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Abstract: The preference aggregation is one of the most important components in
multiple criteria decision making analysis. It is generally possible to select some relevant
models in accordance with different contexts, thanks to many methods open to us. Fuzzy
logic theory constitutes an intuitive and algorithmic approach when different criterions are
so heterogeneous that no classical method could satisfactorily deal with such problem.
Fuzzy rules perform tradeoffs by involving expert judgements and translating linguistic
expressions into mathematical computations. The outranking approach, another method
involving sometimes the logic of fuzzy set theory, homogenizes qualitatively
heterogeneous dimensions. These two methods could be fairly attractive in nuclear
industry related decision making in view of the complexity and stakes implicated. In this
article, we apply fuzzy logic to nuclear policy choice in Bulgaria in order to illustrate the
scheme of fuzzy decision analysis applications.

Keywords: multiple criteria decision making, fuzzy set, fuzzy logic, outranking, kozloduy,
nuclear policy.

1. Introduction

“Decision theory is based on a set of problem descriptions and coherent analysis. It
proposes some principles we could use when selecting criterions and offering solutions.”
[1] Some difficulties or tough choices in decision making process justify the need of an
elaborated decision theory and a body of methods. Among such difficulties, we can
distinguish:

1. Uncertainty and risk we generally try to model by probability theory, statistics,
subjective probability…

2. Fuzzy nature of decision maker’s interaction with the environment. This field is for
a long time wrongly analyzed as uncertainty. In spite of the controversial
applicability of the probability thanks to some similarity between fuzziness and
uncertainty, such applications cause sometimes serious problems given their
fundamental differences. Fuzzy set theory is actually the basic tool to deal with
fuzziness in decision making.

3. Multiple dimensions implicated in a “complex” decision process. Many decision
problems are worth analyzing in a formal way because several (or many) criterions
should be considered and their natures are often heterogeneous. Currently we
dispose of some approaches in this regard: multiple regression theory, multiple
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criteria decision making (MCDM) methods and simulation tools as neural network,
fuzzy logic …

4. Game which involves multiple protagonists. This aspect falls widely into the
framework of strategic analysis, negotiation theory, and in particular game theory.

All these decision making characteristics are usually mixed and intersected in real
world. An appropriate model for a specific decision problem requires not only method
choice efforts, but also some integration and updates. In this article, we try to combine
fuzzy set theory with MCDM methods to analyze Bulgaria’s nuclear policy decision
making so as to demonstrate the pertinence of this combination in dealing with some
complex decision makings in the nuclear industry.

2. Multiple Criteria Decision Making

The concept of multiple criteria decision making is rarely defined in a formal way; it
includes de facto a set of methods which aim at performing tradeoffs or aggregations
between several criterions and selecting one or some best actions. The following Table 1
summarizes some taxonomies of MCDM.

Table 1: Taxonomy of MCDM Methods

Criteria of
classification

Methods

Geography American school European school
Epistemology Multiple criteria decision aid MCDM
Decision space Continuous – MODM

Multiple objective decision making
Discrete – MADM

Multiple attribute decision making
Decision maker Individual decision Group decision

Math. representation Determinist Stochastic Fuzzy
Ordinal and cardinal Approach of tradeoffs

 (multi-attribute)
Approach of outranking

Some axes in this table are particularly developed and therefore form several
promising directions. Trying to recapitulate these developments, some experts in MCDM
emphasize multiple attribute decision making, linear multiobjective programming,
outranking approach, negotiation theory … It seems worthwhile, in view of the model
used in this article, to examine more in detail two approaches concerning the discrete
decision space: multiple attribute decision making (MADM) and outranking.

MADM is a process for making preference decisions over the available alternatives
which are characterized by multiple (usually conflicting) attributes†. Two central concepts
in MADM methods are utility and multiple dimensions. The one-dimensional utility was
developed by Von Neumann and Morgenstern (1944) and then by Savage (1954); Keeney
and Raiffa (1976) [2] extended the concept to multidimensional utility in certain or
uncertain situations. The typical process of MADM can be roughly divided into four
stages: 1. creating a consequence table (identification of all the alternatives, criterions and

†  “The term (attribute) refers to descriptors of objective reality. They may be actual
objective traits, or they may be subjectively assigned traits… although they can not be
separated from the decision maker values and model of reality, they can be identified and
measured in relative independence from the decision maker’s needs and desires.” [4]. For
detailed explication of attributes, see 1st chapter of [4] and 2nd chapter of [2].
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consequences); 2. analyzing inter-criteria information (substitution rate…); 3.Choosing
aggregation function; 4. Comparing and performing sensibility analysis.

The outranking approach is one of the major contributions of B. Roy (1985, 1993) [3]
in the package of ELECTRE and PROMETHEE methods. This approach compares all
actions in a pairwise way. Instead of building complex utility functions, it determines
which actions are preferred to the others by systematically comparing them on each
criterion. The numerical results of comparisons, included in indices of concordance and/or
discordance, support essentially the choice process. This approach, by using different
preference systems to simulate the value gradation in our subjective judgment, tries to find
the commensurability between criterions through simple aggregation functions.

3. Fuzzy Set Theory and Fuzzy MCDM

In classical decision theory the components of the basic model of decision making under
certainty are in the yes-or-no type rather than of the more-or-less type. Vagueness is only
taken into consideration in the case of decisions under risk or uncertainty; this uncertainty
concerns the happening of a state or event and not the event itself. Zadeh (1965) [5]
published the first article on fuzzy set, trying to generalize the classical set notion, and
proposed to deal with fuzziness in a non-stochastic manner. In classical (crisp) set theory,
each single element can either belong to or not belong to a set A. For a fuzzy set, the
characteristic function allows various degrees of membership for the elements of a given
set‡.

The notion of “fuzzy” is extended to many fields, including fuzzy proposition, fuzzy
number, fuzzy clustering, fuzzy interval … and especially fuzzy logic, which will be one
of the two fuzzy MCDM advocated in the following chapters. All these extensions reflect
a tendency to integrate more flexibility and reality in dichotomist mathematical modeling.

We combine the MCDM methods with fuzzy logic to tackle two essential issues in
multidimensional decision making problems: commensurability and aggregation/tradeoffs.
The two concepts are of course interdependent; the level of commensurability between
criterions determines the aggregation difficulty and method choice. We analyze here two
methods with regard to fuzzy approaches: the outranking which reduces the level of
incommensurability and the fuzzy logic allowing circumventing the problem of
incommensurability.

3.1 Outranking and its Fuzzy Meaning

The outranking approach is based on several preference systems to generate some
thresholds and some qualitatively different zones for each criterion. The difference
between two alternatives under one criterion can support, contradict or overthrow a
relation of outranking, in accordance with the relation between the difference and
thresholds. We can illustrate roughly a preference system of outranking by the following
schema:

‡ For a detailed presentation of fuzzy set theory, readers can refer to [6].
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Figure 1: Logic of Outranking Preference System

The value of this figure represents a function of difference between consequences of
two alternatives under a criterion. The shadow in the right stands for the level of
concordance of an outranking relation, and that in the left symbolizes the level of
discordance and veto. Therefore we can interpret the function of concordance and
discordance in terms of fuzzy set in view of the similarity between them. All the
dimensions become commensurable as they are converted into the same measurement
scale: contribution or opposition (between -1 and 1 or - ) to the proposition “Alternative
A outranks B under the criteria c”. It remains to conceive a relatively simple aggregation
function and fix an acceptable level so as to take a global evaluation. For an exhaustive
analysis of outranking methods, please refer to Roy (1984), Roy and Bouyssou (1993) [3],
two books however in French language.

More exactly, B. Roy himself defines an outranking relation as a binary relation S
on the set X of alternatives: x outranks (S) y if, given what is known about the preferences
of the decision-maker and given the quality of the evaluations of the alternatives and the
nature of the problem, there are enough arguments to declare that x is at least as good as y,
while there is no essential reason to refute the statement: x S y.

3.2 Fuzzy Logic and Aggregation

Fuzzy logic is another way to perform tradeoffs/aggregations between criterions without
tackling directly the problem of incommensurability. Hammond et al. (1998) [7] proposed
a managerial version of MADM named even swaps, which can perform tradeoffs in a
more rational, coherent, simple and intuitive manner. The values under different criterions
are exchanged so that differences between some alternatives are made null. By
eliminating these criterions, we reduce progressively dimensions of MADM until the
problem becomes unidimensional and we can take directly comparisons to choose the
“best” alternative. “The even-swap method will not make complex decisions easy; you’ll
still have to make hard choices about the values you set and the trades you make.” [7]
This difficulty in this method is mainly due to the incommensurability that will be
bypassed with the help of expert judgments which will help in designing a system of
aggregation rules, i.e. fuzzy logic.
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The fuzzy logic is based on linguistic variables §  to model fuzzy and vague
knowledge by establishing quantifiable links between a linguistic term and a quantitative
universe of discourse. Therefore in the process of consequence evaluations, preference
aggregation rule construction and value comparisons, linguistics terms and quantitative
values could be almost indifferently used and be converted to each other. We can use this
characteristic for the purpose of aggregation rule working-out through expert linguistic
judgments.

Generalizing the classical logic, fuzzy logic adapts the systems of dual and multi-
valued logic to the way in which humans usually argue. In Boolean logic truth values can
be 0 (false) or 1 (true), and in fuzzy logic, extended from set theoretic multivalued logic,
truth values can vary from 0 to 1. Fuzzy if/then rules, central component of fuzzy logic,
are rules whose antecedents, conclusions or both are fuzzy rather than crisp. The most
common and widely used interpretation involves a fuzzy rule "if x is A then y is B".

The application of fuzzy logic to preference aggregation follows five major steps: 1.
create linguistic variables for antecedents and conclusion; 2. construct fuzzy rules and
eventually make the criteria structure hierarchic; 3. apply fuzzy rules by generalized
modus ponens; 4. aggregate the results of all the implicated rules in a fuzzy final result;
5.defuzzify the final result and choose the maxima. Defuzzification methods help obtain
the representative value of a fuzzy set in the end of the application of fuzzy rules. Expert
judgments, formalized in the form of fuzzy rules, allow us to overcome some difficulties
in relation to incommensurability between some criterions in complex decision problems.
Normally, no sensibility analysis is needed because the fuzzy logic is generally viewed as
a very robust method which takes the possible variation into account in its gradual
quantification.

4. Case Studies

To illustrate the applications of these two fuzzy MCDM models (especially fuzzy logic),
we introduce a case formulated in a paper on Bulgaria’s nuclear power plant issue (Semov
2004 [9]) and principally developed in a PHD thesis of M. WANG Xingquan [10] under
the supervision of Professors A.MAÏSSEU/J.ALLOUCHE. The case shall be analyzed by
fuzzy logic; the possible application of outranking approach is also pointed out.

4.1 Bulgarian Nuclear Policy Issue

At the meeting of G-7 states in Munich (1992), a decision was made to launch an
international program in order to improve the safety of the nuclear power plants (NPP) in
central and eastern Europe and the CIS states. On November 28, 1999, EU commissioner
Guenther Verheugen arrived in Sofia before the negotiations for Bulgarian membership in
EU, and the Bulgarian government in return “promised” to close units 1-4 in Kozloduy as
early as possible. The government declined to sign a legal act; only a memorandum was

§ For Zimmermann (1991) [8], a linguistic variable is characterized by a quintuple (x, T(x),
U, G, M). x is the name of the variable; T(x) denotes the term set of x, that is, the set of
names of linguistic values of x, with each value being a fuzzy variable denoted generically
by x and ranging over a universe of discourse U which is associated with the base variable
u; G is a syntactic rule (which usually has the form of a grammar) for generating the name,
X, of values of x; and M is a semantic rule for associating with each X its meaning, M (X)
which is a fuzzy subset of U.
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signed. In 2000, the Civil Committee for Kozloduy NPP Defense was established and
carried out a large-scale activity to defend the plant. The units 1 and 2 were closed in 2002.
An inspection of the International Atomic Energy Agency (IAEA) in 2002 and a “Peer
Review” by experts from the Atomic Questions Group to the Council of Ministers of the
EU in 2003 gave positive results: no grounds for the early closing of units 3 and 4 in
Kozloduy. In December 2003, the European Council assumed that the negotiations for
Bulgarian membership would be completed by the end of 2004. The Bulgarian
government declared also that it would be irrational to raise a question like the re-opening
of the Energy Chapter. But the issue is not closed; the Civil Committee for Kozloduy NPP
Defense planed a series of initiatives in 2004 with support of many other local and
international organizations. “All stated arguments still allow searching for a compromise
solution acceptable to all parties and meeting the cumulative requirements for legality,
democracy, and professional competence” [5].

The problem of decision making in this regard becomes a global evaluation of all
possible actions under some criterions in order to find the best alternative in accordance
with Bulgaria’s national interest. Some experts on this issue conceived different scenarios
and several options are currently in serious discussion: closing of reactors 3 and 4 in 2006,
closing of reactors 3 and 4 between 2008 and 2010; closing of reactors 3 and 4 until the
depletion of design life; closing of reactors 3 and 4 until depletion of design life and
reopen of 1 and 2 ….

4.2 Alternatives, Criterions, Consequences and Parameterisation by Fuzzy Logic

All alternatives should be formulated in the temporal space. To simplify the problem and
make a correct representation of the fact that the decision space is fuzzy and it will be
difficult to define a precise date or a Cartesian set, we fuzzify the decision space by fixing
3 alternatives:

A1 Closing units 3 and 4 in 2006,
A2 Grace period until the depletion of design life of units 3 and 4
A3 Extension of design life for units 3 and 4, even reopen of 1 and 2

In view of the complex nature of the decision problem, we choose a relatively fuzzy
term as the global objective to generate a criteria structure: interest of Bulgaria, so as to
facilitate the modelling without simplifying excessively the problem. This global
objective allows us to avoid some complicated fields, such as social choice etc..
According to the global objective, the Bulgaria’s controversial nuclear issue reports in
newspapers, some nuclear related criterions and 2 files (Delphi method), we formulate 5
sub-objectives (criteria).

Apparently the consequences of alternatives under these 5 criterions are essentially
qualitative and heterogeneous so that classical aggregation methods will not be able to
deal with appropriately. We can resort to fuzzy logic or outranking approach to quantify
the consequences so as to circumvent the incommensurability/reduce the level of
incommensurability. Several characteristics justify the pertinence of fuzzy logic
preference aggregation in making global view of the Bulgarian NPP issue. First, all the
four criterions are qualitative and fuzzy and it will be easier to perform a linguistic
evaluation. Second, the classical tradeoffs rules can hardly deal with such heterogeneous
criterions. Third, this decision involves the process rationality, and therefore, it will be
more adequate to conceive an evolution-friendly system in order to update easily some
decision parameters. In the following paragraphs, we will concentrate on fuzzy logic
application.
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Criteria 1: Economic analysis. This dimension corresponds to a current benefit/cost
analysis. All evaluations take form of monetary units (determinist, probabilistic or fuzzy).
The consequence for A1 is considered as zero, and the other evaluations are performed
accordingly. We take into account the practically negligible EU’s funding by adding 0.1
billion euros to A1.

A1 A32A

Figure 2: Consequences for Criteria 1

Criteria 2: Socio-economic stability. The closing of nuclear reactors could introduce some
destabilizing factors in connection to electricity price rise, sudden drop of export,
unemployment of qualified staff, migration of workers… It seems pertinent to evaluate
the related consequences in a scale of 10 levels described by a set of impacts. For example:

Level 1. Disastrous impact on socio-economic stability of the country; soaring price of
electricity; energy exports fall dramatically; the country becomes importer of energy; the
unemployment resulting from the closing of reactors harms seriously the nuclear and
related sectors.

A1 A2 A3

Figure 3: Consequences for Criteria 2

Criteria 3 : Impact on Bulgaria’s entry to EU. The exact quantitative evaluation of the
impact of different scenarios on Bulgaria’s entry to EU appears impossible. A simple
scoring does not work because of absence of notation reference points. Therefore, we
introduce an intermediary linguistic form to establish the relation between judgements in
natural language and quantitative value. The set of linguistic terms includes: very
favorable, favorable, no influence, unfavorable, very unfavorable, veto. Le result of
evaluation is: {A1, A2, A3} = {very favorable, unfavorable, veto}

A 3 A 2 A 1
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Figure 4: Consequences for Criteria 3

Criteria 4 : Public opinion. We use also linguistic evaluations for this dimension. Unlike
the 3rd dimension, the later the nuclear reactors are closed, the more favorable the public
opinion will be. This dimension represents national pride, energy independence, social
harmony, national identity vis-à-vis EU…, so there is no significant redundancy in the
criteria structure. We use the following terms to define the agreement level of public
opinion: very positive, positive, neither positive nor negative, negative, very negative.
{A1, A2, A3} = {very negative, positive, very positive}

A3A2A1

Figure 5: Consequences for Criteria 4

Criteria 5: Environment. We make two assumptions to simplify the quantification under
this dimension. In the first place, we establish equivalence between the environmental
impact of NPP (cooling water, radioactivity …) and that of its alternatives (greenhouse
gas emissions, etc.) except the greenhouse gas emission quota transaction. In the second
place, the prices of emission rights are exponentially constant: the discount rate is equal to
the interest rate so that the enterprises are indifferent to emit greenhouse gas in the long
term or short term. The two assumptions allow us to quantify easily qualitative and inter-
temporal consequences. According to Nucleon Info, number 7, monetary values of
emission rights are estimated in comparison to A1, supposed to be 0:

A3A2A1

Figure 6: Environmental Consequences

From these consequences, we set up a consequences table by combining the
dimensions 1 with 5, both in money.

Table 2: Consequences Table

1d billion dollars
2d Notation 3d Notation 4d Notation

A1 0,12 (1, 2, 4) (7, 9, 10, 10) (0, 0, 1, 3)
A2 (1.4, 4.8, 7, 11) (6, 7, 8) (3, 4, 5) (6, 7, 8)
A3 (7, 10.4, 13, 15.2) (7, 8, 10) (0, 0, 3) (7, 9 ,10, 10)
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We structure the four criterions in Table 2 in a hierarchic manner to refine rules and
reduce the rule number (from 81 to 27 for 3 linguistic term variables). Then we can
construct linguistic variables and fuzzy rules in each of the 3 units of figure 7.

1d 
2d 3d 4d

1 2d  34d

d

Figure 7: Hierarchic Structure of Criterions

A). Unit 1 : 1d  * 2d  1 2d 

0       1       2        3       4       5        6       7        8       9      10 billion dollars

Low                            Middle                         High

0       1       2        3       4       5        6       7        8       9      10

Perturbing                    Midium                              Stable

1d 

2d

1 2d 

0       1       2        3       4       5        6       7        8       9      10

Insignificant              significant                    very significant

Low Middle High
Perturbing Insignificant (P) 0,4P+0,6S S

medium 0,5P+0,5S Significant (S) 0,5S+0,5T

Stable 0,2P+0,8S 0,2S+0,8T Very significant (T)

Figure 8: Linguistic Variables and Fuzzy Rules** for Unit 1

B). Unité 2 : 3d * 4d  34d

** For a detailed presentation of weighted method in determining fuzzy rules to avoid
reversal of dominance relation, see [6].
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Figure 9: Linguistic Variables for 3d , 4d et 34d of Unit 2.

We can also use directly the linguistic variables in the section of consequence
evaluation, but such a choice will increase the number of rules to 25.

# Fuzzy Rules
P                   O D(disadvantageous) N (medium) A(advantageous)

D D 0,8D+0,2N 0,7D+0,3N

N 0,3D+0,7N N 0,6N+0,4A

A 0,6N+0,4A 0,2N+0,8A A

C). Unité 3 : 1 2d  * 34d  d

The two linguistic variables of conclusion in units 1 and 2 become antecedents of
unit 3. We create a new linguistic variable for the conclusion d, which represents the final
result before defuzzification.

34d 12d P S T

D F (low) 0,4F+0,6M M

N 0,5F+0,5M M (Middle) 0,7M+0,3E

A 0,8M+0,2E 0,2M+0,8E E (high)

Figure 10: Linguistic Variables and Fuzzy Rules for Unit 3
A1

By applying fuzzy rules and Mamdani method, we get fuzzy results for intermediary
and synthesizing criterions. The figure 11 shows all the aggregation process for A1. It is
not necessary to defuzzify the result since a simple visual comparison over the symmetry
can reveal that A2 is the best solution. Nevertheless, this article does not aim at defining a
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precise optimal choice for such a large scale decision problem, and above all we try to
mark out the dominating area in the decision space.

The outranking approach can also be applied to the decision making concerning the
Kozloduy issue especially when some experts are accustomed to give crisp evaluations.
This method consists in quantifying the consequences in a “usual field” and reconsidering
the binary difference for all the criterions in a “fuzzy set” logic. This homogenisation by
fuzzy measure makes consequences under different criterions comparable.

1d 

2d

1 2d 

3d

4d

34d

d

    A2 A3

Figure 11: Process and Result of Application of Fuzzy Rules for A1, A2, A3

5. Conclusion

The fuzzy logic and outranking approach represent an intuitive and critical reflection on
complex decision making. They deal with the incommensurability problem in two
different ways: reduce or circumvent. Nevertheless, they are based on some common
points of fuzzy approach: support of expert judgement, qualitative or even linguistic
formulation, user-friendly system. The fuzzy approach can contribute to enforce the
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rationality in a complex decision situation we meet in many nuclear-industry related
decision-makings.
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