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A Satisfactory-Oriented Approach to Multiexpert
Decision-Making With Linguistic Assessments

Van-Nam Huynh and Yoshiteru Nakamori, Member, IEEE

Abstract—This paper proposes a multiexpert decision-making
(MEDM) method with linguistic assessments, making use of the
notion of random preferences and a so-called satisfactory principle.
It is well known that decision-making problems that manage pref-
erences from different experts follow a common resolution scheme
composed of two phases: an aggregation phase that combines the
individual preferences to obtain a collective preference value for
each alternative; and an exploitation phase that orders the collec-
tive preferences according to a given criterion, to select the best
alternative/s. For our method, instead of using an aggregation op-
erator to obtain a collective preference value, a random prefer-
ence is defined for each alternative in the aggregation phase. Then,
based on a satisfactory principle defined in this paper, that says that
it is perfectly satisfactory to select an alternative as the best if its
performance is as at least “good” as all the others under the same
evaluation scheme, we propose a linguistic choice function to estab-
lish a rank ordering among the alternatives. Moreover, we also dis-
cuss how this linguistic decision rule can be applied to the MEDM
problem in multigranular linguistic contexts. Two application ex-
amples taken from the literature are used to illuminate the pro-
posed techniques.

Index Terms—Decision making, linguistic hierarchies, linguistic
variables, multigranular linguistic contexts, randomly linguistic
preferences, satisfactory principle.

1. INTRODUCTION

HE mathematical model of fuzzy concepts was first in-

troduced in [55] by using the notion of partial degrees
of membership, in connection with the automatic representa-
tion and manipulation of human knowledge. Since then, mathe-
matical foundations as well as successful applications of fuzzy
set theory have been developed. In particular, the application of
fuzzy set theory to decision-making problems when only quali-
tative or uncertain information is available has been the subject
of much research over the last decades, e.g., [6], [30], [31], [39],
[45], [46], [50], and many others (see, e.g., [17] and [40] for a
recent review).

In practice, there are many decision situations in which
the information cannot be assessed precisely in a quantitative
form but may be in a qualitative one, and thus, the use of a
linguistic approach is necessary [17]. For example, in multiex-
pert decision-making (MEDM) situations, experts’ judgements
including preferences are often vaguely qualitative and cannot
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be estimated by exact numerical values. Therefore, a more
realistic approach may be to use linguistic assessments instead
of numerical values by means of linguistic variables [11], [21],
[23], [25], [29], that is, variables whose values are not numbers
but words or sentences in a natural or artificial language. Each
linguistic value is characterized by a syntactic value or label and
a semantic value or meaning. The label is a word or sentence
belonging to a linguistic term set and the meaning is a fuzzy
subset in a universe of discourse [56]-[58].

In linguistic decision analysis, a solution scheme must
comply with the following three steps [17].

1) Choice of the linguistic term set: Basically, one has
to choose the granularity of the linguistic term set, its
labels, and their associated semantics.

2) Choice of the aggregation operator for linguistic infor-
mation: It consists of establishing an appropriate ag-
gregation operator for aggregating and combining the
provided linguistic preference values.

3) Choice of the best alternatives, carried out in two
phases:

a) Aggregation phase: Obtaining collective lin-
guistic preferences on the alternatives by aggre-
gating the individual linguistic preferences by
means of the chosen aggregation operator.

b) Exploitation phase: Establishing a rank ordering
among the alternatives according to the collec-
tive linguistic preferences for choosing the best
one(s).

Essentially, the first two steps serve the aggregation phase in
the third step, while the exploitation phase is determined de-
pending on the choice of the semantic description of the lin-
guistic term set. Roughly speaking, if the linguistic term set is
semantically represented, for example, by the space of parame-
terized fuzzy numbers, many methods for the total ordering of
fuzzy numbers that have been suggested in the literature can be
used in the exploitation phase. When the semantics of the lin-
guistic term set is based on a predefined ordered structure, tech-
niques of linguistic approximation are necessary [9], [45]. More
importantly, irrespective of the membership function based se-
mantics or ordered structure based semantics of the linguistic
term set, one has to face the problem of weighted aggregation
of linguistic information. The issue of weighted aggregation has
been studied extensively in, e.g., [4], [10], [12], [22]-[24], [48],
[51], and [52]. Again, the linguistic aggregation process is de-
termined depending on the semantic description of the linguistic
term set. While several authors perform direct computation on
a finite and totally ordered term set, the others use the member-
ship function representation to aggregate linguistic values based
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on the extension principle [56]-[58]. As mentioned in [16], in
both approaches the results usually do not exactly match any of
the initial linguistic terms, so a process of linguistic approxima-
tion must be applied. This process causes loss of information
and hence a lack of precision.

In this paper, we focus on the MEDM problem with linguistic
information. Usually, a group decision environment is charac-
terized by a finite set of experts (actors or decision makers)
who are called to express their preference values on a prede-
fined set of alternatives (or options). The MEDM problem is
then to first aggregate preferences individually expressed to ob-
tain collective preferences, and second, rank the alternatives in
order to select the best one(s). Conventionally, there are sev-
eral techniques used to linguistically evaluate the alternatives
based, for example, on the specification of linguistic preference
relations or linguistic assessments. This paper assumes the in-
formation is given in the form of linguistic assessments [16],
[18]. To avoid the limitation mentioned above, we propose a
probability-based approach with the computation solely based
on the order-based semantics of the linguistic terms. It is worth
noting that by performing direct computation on linguistic terms
in the proposed approach, the burden of quantifying a qualitative
concept is eliminated. Furthermore, as illustrated by application
examples, the results yielded by this method are comparable to
previous work.

The main contributions of this paper are as follows: First,
we propose a new linguistic decision rule for MEDM prob-
lems which is based on a probability-based interpretation of
weights and a so-called satisfactory principle (described in Sec-
tion III and followed in Section IV by an experimental/com-
parative study). Second, we introduce a formal notion of lin-
guistic hierarchies in terms of ordered structure-based semantics
of the linguistic term sets and simultaneously present a method
of transformation of a linguistic hierarchy defined in the sense
of [18] to that defined in the sense of this paper. Then we show
how the proposed approach can be applied to MEDM problems
defined in multigranular linguistic contexts. As such, in a sense,
the proposed approach can be considered as a possible exten-
sion of the proposal developed in [18] for MEDM with multi-
granular linguistic contexts. However, it should also be men-
tioned that, while the multigranular hierarchial linguistic ap-
proach with two-tuple linguistic representation in [18] results
in a linguistic evaluation at the end of the decision process,
which consequently, allows us to consider different aggregation
schemes and different selection models, the approach based on
the satisfactory principle in this paper introduces a real-valued
choice function that induces a ranking order among alternatives
but not a linguistic evaluation.

The paper is organized as follows. Section II begins with a
brief review of descriptions of the linguistic term set in linguistic
decision analysis and follows by presenting a general scheme of
MEDM problems. Section III introduces a new MEDM method
resulted in a satisfactory-oriented linguistic decision rule and
Section IV applies the proposed method to an MEDM problem
defined over the same linguistic term set. In Section V, after in-
troducing the notion of a linguistic hierarchy, we describe how
this method can be applied to solve an MEDM problem de-
fined in a multigranular linguistic context. Finally, Section VI
presents some concluding remarks.
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II. PRELIMINARIES

In this section, we first briefly recall different approaches to
description of the linguistic term set with its associated seman-
tics in linguistic decision analysis (a comprehensive overview
on this given in [17]). Then we shall reformulate a general
scheme for MEDM problems with linguistic information (see
also [18]).

A. Description of the Linguistic Term Set in Linguistic
Decision Analysis

In practice, when attempting to qualify phenomena related
to human perception, we are often led to use words in natural
language instead of numerical values. This arises for different
reasons [6]. First, the information may be unquantifiable due to
its nature, and can be stated only in linguistic terms (e.g., when
evaluating the “comfort” or “design” of a car [35], terms like
“good,” “medium,” “bad” would be used). In other cases, pre-
cise quantitative information may not be stated because either
it is unavailable or the cost of its computation is too high, so
an “approximate value” may be tolerated (e.g., when evaluating
the speed of a car, linguistic terms like “fast,” “very fast,” “slow”
may be used instead of numerical values). In such situations, a
linguistic approach is necessary and helpful. By scanning the
literature, one can find an extensive application of linguistic ap-
proaches to many different areas of decision analysis, including
group decision-making [2], [20]-[22], [27], [29]-[31], multicri-
teria decision-making (MCDM) [3], [5], [44], [53], consensus
[14], [25], [26], software development [8], [34], [49], subjec-
tive assessment of car evaluation [35], material selection [7],
personel management [28], environmental assessment [15], etc.

In any linguistic approach to solving a problem, the term set
of a linguistic variable and its associated semantics must be
defined first to supply the users with an instrument by which
they can naturally express their information. In accomplishing
this objective, an important aspect to analyze is the granularity
of uncertainty, i.e., the level of discrimination among different
countings of uncertainty or, in the other words, the cardinality
of the linguistic term set used to express the information. As
mentioned in [2], the cardinality of the term set must be small
enough so as not to impose useless precision on the users, and
it must be rich enough in order to allow a discrimination of the
assessments in a limited number of degrees.

Syntactically, there are two main approaches to generating
a linguistic term set. The first one is based on a context-free
grammar [1], [56]-[58]. This approach may yield an infinite
term set. A similar approach is to consider primary linguistic
terms (e.g., high, low) as generators, and linguistic hedges (e.g.,
very, rather, more, or less) as unary operations. Then the lin-
guistic term set can be obtained algebraically [37], [38]. How-
ever, according to observations in [36], the generated language
does not have to be infinite, and in practice human beings can
reasonably manage to keep about seven terms in mind. A second
approach is to directly supply a finite term set and consider all
terms as primary ones, distributed on a scale on which a total
order is defined [2], [10], [16], [18], [21], [22], [53], [54]. For
instance, a set of seven terms S could be given as follows:

S = {s9 = none, s1 = very low, sy = low, s3 = medium,
$4 = high, s5 = very high, s¢ = per fect}
in which s; < s; if and only if 7 < j.
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For the semantic aspect, once the mechanism of generating
a linguistic term set has been determined, its associated seman-
tics must be defined accordingly. In the literature, there are three
main possibilities for defining the semantics of the linguistic
term set: semantics based on membership functions and a se-
mantic rule, semantics based on the ordered structure of the
term set, and mixed semantics. Usually, the first semantic ap-
proach is used when the term set is generated by means of a
generative grammar. This approach consists of two elements:
1) the primary fuzzy sets designed as associated semantics of
the primary linguistic terms and 2) a semantic rule M for gen-
erating fuzzy sets semantically associated with nonprimary lin-
guistic terms from primary fuzzy sets. Often, while the primary
terms are labels of primary fuzzy sets which are defined sub-
jectively and context-dependently, the semantic rule M defines
linguistic hedges and connectives as mathematical operations on
fuzzy sets aimed at modifying the meaning of linguistic terms
applied. The second semantic approach is based on a finite lin-
guistic term set accompanied with an ordered structure which
intuitively represents the semantical order of linguistic terms.
Further, these linguistic terms are assumed to distribute on a
scale (e.g., [0, 1]) either symmetrically or nonsymmetrically de-
pending on a particular situation. The third semantic approach is
a mixed representation of the previous two approaches, that is,
an ordered structure of the primary linguistic terms and a fuzzy
set representation of linguistic terms (see [17] for more details).
In this paper we adopt the ordered structure based semantics of
the linguistic term set.

B. General Scheme of MEDM Problems

There are various formulations of fuzzy MEDM problems in
the literature. However, a common characteristic of these prob-
lems is a finite set of experts, denoted by £ = {eq,...,e,}, who
are asked to assess another finite set of alternatives (or candi-
dates) A = {a1,...,a,}. The general scheme of MEDM prob-
lems considered in this paper follows [18], as shown in Table I,
where linguistic assessments ;; can be given either in the same
linguistic term set or in different linguistic term sets of a lin-
guistic hierarchy.

From the literature on linguistic decision analysis, one can
find that there are two general decision models: the first model
is mainly based on an aggregation-and-ranking scheme, and
the second is based on consensus-reaching oriented solution
schemes. The approach proposed in this paper could be con-
sidered as following the first general model.

III. SATISFACTORY-ORIENTED LINGUISTIC DECISION RULE

In this section, we shall propose a linguistic decision rule
based on a satisfactory principle and a probability-based ap-
proach. To this end, we assume a subjective probability distri-
bution Pg defined on the set of experts F. This assumption es-
sentially underlies the calculating basis for the proposed choice
function. Motivations for the assumption of such a probability
distribution are as follows.

From a practical point of view, given a set of alternatives A,
if there is an ideal expert, say ey, whose evaluation of alterna-
tives the decision maker (DM) completely believes in, then it
is enough for the DM to use e;’s assessments to rank alterna-
tives and select the best one(s). However, in practice this is not

TABLE 1
GENERAL MEDM PROBLEM
) Experts
Alternatives
el ez cee ep
al 11 12 z 1p
a2 T21 | T22 T2p
an ZTnl Tn2 Znp

generally the case. Thus, numerous experts are called to express
their preference values on the alternatives, on the one hand, to
collect enough information for the problem from various points
of view, and, on the other hand, to reduce the subjectivity of the
decision. In this sense, Pg(e;), foreach j € {1,...,p}, may be
interpreted as the probability that DM randomly selects expert
e; from the population E as a sufficient source of information
for the decision-making purpose. Such a probability distribution
may come from DM’s knowledge of the experts. Lacking any
such knowledge, a uniform distribution would be assumed. It is
of interest to note that in a different but similar context, such a
probability distribution is also assumed in the voting model for
linguistic modeling [32], [33].

From a theoretical point of view, in traditional decision anal-
ysis, MEDM and MCDM methods often involve a measure
on 2F (E plays the role of criteria in MCDM) that must be a
capacity on E [13], i.e., p : 2F — [0,1] such that u(f) = 0,
p(F) =1, and pu(C) < p(D) for any C C D. Important sub-
classes of capacities are probability measures (i.e., additive ca-
pacities), belief functions, possibility and necessity measures.
Although in the following discussion we only deal with the case
of a probability distribution assumed on F, other capacities such
as possibility or necessity measures would be interesting to con-
sider and this is left for further research.

In the tradition of linguistic decision analysis, a weighting
vector

is also often associated with E such that w; € [0,1] and
>_;w; = L. Collective preference values for the alternatives
may then be obtained via a linguistic weighted aggregation
operation, for example [17], of the form

p
X, = @w]’ O x4 (H
j=1

where @ and © are, respectively, a weighted aggregation opera-
tion and a product operation of a number by a label (or its fuzzy
set based semantics). Formally, (1) can be seen as a linguistic
counterpart of expected utilities in decision-making under un-
certainty [41], where the set of experts plays the role of states
of the world, and then the weights play the role of subjective
probabilities assigned to the states.
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Let us return to the general MEDM problem with a proba-
bility function Pg defined on E. Assume that

L ={so,...,84}

is the linguistic term set accompanied with the ordered structure
such that s, < sp, iff & < h,and z;; € L.

Under such a formulation, the problem induces n random
preferences, denoted by X1,..., X, each X; for an alterna-
tive a; with associated probability distribution P; defined by

Pl(XL = 8) = Pg ({Ej € E|$1‘j = 8}) 2)
fort =1,...,nand s € L.

Quite 1mportant1y, as mentioned in [2], the procedure of
asking each expert to linguistically evaluate each alternative in
terms of its performance adopts an absolute evaluation and is
based on the assumption that the alternatives are independent.
Therefore, if we view the collective preference values of alter-
natives as random preferences X;, ¢ = 1,...,n, we have for
each 4, X; which is stochastically 1ndependent of all the others.
This assumption allows us to easily compute the probabilities
of comparisons of two independent probability distributions
of the two random preferences. That is, we can work out the
probability that one of the associated random preferences is
less than or equal to the other. More particularly, for any X,
X such that 7 # j, we have

=Y P(X

seL

P(X; = X;) JP(s = Xj) 3

where P(s > X;) is the cumulative probability function defined
by

s%X

=Y Py “)

zeL
s>

The quantity P(X; = X;) could be interpreted as the proba-
bility of “the performance of a; is as at least good as that of a;”
under the evaluation scheme (E, Pg). Intuitively, it is perfectly
satisfactory to select an alternative as the best if its performance
is as at least good as all the others under the same evaluation
scheme. We have called this the satisfactory principle.

Now we are ready, based on the satisfactory principle, to pro-
pose a choice function defined as follows:

V(i)=Y P(X; = X;) (52)
i
=>> =5)> Pi(X;=x)|. (5b)
j#i s€L vel

s>z

Then the satisfactory-oriented linguistic decision model for
the MEDM problem is defined by

Apest = ATGIMaAXq, c A {V(at)} . (6)

In the following section, we shall illustrate how this model
works in practice by an application taken from [16].
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So S1 S2 E Sa Ss Se
0 0.17 0.33 0.5 0.67 0.83 1
Fig. 1. Linguistic term set.
TABLE 1I
MEDM PROBLEM IN UPGRADING COMPUTING RESOURCES
Experts
Options
p1 | P2 | P3 | P4
ay 8§51 | 83 | s4 | s4
a2 S3 892 81 S4
a3 S3 S1 83 52
a4 S92 S4 S3 S2

IV. MEDM PROBLEM DEFINED OVER A
COMMON LINGUISTIC TERM SET

A. Problem Description

A distribution company needs to upgrade its computing
system, so it hires a consulting company to survey the different
possibilities existing on the market, to decide which is the
best option for its needs. The options (alternatives) are the
following:

a1 a2 a3 aq

UNIX WINDOWS — NT AS/400 VMS

The consulting company has a group of four consultancy de-
partments

b1 P2 p3 yz
Cost System Risk Technology
analysis analysis analysis analysis

Each department in the consulting company provides an evalu-
ation vector expressing its assessment of options. These evalu-
ations are assessed in the set S of seven linguistic terms (graph-
ically, shown in Fig. 1)

S = {so = none, s1 = very low, s3 = low, s3 = medium,

$4 = high, s5 = very high, s¢ = per fect}

in which s; < s; if and only if 7 < 7, and are given in Table II.
As usual, the selection model used to solve this problem con-
sists of two steps.
[} Obtain a collective performance value for each option.
2) Apply a selection process based on the obtained col-
lective performance vector.
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TABLE III
RANDOM PREFERENCES FOR OPTIONS

Random Preferences L
S0 S1 52 3 S4 S5 | Se6
X1 0 | 0.25 0[025( 05 | 0[O
X2 0 [025]025]|025]025[0 |0
X3 0 [025]0.25]| 0.5 0 0O
X4 0 0 05025025 0|0

In parallel, the satisfactory-oriented linguistic decision model
also uses a two-step scheme but, instead:
1) calculate a value of the choice function for each option

by (5);
2) carry out the selection process by the decision rule (6).

B. Satisfactory-Oriented Linguistic Decision Model

In this part, we shall apply the satisfactory-oriented linguistic
decision model to solve the above problem. In this example,
we assume a uniform distribution Pg = [0.25,0.25,0.25, 0.25]
defined on E = {p1, p2, p3, ps}. The decision model consists
of the following three steps:

. First, from the information given to the problem, we
obtain random preferences X; for options a;, ¢ = 1, 2,
3, 4, respectively, as shown in Table III.

. Then, by using (5), we obtain values of the choice func-
tion for options a;s as follows:

V(ar) V(az) V(as) V(ay)

2.1875 1.75 1.4375 1.9375

which ranks options a;s in the order
a; > a4 > a2 > asz.

. Using the decision rule (6), we obtain as the solution
set of options

{a1}

In other words, the best option for the distribution com-
pany when upgrading its computing system is a UNIX-
based system.

C. Comparative Study

Here, as a comparative analysis, we shall briefly recall various
solutions of the problem solved with existing methods, namely,

solutions based on the extension principle, the symbolic ap-
proach, and the two-tuple fuzzy linguistic representation model
(for more details, see [16]). All these methods are based on an
aggregation-and-ranking scheme.

1) Solution Based on the Extension Principle: By this
method, a linguistic aggregation operator based on the exten-
sion principle acts according to the scheme

sv £, p(r) ) 5

where F' is an aggregation operation based on the extension
principle, F'(R) is the set of fuzzy sets over the set of real num-
bers R, and appi (+) is a linguistic approximation operation that
names each resulted fuzzy set by a linguistic label taken from
S.

Assuming a membership function representation of triangular
type of linguistic terms (see Fig. 1) and the arithmetic mean as an
aggregation operator, we obtain collective performance values
for alternatives a;, for: = 1,...,n, by

P P

liai. lzbz lzci.
i o R el

where z;; = (aij,bij,ci;) (see Table I). Applying this to the
problem, we get the collective performance vector in the form
of triangular type fuzzy sets as shown at the bottom of the
next page. Clearly, these fuzzy sets do not exactly match any
linguistic term in S, and therefore, a linguistic approximation
process based, for example, on Euclidean distance [16] must
be applied. The linguistic approximation process yields the
collective performance vector as

Ci =

appl(cl) GPP1(02) aPP1(C3) app1(04)

53 53 52 53

Finally, the selection criterion is used to obtain the solution
set of options as follows:

{al-, az, a4}-

Clearly, this method lacks precision and does not yield a good
solution—see the equation at the bottom of the page.

2) Solution Based on the Symbolic Approach: This method
uses a linguistic aggregation operator based on the symbolic
approach according to the scheme

s 510,91 22 (0,9} — 8

where C is, for example, the convex combination of linguistic
terms defined in [12], and app-(+) is, for example, the rounding
operator which approximates an index in [0,g] by one in
{0, ..., g} associated to a term in S. With the weighting vector

Cl 02

Cs Cy

(0.33,0.5,0.66) (0.25,0.42,0.58)

(0.21,0.38,0.54) | 0.3,0.45,0.625
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being W = [0.25,0.25,0.25, 0.25], this method applied to the
above problem yields the collective performance vector as

| o | o | oo

53 53 52 53

Again, the solution set of options is

{a17 az, (l4}

which also lacks precision and, therefore, is not a good solution.

3) Solution Based on the Two-Tuple Fuzzy Linguistic Repre-
sentation Model: To avoid the loss of information caused by ap-
proximate computational models, the two-tuple fuzzy linguistic
representation model has been proposed in [16]. In this model,
information is represented by means of two-tuples of the form
(s,a), where s € S and a € [-0.5,0.5), i.e., linguistic infor-
mation is encoded in the space S x [—0.5,0.5). Under such a
representation, if a value 5 € [0, g] representing the result of
a linguistic aggregation operation, then the two-tuple that ex-
presses the equivalent information to 3 is obtained by means of
the following transformation:

A [0,9] — S x [~0.5,0.5)
B — (si, )

with

{ i = round(p)
a=0—1

and, inversely, a two-tuple (s;, ) € S x [—0.5,0.5) can be
equivalently represented by a numerical value in [0, g] by means
of the following transformation:

A7t 8 x[-0.5,0.5) — [0, g]

(5i,a) — A (s, a) =i+ a.

Furthermore, traditionally numerical aggregation operators
have been also extended for dealing with linguistic two-tuples
in [16]. For example, let x = {(r1, 1), ..., (rn, @,)} be a set

of linguistic two-tuples, the two-tuple arithmetic mean Z° is
computed as

¢ =A < E lA_l(Ti,ai)> .
n
=1

The comparison of linguistic information represented by two-
tuples is defined as follows. Let (s;, 1) and (s;,a2) be two
two-tuples, then:

. ifi < j, then (s;, 1) is less than (s;, as);
. if 2+ = 7, then:
1) if a; = ay then (s;, 1) and (s;, ) represent the

same information;
2) if aq < ag then (s;, 1) is less than (s;, as);
3) if aq > o then (s;, 1) is greater than (s;, as).
Let us apply this model to the above problem. Representing
performance values x;; given in Table II in the form of two-
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tuples as (z;;,0) respectively and using the two-tuple arith-
metic mean, we obtain the collective performance values 7,
1 =1,2,3,4, for options a;, respectively, as

Ei 75 T3 T
(8370) (83., —0.5) (82,0.25) (83, —0.25)

which also ranks options a;s in the order
a1 > a4 > A > asz.

Using the selection criterion, we get as the solution set of options

{a1}.

As desired, this solution coincides with that obtained by our pro-
posed method. It is worth noting here that as the proposed ap-
proach is solely based on the ordered structure-based semantics
of the linguistic term set, it is quite natural in terms of interpre-
tation.

V. MEDM PROBLEM DEFINED OVER
A LINGUISTIC HIERARCHY

In this section, we discuss how the satisfactory-oriented lin-
guistic decision rule could be applied to the MEDM problem in
multigranular linguistic contexts. Before doing so, it is neces-
sary to introduce the notion of a linguistic hierarchy in terms of
ordered structure based semantics of the linguistic term sets.

A. Linguistic Hierarchies

Linguistic hierarchies arise quite naturally in problems for
which one needs to deal with multiple sources of linguistic
information. For example, in the context of linguistic decision
analysis, a linguistic hierarchy can be used when linguistic
assessments are assessed in linguistic term sets with different
granularity of uncertainty and/or semantics [18].

A linguistic hierarchy of a linguistic variable X, denoted by
7Tx, is a hierarchical tree consisting of a finite number of levels
labeled as tg, t1, - . -, t.m, which is defined as follows:

. Level ¢ is the root of the tree labeled by X —the name
of the linguistic variable.

. Each level ¢;, for« = 1,...,m, is a finitely linguistic
term set of X, denoted by L;, accompanied with a total
order such that:

i) |Li| < |Lit1|, foranyi=1,...,m —1;

ii) foreach: = 1...,m — 1, there exists only a mapping
Ty L — 2Lff1 — {0} fulfilling T;(s) NTi(s%) = 0
forany s # 5, Ui ep, Ti(s5) = Litas

iii) if si < si, in L; then sy < sif? in L1y for any

sitt e T;(s%) and sitt e Ty(s).
Let us denote |L;| = n(7) and

L; = {867537"'7‘9;(1‘)71}
fori = 1,...,m,ands§- < sj-, iff j < j'.

For example, consider a linguistic variable assessment with
its hierarchical tree depicted as in Fig. 2 [19]. It is then easy to
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' assessment | A

none low medium high perfect t

none very low lo medium high very high perfect t,

none almost very low almost medium almost high very almost perfect t

none low medium high high perfect
Fig. 2. Linguistic hierarchy 7, ccssment-

l temperature | t
Nil low medium high Abs. high t
Nil  almost nil very-low quite-low low almost medium medium high very-high Abs. high t,

Fig. 3. Linguistic hierarchy T;cmperature -

see that the hierarchical tree of linguistic terms of assessment
satisfies the conditions of a linguistic hierarchy defined above.
Intuitively, for each¢ = 1,...,m — 1, the mapping I'; plays
a role as a semantic derivation from the term set L, to its re-
finement L; 1. That is, for si € L, the terms in I';(s%) have
meanings derived from s to serve the purpose of representing
qualitative information in a more assessable format. Further, for

each mapping I';,2 = 1, ..., m — 1, there exists a pseudoinver-
sionI';” : L;11 — L; defined by
Iy (si') = s% such that s € T; (s5) .

In the following, we will use I'; and I';” to define transforma-
tions between levels of the linguistic hierarchy. Obviously, if the
two-tuple fuzzy linguistic representation model defined in [16]
is used, one can utilize transformation functions between levels
of the hierarchy proposed in [18] for the normalization process.
However, this is not considered in this paper.

In [18], the authors define a linguistic hierarchy associated
with a fuzzy set representation of linguistic term sets. Clearly,
without a fuzzy set representation, the above notion of a lin-
guistic hierarchy is semantically consistent with that defined in
[18], except that the condition on granularity between two con-

secutive levels, which says that
n(i+1)=2-n()—1, fori=1,....m—1

is not assumed. By relaxing this assumption together with the se-
mantic derivation mapping I';, we can also construct linguistic

hierarchies that capture the ordered structure based semantics
of nonsymmetrically distributed term sets [47]. Such linguistic
term sets underlie the assumption that a subdomain of the ref-
erence domain may be more informative that the rest of the do-
main. For example, suppose that we require more precise be-
havior when the temperature is low in a temperature control
system; then the density of linguistic labels in subdomain of low
temperature would be greater than the density in the subdomain
of high temperature (see Fig. 3 for an example of such a lin-
guistic hierarchy).

To apply the proposed approach to the MEDM problem in a
multigranular linguistic context with a linguistic hierarchy, LH,
defined in the sense of [18], we now show how to obtain the
corresponding hierarchical structure of term sets, denoted by
711, as defined above from LH. Assume that

LH = L(ti,n(i))
i=1

where L(t;,n(i)) = {s¢”, ..., sp)_ }and n(i + 1) = 2 -
n(i) — 1. In addition, as defined in [18], the linguistic term sets
L(ti,n()) have an odd value of granularity representing the
central label, namely 37(7'152)_1) /o the value of indifference. We
then define the hierarchical tree 77,z in terms of ordered struc-
ture based semantics of the linguistic term sets derived from L H
as follows.

. For each 7 = 1,...,m, the linguistic term set L; at
level t; of 7y p is defined by L; = L(t;,n(z)).
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. Foreach: = 1...
I',:L;, — oLit1

— 1, we define the mapping
i @} by

n(i+1 n(i+1 e e n(i)—1
{521( ) 82}4-1 )} ;i< (%
i (S?(i)) {Sﬁgﬂl))l } ’

n(t+1 n(t+1 oo n(i)—
(00 i

lfJ — n(i%—l

It is easily seen that the hierarchy 77 i of the linguistic term sets
L, fulfills conditions of a hierarchical structure of linguistic term
sets as defined above.

B. Problem Description

In multigranular linguistic contexts, the experts may have
in mind different granularities of linguistic assessments drawn
from a linguistic hierarchy. Therefore, their assessments may be
represented in different term sets of the hierarchy. Formally, the
problem is stated as follows:

. A ={ay,...,ay,} is the set of alternatives;

. E = {e1,...,ep,} is the set of experts;

. Pg is a probability distribution on F;

. M is a n X p matrix of preference values as shown

in Table I; each column [z1;, . . ., z,;]T describes lin-
guistic assessments of expert e; on the alternatives
in which linguistic values z;;, fori = 1,...,n, are
drawn from the linguistic term set Ly ;) of a level
tr(;)(k(j) > 1) in a certain linguistic hierarchy 7x.

C. General Solution Scheme

The satisfactory-oriented approach to solving this general
problem consists of the following three steps.

1) Unify the multigranular linguistic information into that
represented in a uniform linguistic term set and then
obtain random preferences for the alternatives.

ii) Use (5) to calculate values of the choice function for
the alternatives.

iii)  Make a selection based on the decision rule (6).

Once the first step in the solution scheme has been carried
out, the last two steps are straightforward by making use of
the choice function (5) and the decision rule (6), respectively.
The first step consists of the following two processes: a nor-
malization that unifies the multigranular linguistic information
provided and a derivation of random preferences for the alter-
natives for decision making.

1) Linguistic Information Normalization: First we must se-
lect a linguistic term set, say L+, from 7x to unify the multi-
granular linguistic information. As mentioned above, we can use
mappings I'y, ', to define transformations between levels of
the linguistic hierarchy as follows.

Let Ly, and L4, a € NT, be the term sets of levels ¢ and
tk+a, respectively. Then linguistic information represented in
Ly, is transformed into L4, by means of the following map-

ping:

ko
@k_i_a .
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TABLE 1V
UNIFIED PREFERENCE MATRIX
Experts
Alternatives
el e2 cee ep
a1 ¢§§1)(Z11) ‘I>§£2)(z1z) k(p)(wl )
a2 ‘P:El)(zzl) q>§52)(m) k(p)(wz )
an @I;EI)(.’L‘nl) ‘pk(2)(zn2) ‘DEE”)(znp)
where ®F . (s¥) is recursively defined by
_ k+ 1
(I)k+a(i)_ U Drta- 1( “ )

et ()

For example, consider two term sets L; and L3 from the lin-
guistic hierarchy 7 ssessmene in Fig. 2, we obtain

®3(none) = {none}
®i(low) = {al. none,very low, low, al. medium}
@i (medium) = {medium}
®i(high) = {al. high, high,very high, al. per fect}
3 (perfect) = {per fect}.

Intuitively, the transformation @f 4o Originates from the prac-
tical observation that while expert e; designed Ly ;) as the most
appropriate term set to linguistically express information ac-
cording to his view, if he is provided another term set with
finer granularity Ly ;4. for representing information, he may
be hesitant to distinguish among terms in Ly;), that are se-
mantically derived from the same term in Lk( )~ Thus, instead

of using s; k0) ¢ Ly (j)> he may use ®f (s, (j)) to equivalently
express the information in Ly (j)4q-

Similarly, making use of pseudo-inversion I',, the linguistic
information represented in Ly, can be transformed into Ly, by
means of the following mapping:

SR Ly — Ly

k+a k+a

i °liat (si7)
where o denotes the composition. This transformation can be
intuitively interpreted as follows. While expert e; designed
Ly(j)+a as the most appropriate term set to linguistically
express information; i.e., he can distinguishably use terms
in Ly(jy4q- If he is provided another term set with coarser

granularity Ly, for representing information, so that instead
k(j)+a

|—>F;o.

of using terms s; in Lg(j)+a> he is only able to use

terms ®F T (s fO )+ “) in Ly ) to express the information and,
consequently, in some cases he may have to accept a loss of
information.

To avoid the loss of information during the normalization
process, we choose the common linguistic term set, L+, that
has the highest granularity among those used by experts; namely

E* = max k(j).
i
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w

88 9 9 9

Fig. 4. Derived linguistic hierarchy 77, .

Then the linguistic information represented in Ly ;) by experts
e; is unified into L~ by means of transformations @I,z(ﬁ ) to ob-
tain the unified preference matrix as shown in Table I'V.!

2) Derivation of Random Preferences: In general, the uni-
fied preference matrix obtained from the normalization process
does not directly induce random preferences X; for alternatives

a;, 1 = 1,...,n, as defined in (2), but random set preferences
E; (i =1,...,n), each for the respective alternative, defined as
follows:

Pi(S:=S) = Pg ({ej € B|oFD (z;)) = S}) %)
fori =1,...,nand S € 25+ Formally, foreachi =1,...,n,

the probability distribution P; of =; is nothing but a basic prob-
ability assignment in the sense of Shafer [42].

Now, in order to build probability distributions of the
random preferences X;’s needed for decision making from
these random set preferences, =;s, we can fortunately use
the so-called pignistic transformation [43] to obtain the least
prejudiced distributions® of X;s for the alternatives. This is
done, with an abuse of notation, as follows:

Pz, =5
3 ( )

s€SCLy+ |S|
C Ly~

®)

fori =1,...,nand s € L.

For the sake of illustration and comparison, in the following
we shall solve the MEDM problem defined in a linguistic hi-
erarchy taken from [18]. In this application, similar to [18], we
have chosen as multigranular linguistic context the linguistic hi-
erarchy L H whose term sets are

Li=L(1,3) = {SS 8?7 Sg}

Ly =L(2,5) = {s3, 57,53, 53,53 }

Ly =L(3,9) = {s], 51,53, 53, 53, 53, 8¢, 57, 58 } .
INote that <I>:(J ) is the identical transformation if k(j) = k*.

2The term pignistic probability distribution has been used in [43] in the con-
text of belief modeling. Here, we borrow the terminology from [32], which we
think is more appropriate for our context.

3
5‘1S 52
5
s3 s5 s3
55 s 2 s 53

According to the transformation method specified above on
how to obtain the corresponding hierarchical tree derived from
LH in terms of ordered structure based semantics of the lin-
guistic term sets, we get 77y as depicted in Fig. 4.

D. Application Example

1) Problem Description: Assume that an investment com-
pany wants to invest an amount of money in a business enter-
prize. There are four possible investment alternatives:

. a1 18 a car manufacturer;

. as is a computer company;

. asis a food company;

. a4 is a weapon manufacturer.

The investment company has a group of four consultancy de-
partments:

. e; is the risk analysis department;

. e is the growth analysis department;

. es is the social-political analysis department;

. e4 is the environmental impact analysis department.

Each department is directed by an expert who is in charge of lin-
guistically providing assessments on the alternatives according
to his own view. These experts provide their preferences, over
the set of alternatives, drawn from the different term sets of the
linguistic hierarchy. More particularly:

. e provides his preferences in Lg;
o es provides his preferences in Lo;
o e4 provides his preferences in Lq;
. e4 provides his preferences in Lj;

The linguistic information given by these experts is shown in
Table V.

2) Decision Model: The decision model for solving the

problem uses the following three-step procedure.

i) Normalization and Transformation: First we choose,
as discussed above, the term set L3 as the common
term set for unifying the provided linguistic informa-
tion. This results in the unified linguistic preference
matrix shown in Table VI.
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TABLE V
MULTIGRANULAR LINGUISTIC MEDM PROBLEM
Experts
Alternatives
eyl | ex | e3 | eq
al 52 sg s? sg
as s s3] 83|82
a3 sg sg sg sg
a4 sg sg s‘? sg

As assumed in [18], all the experts have the same im-
portance in the decision process, therefore we define a
uniform distribution P = [0.25,0.25,0.25,0.25] on
E = {ey,e3,e3,e4}. Then the problem with unified
linguistic information induces random set preferences
E; (1 = 1,...,4), for the respective alternatives, de-
fined by (7). Using (8), we obtain the least prejudiced
distributions of the random preferences X;’s needed
for decision making as shown in Table VII and in the
equation at the bottom of the page.

i)  Aggregation: From the derived random preferences,
making use of (5) we obtain the values of the choice
function for the alternatives as

V(ay)
1.109375

V(az)
2.7734375

V(a3)
1.2421875

V(ay)
1.796 875

which ranks alternatives a;’s in the order
Ao > A4 > a3 > a1.

iii)  Exploitation: Finally, according to decision rule (6), we
obtain the solution as

{a2}

i.e., the best investment option is the computer com-
pany.

To show how consistency in the results of different term sets
used for the normalization process and how a loss of information
could happen, in the following we provide the unified linguistic
preference matrix in other term sets of the linguistic hierarchy,
as well as the corresponding solutions obtained.

TABLE

VI

UNIFIED LINGUISTIC PREFERENCE MATRIX

Experts
Alternatives
el e2 es3 €4
9 9 9 9 9
ai sz | {556} {s1} | sa
a2 sg {Sg’sg} {sg,sg,sg,sg} Sg
a3 sg {sg,Sg} {sg,sg,sg’,,sg} Sg
9 9 .9 9 9
aq s5 | {s5,56} {s3} S5

In L;: The unified linguistic preference matrix is

€1 €92 €3 €4
a1 8‘;’ S% S:i’ S‘i’
as | s | s3 | s3 | s3
az | sp | s3 | s3 | sp
a4 Sg S% S1 Sg
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Values of the choice function of alternatives a;’s are

V(ar)

V(az)

V(as3)

1.3125

3

1.5 2.562

and the ranking order is

In Ls: The unified linguistic preference matrix is

Ao > Q4 > a3 > a7.

el €2 €3 €4
a1 85 53 55 s5
ap | s | s | {s3.s3} | 83
as 59 3 {sg 32} 3
N 53 3 55 s3

Values of the choice

V(a1)

V(az)

V(as)

V(as)

1.1875

2.

921875

1.359 375

2.1875

and the ranking order is

Ao > A4 > a3 > a7.

function of alternatives a;’s are

{52} :0.75 {sg,sg} :0.25

w

{s2}:025 {s}:0.25

[1]
)

{s2,s3} :0.25

{sg, 50,87, sg} :0.25

[1]

5| {s3}:05

{s2,s2}:0.25 {s2,s2,59,53}:0.25

{s3}:025 {s3}:0.25

[1]
i

{sg, sg} :0.25
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TABLE VII
DERIVED RANDOM PREFERENCES
L3
Random Preferences
so | sT|s3| s8] si | B 58 s? 58
X1 0 oo 0 | 0.75 | 0.125 0.125 0 0
X2 0 0O 0 0 0.3125 | 0.3125 | 0.1875 | 0.1875
X3 0 0005 0 0.1875 | 0.1875 | 0.0625 | 0.0625
Xa 0 0f o0 0 | 0.25 | 0.625 0.125 0 0
TABLE VIII
RESULTS USING THE TWO METHODS
Collective Values
Methods Ranking Order
a1 : V(a1) az : V(a2) az : V(a3) | as: V(as)

L1 || (s3,0.125) | (s3,-0.3125) | (s3,0.25) | (s3,0.25) | a2 > {a3,a4} > a1
2Tuples | L2 || (s3,0.25) | (s3,0.375) | (s3,-0.5) | (s3,-0.5) | a2 > {a3,as} > a1
L3 || (s2,-0.5) (s9,-0.25) (s2,0) (s2,0) a2 > {a3z,as} > a1
Ly 1.31 3 1.5 2.56 a2 > aq > a3z > a1
New | Lo 1.19 2.92 1.36 2.19 az > a4 > a3z > a1
L3 1.11 2.77 1.24 1.8 a2 > a4 > a3 > ai

From these results, we can see that normalizing linguistic in-
formation by means of semantic derivation mappings and their
pseudoinversions yields a consistent ranking order among the
alternatives. At the same time, from unified linguistic prefer-
ence matrices we can also see a loss of information during the
normalization process. That is, the coarser the linguistic term
set used for linguistic information normalization is, the more
information can be lost. That is why we have chosen the term
set with highest granularity among term sets used by experts for
the normalization process.

3) A Comparative Analysis: In the preceding part, we
solved an MEDM problem with linguistic assessments in a
multigranular linguistic context. A model based on linguistic
two-tuples for solving the same problem has been proposed in
[18]. As a comparative study, we report the results using two
methods, as shown in Table VIII.3

From these results, we can see that both methods yield a con-
sistent ranking order among alternatives irrespective of which
term set is used for linguistic information normalization. How-
ever, although the solutions to the problem are the same for both
methods, the ranking order between the alternatives is different.
More particularly, while both the alternatives a4 and as have
the same ranking order in case of the two-tuple method, a strict
order between these two alternatives, namely a3 is dominated
by ay, is produced by our proposed method. Let us look at the

3Note that there is a mistake in the result of two-tuple method given in
[18]—the correction of this is shown in Table VIII.

original linguistic information given by the experts on these al-
ternatives, i.e.,

9 5 .3 .9

a3 = [83,53,32,53]

9 5 .3 .9

a4 = [35,53731755] .
Roughly, by doing a pairwise comparison, and keeping in mind
the assumption that all the experts have the same importance
in the decision process [18], it would be more suitable to rank
alternative a4 over as. This shows that the proposed method
produces a more suitable ranking order among the alternatives
for decision making than the two-tuple method.

VI. CONCLUSION

In this paper we have proposed a new model based on
the so-called satisfactory-oriented approach for the MEDM
problem under linguistic assessments. Basically, this approach
is based on the ordered structure based semantics of linguistic
term sets. We would like to emphasize that, while fuzzy set
based semantics of linguistic terms is often defined subjectively
and context-dependently, ordered structure based semantics
may be accepted universally. Further, by performing direct
computation on linguistic terms in the proposed approach, the
burden of quantifying a qualitative concept is eliminated. This
is also especially necessary and useful in situations where fuzzy
set based semantics are inapplicable due to the nature of the
linguistic information (e.g., when evaluating the “comfort” of a
car [35], the “intellect” of people, etc.).
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We have also discussed how to apply the satisfactory-oriented
method to the MEDM problem under linguistic assessments
in multigranular linguistic contexts. The same application ex-
amples applied have shown that this method gives better and
comparable results with known results using previous methods
(i.e., the extension principle, symbolic, and linguistic two-tuple
methods).

ACKNOWLEDGMENT

The constructive comments on this paper from the anony-
mous reviewers are greatly appreciated. Especially, the second
reviewer provided helpful suggestions which have helped to sig-
nificantly improve the presentation of this paper, and pointed
out an open question for further research on developing a lin-
guistic decision procedure with linguistic final evaluation for
multigranular term sets defined by linguistic hierarchies in the
sense of this paper.

(1]

[2

—

3

—_

[4

—

[5

—

(6]
(71
(8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

P. P. Bonissone, “A fuzzy sets based linguistic approach: theory and
applications,” in Approximate Reasoning in Decision Analysis, M. M.
Gupta and E. Sanchez, Eds. Amsterdam, The Netherlands: North-Hol-
land, 1982, pp. 329-339.

G. Bordogna, M. Fedrizzi, and G. Passi, “A linguistic modeling of
consensus in group decision making based on OWA operators,” IEEE
Trans. Systems, Man, Cybern. A, Syst. Humans, vol. SMC-27, no. 1, pp.
126-132, Jan. 1997.

J. J. Buckley, “The multiple judge, multiple criteria ranking problem: a
fuzzy set approach,” Fuzzy Sets Syst., vol. 13, pp. 23-37, 1984.

C. Carlsson and R. Fullér, “Benchmarking and linguistic important
weighted aggregations,” Fuzzy Sets Syst., vol. 114, pp. 35-42, 2000.

P. Chang and Y. Chen, “A fuzzy multicriteria decision making method
for technology transfer strategy selection in biotechnology,” Fuzzy Sets
Syst., vol. 63, pp. 131-139, 1994.

S.J. Chen and C. L. Hwang, Fuzzy Multiple Attribute Decision Making-
Methods and Applications. Berlin, Germany: Springer, 1992.

S. M. Chen, “A new method for tool steel materials selection under fuzzy
environment,” Fuzzy Sets Syst., vol. 92, pp. 265-274, 1997.

, “Fuzzy group decision making for evaluating the rate of aggrega-
tive risk in software development,” Fuzzy Sets Syst., vol. 118, pp. 75-88,
2001.

R. Degani and G. Bortolan, “The problem of linguistic approximation in
clinical decision making,” Int. J. Approx. Reason., vol. 2, pp. 143-162,
1988.

M. Delgado, F. Herrera, E. Herrera-Viedma, and L. Martinez, “Com-
bining linguistic and numerical information in group decision making,”
Inf. Sci., vol. 107, pp. 177-194, 1998.

M. Delgado, J. L. Verdegay, and M. A. Vila, “Linguistic decision making
models,” Int. J. Intell. Syst., vol. 7, pp. 479-492, 1992.

—, “On aggregation operations of linguistic labels,” Int. J. Intell. Syst.,
vol. 8, pp. 351-370, 1993.

D. Dubois, H. Fargier, P. Perny, and H. Prade, “A characterization of
generalized concordance rules in multicriteria decision making,” Int. J.
Intell. Syst., vol. 18, pp. 751-774, 2003.

M. Fedrizzi and L. Mich, “Rule based model for consensus reaching
group decisions support,” in Proc. 3rd Conf. on Information Processing
and Management of Uncertainty, Spain, 1992, pp. 301-304.

J. Geldermann, T. Spengler, and O. Rentz, “Fuzzy outranking for en-
vironmental assessment. Case study: iron and steel making industry,”
Fuzzy Sets Syst., vol. 115, pp. 45-65, 2000.

F. Herrera and L. Martinez, “A 2-tuple fuzzy linguistic representation
model for computing with words,” IEEE Trans. Fuzzy Syst., vol. 8, no.
6, pp. 746752, Dec. 2000.

F. Herrera and E. Herrera-Viedma, “Linguistic decision analysis: steps
for solving decision problems under linguistic information,” Fuzzy Sets
Syst., vol. 115, pp. 67-82, 2000.

F. Herrera and L. Martinez, “A model based on linguistic 2-tuples for
dealing with multigranular hierarchical linguistic contexts in multi-ex-
pert decision-making,” IEEE Trans. Syst., Man, Cybern., vol. SMC-31,
no. 2, pp. 227-234, Apr. 2001.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]
(471

(48]

195

F. Herrera, E. Herrera-Viedma, and L. Martinez, “A fusion approach
for managing multi-granularity linguistic term sets in decision making,”
Fuzzy Sets Syst., vol. 114, pp. 43-58, 2000.

F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, “A sequential selec-
tion process in group decision making with linguistic assessment,” Inf.
Sci., vol. 85, pp. 223-239, 1995.

F. Herrera and J. L. Verdegay, “A linguistic decision process in group
decision making,” Group Decis. Negotiation, vol. 5, pp. 165-176, 1996.
F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, “Direct approach
processes in group decision making using linguistic OWA operators,”
Fuzzy Sets Syst., vol. 79, pp. 175-190, 1996.

, “A model of consensus in group decision making under linguistic
assessments,” Fuzzy Sets Syst., vol. 79, pp. 73-87, 1996.

F. Herrera and E. Herrera-Viedma, “Aggregation operators for linguistic
weighted information,” IEEE Trans. Systems, Man, Cybern. A, Syst., Hu-
mans, vol. SMC-27, no. 5, pp. 646—656, Sep. 1997.

F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, “A rational consensus
model in group decision making using linguistic assessments,” Fuzzy
Sets Syst., vol. 88, pp. 31-49, 1997.

, “Linguistic measures based on fuzzy coincidence for reaching
consensus in group decision making,” Int. J. Approx. Reason., vol. 16,
pp. 309-334, 1997.

——, “Choice processes for nonhomogeneous group decision making
in linguistic setting,” Fuzzy Sets Syst., vol. 94, pp. 287-308, 1997.

F. Herrera, E. Lopez, C. Mendaiia, and M. A. Rodriguez, “A linguistic
decision model for personnel management solved with a linguistic bio-
jective genetic algorithm,” Fuzzy Sets Syst., vol. 118, pp. 47-64, 2001.
F. Herrera and J. L. Verdegay, “Linguistic assessments in group deci-
sion,” in Proc. Ist European Cong. Fuzzy and Intelligent Technologies,
Aachen, Germany, 1993, pp. 941-948.

J. Kacprzyk, “Group decision making with a fuzzy linguistic majority,”
Fuzzy Sets Syst., vol. 18, pp. 105-118, 1986.

J. Kacprzyk and M. Fedrizzi, Multiperson Decision Making Models
Using Fuzzy Sets and Possibility Theory. Dordrecht, The Netherlands:
Kluwer, 1990.

J. Lawry, “A methodology for computing with words,” Int. J. Approx.
Reason., vol. 28, pp. 51-89, 2001.

, “A framework for linguistic modeling,” Artif. Intell., vol. 155, pp.
1-39, 2004.

H. M. Lee, “Group decision making using fuzzy sets theory for evalu-
ating the rate of aggregative risk in software development,” Fuzzy Sets
Syst., vol. 80, pp. 261-271, 1996.

L. Levrat, A. Voisin, S. Bombardier, and J. Bremont, “Subjective evalu-
ation of car seat comfort with fuzzy set techniques,” Int. J. Intell. Syst.,
vol. 12, pp. 891-913, 1997.

G. A. Miller, “The magical number seven or minus two: some limits
on our capacity of processing information,” Psychol. Rev., vol. 63, pp.
81-97, 1956.

C. H. Nguyen and V. N. Huynh, “An algebraic approach to linguistic
hedges in Zadeh’s fuzzy logic,” Fuzzy Sets Syst., vol. 129, pp. 229-254,
2002.

, “Ordered structure-based semantics of linguistic terms of
linguistic variables and approximate reasoning,” in Computing Antici-
patory Systems, D. M. Dubois, Ed. New York: American Institute of
Physics, Feb. 2000, vol. 517, AIP Conference Proceedings, pp. 98-116.
S. A. Orlovsky, “Decision making with a fuzzy preference relation,”
Fuzzy Sets Syst., vol. 1, pp. 155-167, 1978.

M. Roubens, “Fuzzy sets and decision analysis,” Fuzzy Sets Syst., vol.
90, pp. 199-206, 1997.

L. J. Savage, The Foundations of Statistics. New York: Wiley, 1954.
G. Shafer, A Mathematical Theory of Evidence. Princeton, NI:
Princeton Univ. Press, 1976.

P. Smets and R. Kennes, “The transferable belief model,” Artif. Intell.,
vol. 66, pp. 191-234, 1994.

B. Tisseyre, N. J. B. McFarlane, C. Sinfort, R. D. Tillett, F. Sevila,
and A. Carbonneau, “Fuzzy multicriteria decisionmaking for long cana
pruning: a system for standard and complex vine configurations,” Int. J.
Intell. Syst., vol. 12, pp. 877-889, 1997.

M. Tong and P. P. Bonissone, “A linguistic approach to decision making
with fuzzy sets,” IEEE Trans. Syst., Man, Cybern., vol. SMC-10, pp.
716-723, 1980.

—, “Linguistic solutions to fuzzy decision problems,” Stud. Manage-
ment Sci., vol. 20, pp. 323-334, 1984.

V. Torra, “Negation functions based semantics for ordered linguistic la-
bels,” Int. J. Intell. Syst., vol. 11, pp. 975-988, 1996.

, “The weighted OWA operator,” Int. J. Intell. Syst., vol. 12, pp.
153-166, 1997.




196 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART B: CYBERNETICS, VOL. 35, NO. 2, APRIL 2005

[49] J. Wang and Y.-I. Lin, “A fuzzy group decision making approach to se-
lect configuration items for software development,” Fuzzy Sets Syst., vol.
134, pp. 343-363, 2003.

[50] R.R. Yager, “A new methodology for ordinal multiobjective decisions
based on fuzzy sets,” Decision Sci., vol. 12, pp. 589-600, 1981.

[51] ——, “On ordered weighted averaging aggregation operators in mul-
ticriteria decision making,” IEEE Trans. Syst., Man, Cybern., vol.
SMC-18, no. 1, pp. 183-190, Jan./Feb. 1988.

[52] ——, “Applications and extension of OWA aggregation,” Int. J. Man-
Mach. Stud., vol. 37, pp. 103-132, 1992.

[53] , “Non-numeric multi-criteria multi-person decision making,”
Group Decis. Negotiation, vol. 2, pp. 81-93, 1993.
[54] , “An approach to ordinal decision making,” Int. J. Approx. Reason.,

vol. 12, pp. 237-261, 1995.

[55] L. A.Zadeh, “Fuzzy sets,” Inf. Control, vol. 8, pp. 338-353, 1965.

[56] ——, “The concept of a linguistic variable and its applications to ap-
proximate reasoning. Part I.” Inf. Sci., vol. 8, pp. 199-249, 1975.

[57] , “The concept of a linguistic variable and its applications to ap-
proximate reasoning. Part IL,” Inf. Sci., vol. 8, pp. 301-357, 1975.
[58] , “The concept of a linguistic variable and its applications to ap-

proximate reasoning. Part II1,” Inf. Sci., vol. 9, pp. 43-80, 1975.

Van-Nam Huynh received the B.S. degree in
mathematics from University of Quinhon, Quinhon,
Vietnam, in 1990, and the Ph.D. degree in applied
mathematics from the Institute of Information
Technology, Vietnamese Academy of Science and
Technology, Hanoi, Vietnam, in 1999.

From 1990 to 2003, he was an Instructor and
Lecturer in the Departments of Mathematics and
Computer Science, University of Quinhon. During
2001-2002, he was a Postdoctoral Fellow at Japan
Advanced Institute of Science and Technology under
a fellowship awarded by Inoue Foundation for Science. Currently, he is a
Research Associate at the School of Knowledge Science, Japan Advanced
Institute of Science and Technology, Ishikawa. His main research interests
include fuzzy logic and approximate reasoning, rough-fuzzy hybridization,
decision analysis, and data mining.

Yoshiteru Nakamori (M’92) received the B.S.,
M.S., and Ph.D. degrees, all in applied mathematics
and physics, from Kyoto University, Kyoto, Japan,
in 1974, 1976, and 1980, respectively.

He has been with the Department of Applied Math-
ematics, Faculty of Science, Konan University, Kobe,
Japan, as an Assistant Professor from 1981 to 1986,
an Associate Professor from 1986 to 1991, and a Pro-
fessor since 1991. During the period from September
1984 to December 1985, he stayed at the Interna-
tional Institute for Applied Systems Analysis, Aus-
tria, where he participated in the Regional Water Policies Project. He joined the
Japan Advanced Institute of Science and Technology, Ishikawa, in April 1998
as a Professor of the School of Knowledge Science. His fields of research in-
terest cover identification and measurement optimization of large-scale complex
systems, modeling and control of environmental systems, and methodology and
software of decision support systems. Recent activities include development of
modeling methodology based on hard, as well as soft, data and support systems
for soft thinking around hard data. Current research topics include modeling
and simulation for large-scale complex systems, system development for envi-
ronmental policy-making support, and systems methodology based on Japanese
intellectual tradition. Since October 2003, he has been the leader of a 21st Cen-
tury Center of Excellence program on theory and practice of technology cre-
ation based on knowledge science, with the goals of program being to create a
world-class center of excellence in the areas of theoretical research and practical
research in knowledge science.

Dr. Nakamori is a member of the Society of Instrument and Control Engineers
of Japan, the Institute of Systems, Control and Information Engineers, the Japan
Society for Fuzzy Theory and Systems, the Japan Association of Simulation
and Gaming, the Society of Environmental Science of Japan, and the Institute
of Electrical and Electronics Engineers.



	toc
	A Satisfactory-Oriented Approach to Multiexpert Decision-Making 
	Van-Nam Huynh and Yoshiteru Nakamori, Member, IEEE
	I. I NTRODUCTION
	II. P RELIMINARIES
	A. Description of the Linguistic Term Set in Linguistic Decision
	B. General Scheme of MEDM Problems

	III. S ATISFACTORY -O RIENTED L INGUISTIC D ECISION R ULE

	TABLE€I G ENERAL MEDM P ROBLEM
	Fig.€1. Linguistic term set.
	TABLE€II MEDM P ROBLEM IN U PGRADING C OMPUTING R ESOURCES
	IV. MEDM P ROBLEM D EFINED O VER A C OMMON L INGUISTIC T ERM S E
	A. Problem Description


	TABLE€III R ANDOM P REFERENCES FOR O PTIONS
	B. Satisfactory-Oriented Linguistic Decision Model
	C. Comparative Study
	1) Solution Based on the Extension Principle: By this method, a 
	2) Solution Based on the Symbolic Approach: This method uses a l
	3) Solution Based on the Two-Tuple Fuzzy Linguistic Representati

	V. MEDM P ROBLEM D EFINED O VER A L INGUISTIC H IERARCHY
	A. Linguistic Hierarchies


	Fig.€2. Linguistic hierarchy ${\cal T}_{{assessment}}$ .
	Fig.€3. Linguistic hierarchy ${\cal T}_{temperature}$ .
	B. Problem Description
	C. General Solution Scheme
	1) Linguistic Information Normalization: First we must select a 


	TABLE€IV U NIFIED P REFERENCE M ATRIX
	Fig.€4. Derived linguistic hierarchy ${\cal T}_{LH}$ .
	2) Derivation of Random Preferences: In general, the unified pre
	D. Application Example
	1) Problem Description: Assume that an investment company wants 
	2) Decision Model: The decision model for solving the problem us


	TABLE€V M ULTIGRANULAR L INGUISTIC MEDM P ROBLEM
	TABLE€VI U NIFIED L INGUISTIC P REFERENCE M ATRIX
	TABLE€VII D ERIVED R ANDOM P REFERENCES
	TABLE€VIII R ESULTS U SING THE T WO M ETHODS
	3) A Comparative Analysis: In the preceding part, we solved an M
	VI. C ONCLUSION
	P. P. Bonissone, A fuzzy sets based linguistic approach: theory 
	G. Bordogna, M. Fedrizzi, and G. Passi, A linguistic modeling of
	J. J. Buckley, The multiple judge, multiple criteria ranking pro
	C. Carlsson and R. Fullér, Benchmarking and linguistic important
	P. Chang and Y. Chen, A fuzzy multicriteria decision making meth
	S. J. Chen and C. L. Hwang, Fuzzy Multiple Attribute Decision Ma
	S. M. Chen, A new method for tool steel materials selection unde
	R. Degani and G. Bortolan, The problem of linguistic approximati
	M. Delgado, F. Herrera, E. Herrera-Viedma, and L. Martinez, Comb
	M. Delgado, J. L. Verdegay, and M. A. Vila, Linguistic decision 
	D. Dubois, H. Fargier, P. Perny, and H. Prade, A characterizatio
	M. Fedrizzi and L. Mich, Rule based model for consensus reaching
	J. Geldermann, T. Spengler, and O. Rentz, Fuzzy outranking for e
	F. Herrera and L. Martinez, A 2-tuple fuzzy linguistic represent
	F. Herrera and E. Herrera-Viedma, Linguistic decision analysis: 
	F. Herrera and L. Martinez, A model based on linguistic 2-tuples
	F. Herrera, E. Herrera-Viedma, and L. Martinez, A fusion approac
	F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, A sequential 
	F. Herrera and J. L. Verdegay, A linguistic decision process in 
	F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, Direct approa
	F. Herrera and E. Herrera-Viedma, Aggregation operators for ling
	F. Herrera, E. Herrera-Viedma, and J. L. Verdegay, A rational co
	F. Herrera, E. Lopez, C. Mendaña, and M. A. Rodriguez, A linguis
	F. Herrera and J. L. Verdegay, Linguistic assessments in group d
	J. Kacprzyk, Group decision making with a fuzzy linguistic major
	J. Kacprzyk and M. Fedrizzi, Multiperson Decision Making Models 
	J. Lawry, A methodology for computing with words, Int. J. Approx
	H. M. Lee, Group decision making using fuzzy sets theory for eva
	L. Levrat, A. Voisin, S. Bombardier, and J. Bremont, Subjective 
	G. A. Miller, The magical number seven or minus two: some limits
	C. H. Nguyen and V. N. Huynh, An algebraic approach to linguisti
	S. A. Orlovsky, Decision making with a fuzzy preference relation
	M. Roubens, Fuzzy sets and decision analysis, Fuzzy Sets Syst., 
	L. J. Savage, The Foundations of Statistics . New York: Wiley, 1
	G. Shafer, A Mathematical Theory of Evidence . Princeton, NJ: Pr
	P. Smets and R. Kennes, The transferable belief model, Artif. In
	B. Tisseyre, N. J. B. McFarlane, C. Sinfort, R. D. Tillett, F. S
	M. Tong and P. P. Bonissone, A linguistic approach to decision m
	V. Torra, Negation functions based semantics for ordered linguis
	J. Wang and Y.-I. Lin, A fuzzy group decision making approach to
	R. R. Yager, A new methodology for ordinal multiobjective decisi
	L. A. Zadeh, Fuzzy sets, Inf. Control, vol. 8, pp. 338 353, 196



