker ). Herva & Roca (, p. 360) also state

that ‘the main drawbacks of the AHP method are potential

internal inconsistency and the questionable theoretical

basis of Saaty’s scale. Alternative methods, such as MAC-

BETH, have been developed to overcome some of these

objections.’ However, no application of MACBETH
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method for water management problems was found in the

literature.

The main strength from multi-criteria methods applied

to the sanitation problem was the possibility to incorporate

qualitative variables that assess several aspects of sustain-

ability, using subjective analysis of decision makers. The

papers presented here showed different ways of estimating

qualitative variables (mainly regarding the social and

environmental aspect of sustainability), which are based

on binomial, ordinal or cardinal scales, which is a notorious

advantage of using this method over the traditional

methods, e.g. linear programming and statistic approaches.

Consequently, although none of the MCDM methods guar-

antees an optimal solution, the advantage is the scenario

construction and the comparison of different solutions,

which is a constructive way of decision makers solving

problems.

Nevertheless, none of the MCDM methods presented in

this section allows for the consideration of risk and uncer-

tainty. Other possible concerns regarding the use of

MCDM methods can be found in Leoneti (a) and Roy

& Słowiński ().

Dealing with uncertainty using the multi-criteria

approach

A proper MCDM method for dealing with uncertainty is the

MAUT method. Loetscher & Keller () proposed a

decision support system for selecting sanitation systems in

developing countries with the use of the MAUT technique.

This research consisted of two steps. First, the elimination

of technically unfeasible alternatives is performed by

means of the evaluation of criteria. Subsequently, 24 criteria

were used to calculate the indexes of ‘practicability’ and ‘sus-

tainability’ for each of the remaining alternatives using the

MAUT method. Finally, the software performs financial

cost estimates to propose a ranking of the alternatives in

local currency. Loetscher & Keller () stated that the

MAUT technique was compared with the AHP, but the

latter was sidelined due to the significant amount of pairwise

comparisons.

Actually, there is a great debate between the prac-

titioners of AHP and MAUT (Gass ). Among MCDM

methods, MAUT has the most solid scientific basis because
it is based on the principle of utility functions, which are

mathematical models whose goal is to translate material

goods into an ordinal scale that satisfactorily represents an

individual’s satisfaction with their choices (Luce &

Howard ). However, MAUT depends on the creation

of these utility functions with the decision makers, which

could be impractical for certain real world cases (Duckstein

et al. ). The great advantage of MAUT is to incorporate

uncertainty into the model, which is not allowed in any

other MCDM method, without a fuzzy approach.

In this sense, Simonovic & Verma () considered the

uncertainty associated with subjective values relative to the

decision-making process of water resources management.

The authors classify the uncertainty as one of the main

sources of complexity in this process, namely: (i) the joint

consideration of economic, environmental, social and techni-

cal aspects, (ii) the difficulty in quantifying the consequences

in the selection of an alternative, and (iii) uncertainties about

the global impact of alternatives. Consequently, the authors

proposed a newmulti-criteria method based on TOPSIS prin-

ciples and fuzzy values using positive (more optimistic) and

negative (pessimistic) ideals, because, as in the decision of

water resources, the weightings associated with criteria are

not always certain due to the subjectivity of decision

makers. Therefore, the authors suggested that if the adopted

weightings are fuzzy, themulti-criteria decision also becomes

fuzzy. Thus, the weightings assigned to criteria were fuzzy

weightings in a triangular form and represent a set of values

(p, m, o), where ‘p’ was the pessimistic value ‘m’ the average

value and ‘o’ the optimistic value (Simonovic&Verma ).

To solve the problem of a proposed fuzzy multi-criteria

decision, Simonovic & Verma () considered the fuzzy

objective function also with a triangular form. The proposed

methodology was tested for the case taken from the literature

on planning of sewage treatment in a municipality. As a

result, the authors came to a methodology that generates a

set of Pareto solutions for multi-criteria decision making in

water resource problems, with varying degrees of adherence

to diffuse weightings. The region of the solution is also

fuzzy and triangular in form. The best decisions are those

that provide the highest possible gain, avoiding the risks as

much as possible (Simonovic & Verma ).

Other examples of fuzzy variations for MCDM methods

applied to sanitation problems can be seen in Chen &
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Chang (), who applied three methods of estimation of

construction costs: a conventional method of least square

regression, a linear regression method using fuzzy logic,

and a regression method using fuzzy logic; in Gumus

(), who evaluated waste transportation firms by using

fuzzy-AHP and TOPSIS methodology; in Afshar et al.

(), who used fuzzy TOPSIS for evaluating reservoirs sys-

tems; in Hatami-Marbini et al. (), who used a fuzzy

ELECTRE method for assessment of hazardous waste recy-

cling facilities; in Zhang et al. (), who used a fuzzy

PROMETHEE method for comparing contaminated sites

based on the risk assessment paradigm, among others.

Also observed in the literature is a variant application of

fuzzy theory, which is the grey-numbers theory (Kuang

et al. ).

Group decision using multi-criteria methods

Due to different factors, most decisions, especially those

involving complex problems such as environmental, occur

in the presence of several agents who decide from a well

defined number of viable alternatives in a committee

(Maaser ). Following the same line of research, accord-

ing to Kocher & Sutter (), many types of decisions, such

as monetary policy or business strategies of companies, are

usually made in groups rather than just by an individual.

As an illustration, they cite family meetings to committee

meetings, as well as reminders of decisions made by corpor-

ate directors and legislators.

According to Srdjevic (), three different method-

ologies can be used to model these decisions, including: (i)

multi-criteria methods; (ii) social choice theory; and (iii)

game theory. The first requires aggregation of the individual

preferences of decision makers into a single group decision.

The second is used when information is minimal or highly

qualitative for the group, including the voting procedures:

the Hare system, the Borda’s score, majority voting, and

approval voting (Srdjevic ).

According to Srdjevic (), in multi-criteria appli-

cations, the size of a group may become critical because

most multi-criteria methods are based on the assumption

that the principle of homogeneity between agents is valid

(that they have similar preferences). On the other hand,

when considering the applications of social choice theory,
themost important questions are the fairness and themanipu-

lation of the voting system used. In a decision-group context,

multi-criteria methods and social choice have different

performances with respect to issues such as fairness, transpar-

ency, or manipulation at various stages of implementation.

Several authors report that the use of one or another type of

method can easily declare different winners (Srdjevic ).

In turn, Srdjevic () proposed a methodology to combine

the multi-criteria method with the theory of social choice in

group decision making. Another example of joint application

can be seen in Laukkanen et al. ().

The third possibility for the evaluation of alternatives in

the presence of more than one actor, mainly for situations

where each decision maker evaluates the criteria based on

their divergent preferences (not existing homogeneity

among the agents), is game theory.

Solving conflicts between agents, creating compromise

solutions, and improving politic and negotiation

process: the game theory approach

The application of game theory to solve environmental pro-

blems is not new. Szidarovszky et al. () demonstrated

how a multi-criteria model representing a regional problem

of a groundwater system of an aquifer in Hungary could be

solved by game theory. The main idea of the study was to

provide a joint analysis of the exploitation of mineral

resources, water supply, and environmental protection.

These three views were represented by three objective

functions, which would be difficult to be expressed in mea-

surable units, and for which the best solution to a goal

generally produces far from ideal values for other purposes.

As a result, the authors proposed not finding a global overall

solution for the entire system, but a solution that was satis-

factory in meeting all objectives considered in conflict

with each other. As a result of this work, Szidarovszky

et al. () concluded that game theory concepts could be

used to develop a methodology for solving a particular

class of multi-objective problems, based on certain axioms

that the solution must satisfy. They also stated that the

Nash equilibrium point is a minimal solution point, or the

result of the subjective choice of the decision maker.

Tecle et al. () also presented the resolution of a

multi-criteria problem using game theory and the ELECTRE
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I method. The case study was based on the sewage treatment

project of the city of Nogales in the United States, dealing

with wastewater from the twin cities of Nogales in the

United States and Nogales in Mexico. The two techniques

selected to support decision making (game theory and

ELECTRE I) were used to analyze the problem separately.

Tecle et al. () identified differences in the modeling of

wastewater management, taking into account the complex-

ity to satisfy a number of constraints and meet a number

of objectives. Therefore, the best solution is only determined

once the decision maker accepts the axioms of the method-

ology (Tecle et al. ).

Another application example can be seen in the work

of Krawczak & Zicsakowski (), who emphasized the

control of water quality of a system containing three

subsystems, namely: distribution control, water retention

control, and water quality control. The authors applied

game theory together with the Nash equilibrium concepts

to propose a solution to the conflict in the discharge of

sewage by polluters into a reservoir. In this article, Krawc-

zak & Zicsakowski () considered the reservoir of a

river and several polluters around it. The reservoir was in

the flow of the river and each polluter was treated as a

player. Decay functions proposed by Streeter & Phelps

() and concepts of game theory were used in order to

propose strategies for each polluter. For this, it was con-

sidered that the main objective in the control of water

quality would be to keep the final levels of BOD and COD

as close as possible to pre-set levels (Krawczak & Zicsa-

kowski ). Based on Nash equilibrium concepts,

Krawczak & Zicsakowski () were able to devise strat-

egies to control pollution in the reservoir, which provided

a satisfactory solution to the conflict between the players.

Thus the authors concluded that game theory could also

be a tool for dealing with optimization problems.

Carraro et al. (), in an article on the negotiation and

non-cooperative bargaining to issues related to water, state

that conflicts can arise in situations where decision

makers could mutually benefit each other if they enter into

an agreement, but did not establish cooperation because

their interests are opposed. The authors raise the question

that in general, theoretical models provide descriptions of

the negotiation process and predictions of how players

behave. However, the experimental evidence shows that
the predictions of theoretical optimization models often do

not match the actual negotiation process. Therefore, these

models might not be as useful as decision support tools (Car-

raro et al. ). After conducting an extensive literature

review on the application of game theory and negotiation

in the management of water quality, Carraro et al. ()

found that most of the economic literature presents the

solution to these problems from the point of view of

optimization, specifically economic efficiency. Alternatively,

they also identified other studies using game theory to assist

in finding solutions not necessarily more efficient from an

economic point of view, but socially or politically feasible.

Thus, the authors state that many of the environmental pro-

blems would be best treated within a game approach

through game theory, for example, issues related to natural

resource management. Also in this sense, Carraro et al.

() argue that a negotiated settlement is increasingly

accepted as the best approach to natural resource manage-

ment. In addition, they state that these negotiated

solutions are more easily accepted and therefore potentially

easier to be implemented. However, the negotiation process

should involve not only the presentation of proposals and

compromises, but also predict the preferences of players

and their likely strategies.

According to Carraro et al. (), given the complexity

of the processes and environmental issues involved, game

theory has a high potential to help in the process of an agree-

ment acceptable to all parties. The game theory approach

can directly support the negotiation process, or indirectly,

by shortening the necessary time to reach an agreement by

identification (theoretical) of ‘acceptability space’. That is,

the proposals that have more changes of being accepted

are identified and proposals that would be (almost) certainly

rejected are soon discarded at the start.

Similarly, Madani () also contributes to this discus-

sion by arguing that conflicts over water issues are not just

limited to costs or benefits. To Madani (), these conflicts

can also arise from social and political aspects of the design,

operation and management of environmental projects.

Therefore, to analyze, operate or design a sanitation project,

a decision maker should ensure that the project is not only

technically, environmentally, financially and economically

viable, but also socially and politically. For the author, this

is a challenge for engineers who are used to measure the
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performance of projects only in economic, financial and

physical terms. Also according to Madani (), optimiz-

ation techniques such as linear programming can find the

optimal values of the decision variables. However, if the

problem is not formulated properly, it can fall short on pro-

viding more comprehensive information on the strategic

behavior of decision makers who are involved in the

selection process. Thus as a contribution, Madani ()

illustrates the usefulness of non-cooperative game theory

together with pure strategies in the analysis of water systems

and focuses on conflict resolution through discussion of the

basic concepts of game theory. He also discusses how the

dynamic structure of water resource problems and the evol-

ution of the game can affect the behavior of agents in

different periods of the conflict. Three types of games were

presented two by two, and their equilibria were introduced.

In each game some correspondences between game theory

and the management of water resources were found,

which were discussed on the basis of each example. In

addition, the results of the Pareto optimal type were intro-

duced to show how the results of game theory may differ

from the results of systems engineering methods (Madani

). In conclusion, Madani () states that game theory

provides a mean for understanding and resolution of water

conflicts, which are often of the multi-criteria type, with mul-

tiple decision makers involved. Also according to the

author, this theory could predict whether the optimal resol-

utions are attainable and clarify the behavior of decision

makers in specific conditions (Madani ).

Finally, Wei et al. () agree that the administration of

water resources often involves interaction between different

authors with different points of view, and must deal with the

difficult task of satisfactorily meeting the wishes of all

involved. The authors show conflicts between quality and

quantity of water, which are usually caused by: (i) water

scarcity due to uneven precipitation; (ii) multiple users

and polluting sources; (iii) different degrees of pollution

upstream restricting the use of water in the water basin

downstream; and (iv) transfer of water between basins. To

resolve these conflicts, Wei et al. () suggested the cre-

ation of water markets, such as those existing in some

countries such as Australia, USA, Chile, India and Spain,

together with game theory, as an appropriate approach to

model and propose solutions to address these conflicts. To
create this game, Wei et al. () proposed regression func-

tions that were used to define the players’ payoff, and four

scenarios were developed to analyze the uncertainties of

the simulation. From this, Wei et al. () defined the

game on two levels, with a main game and four sub-

games. In conclusion, Wei et al. () show that the game

would hardly be solved without cooperation between the

players, even under an optimistic scenario, and also ident-

ified that cooperation with other players is the dominant

strategy of the game. The study also proved that cooperation

brings some losses for some players, but produces more col-

lective benefits. However, players are not usually willing to

cooperate, because they will face the risk of loss, a similar

result to the prisoner dilemma game (Wei et al. ).

Many of the applications presented here used the concept

of non-cooperative games for choosing the alternatives. One

can eventually argue that these kinds of decision games

more resemble a cooperative than a non-cooperative game.

Actually, there are several applications assuming that these

kinds of games should be modeled as cooperative games

(Karmperis et al. ). Another example can be seen in

Wang et al. (). On the other hand, the decision-making

process for water resources planning usually has a committee

instance in the process of making decisions, which usually

suffer strong pressures of different players, e.g. environmen-

talists. Additionally, some sanitation problems involve more

than one region, sometimes including different countries,

which might bring to the context some different cultures

and strong contrasting view points, making it harder to find

pre-agreements with satisfactory outcomes. In this sense,

the non-cooperative approach for modeling such as games

seems to be more useful. Binmore () reinforces that nego-

tiation games should be studied without presupposing

preplay bargaining, which is the principal assumption of

cooperative games, strengthening the possibility of analyzing

it through a non-cooperative bargaining model.

One clear difference between game theory and MCDM

methods is that for the latter, there are several ways of model-

ing the value’s function that is the core of the algorithm

method. On the other hand, the utility function for the game

theory approach should be designed almost as one for every

situation. According to DeCanio & Fremstad (), ‘the

payoff structure depends on interpretation of the scientific evi-

dence’. For instance, Carraro et al. () defined the utility
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function in which the payoff of an individual would imply a

reduction in the payoff of their opponents. Krawczak&Zicsa-

kowski (), used decay functions proposed by Streeter &

Phelps (). In turn, Wei et al. () proposed regression

functions that were used to define the players’ payoff. Further-

more, some payoffs are formed on arbitrary judgmentmade by

the decisionmakers basedonordinality principles. Thismakes

game theory harder to be implemented when compared to

MCDM methods. Toward a more accessible modeling of this

approach, a recent contribution can be seen inLeoneti (b).

Apart from the implementation phase, game theory has

a greater advantage for dealing with more than one decision

maker in a non-cooperative situation (heterogeneity

between agents), putting itself as a better approach for

aiding the political or negotiation process.
CONCLUSIONS

Articles presenting different applications of MCDMmethods

and game theory to sanitation were found in the literature. In

general, the use of multi-criteria methods and game theory

proved useful to create and compare scenarios, reducing

the time needed to reach a solution for complex problems

involving a large number of criteria and agents. Also, they

were shown to be important for creating greater transparency

in the decision-making process, thus increasing the potential

for a solution acceptable to the parties involved.

Specifically, in this research it can be seen that the use of

MCDM methods allows a significant increase in the number

of criteria for evaluation. The increase in the criteria was

often associated with sustainability criteria, covering the

social, economic and environmental aspects of the alterna-

tives. More importantly, although not appropriate for

finding optimal solutions, MCDM has the advantage of

making it possible to include qualitative variables into

water management resources modeling. Being different to

all other traditional techniques, except the ones based on

non-parametric techniques which do not require that the

variables be quantitative, some holistic concepts of sustain-

ability can be taken into account in this approach.

Associated with the increase of the criteria, the inclusion

of a greater number of participants in the decision-making

process was also mentioned as important. However, in the
multi-criteria approach, different preferences in meeting the

criteria would lead to conflicts that make harder the adoption

of one alternative as the solution for the group. In this context,

game theory approach, with its utility functions and its equili-

brium-based solutions, has been suggested as a solution that

would be suitable for situations of non-cooperation or conflict

among individuals. This allows the inclusion of objectives

other than the technical-economic objectives, thus also

taking into account of social, political and environmental

objectives in the decisionmakingprocess. In this sense, the sol-

utions would bemore readily accepted by the decisionmakers

who, instead of a Pareto-optimal solutions, would have a con-

sensus solution formulated based on equilibrium.

Although applied studies have been identified for each

of the main multi-criteria methods and game theory, the

number of studies by technique was very low in the litera-

ture, when filtered by the sanitation area, mainly regarding

water management. On the other hand, it was found that

in both theoretical developments and real life applications

MCDM methods are significantly more used than game

theory. This is probably due to the fact that MCDM is

more understandable to decision makers and therefore in

many cases easier to implement. Moreover, there is the

possibility of using MCDM methods in group contexts com-

bining those methods with game theory or social choice

theory methods, including the voting procedures.

In conclusion, although still little explored, discussions

of sanitation problems can and should be enhanced with

the use of techniques and methods of decision science,

and MCDM methods and game theory are particularly suit-

able for this task.
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