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Abstract. The reaching of consensus in group decision-making (GDM)
problems is a common task in group decision processes. In this contri-
bution, we consider GDM with linguistic information. Different experts
may have different levels of knowledge about a problem and, therefore,
different linguistic term sets (multi-granular linguistic information) can
be used to express their opinions.

The aim of this paper is to present different ways of measuring con-
sensus in order to assess the level of agreement between the experts in
multi-granular linguistic GDM problems. To make the measurement of
consensus in multi-granular GDM problems possible and easier, it is nec-
essary to unify the information assessed in different linguistic term sets
into a single one. This is done using fuzzy sets defined on a basic linguistic
term set (BLTS). Once the information is uniformed, two types of mea-
surement of consensus are carried out: consensus degrees and proximity
measures. The first type assesses the agreement among all the experts’
opinions, while the second type is used to find out how far the individ-
ual opinions are from the group opinion. The proximity measures can be
used by a moderator in the consensus process to suggest to the experts
the necessary changes to their opinions in order to be able to obtain the
highest degree of consensus possible. Both types of measurements are
computed in the three different levels of representation of information:
pair of alternatives, alternatives and experts.
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1 Introduction

A group decision-making (GDM) problem may be defined as a decision situation
where: i) there exist two or more experts that are characterized by their own
perceptions, attitudes, motivations and knowledge, ii) there exists a problem to
be solved, and iii) they try to achieve a common solution.

Fuzzy sets theory has proven successful for handling fuzziness and modelling
qualitative information [6, 7, 13]. In this theory, the qualitative aspects of the
problem are represented by means of “linguistic variables” [14], i.e., variables
whose values are not numbers but words or sentences in a natural or artificial
language.

An important parameter to determine in a linguistic context is the “granu-
larity of uncertainty”, i.e., the cardinality of the linguistic term set that will be
used to express the information. Because experts may come from different re-
search areas, and thus have different levels of knowledge, it is natural to assume
that linguistic term sets of different cardinality and/or semantics could be used
to express their opinions on the set of alternatives. In these cases, we say that
we are working in a multi-granular linguistic context [4, 12], and we will call this
type of problem a multi-granular linguistic GDM problem.

In GDM problems there are two processes to carry out before obtaining
a final solution [3, 5, 8, 9]: the consensus process and the selection process (see
Figure 1). The first one refers to how to obtain the maximum degree of consensus
or agreement between the set of experts on the solution set of alternatives.
Normally this process is guided by the figure of a moderator [5, 9]. The second one
consists of how to obtain the solution set of alternatives from the opinions on the
alternatives given by the experts. Clearly, it is preferable that the set of experts
reach a high degree of consensus before applying the selection process. In [1],
the selection process for multi-granular linguistic GDM problem was studied.
Therefore, in this paper, we focus on the consensus process, and in particular we
address the problem of how to measure the consensus in such a type of GDM
problem.

Traditionally, the consensus process is defined as a dynamic and iterative
group discussion process, coordinated by a moderator, who helps the experts to
bring their opinions closer. In each step of this process, the moderator, by means
of a consensus measure, knows the actual level of consensus between the experts
which establishes the distance to the ideal state of consensus. If the consensus
level is not acceptable, i.e., if it is lower than a specified threshold, then the
moderator would urge the experts to discuss their opinions further in an effort
to bring them closer [2, 15].

The aim of this paper is to present two different measurements to assess the
level of agreement between the experts in multi-granular GDM problems. These
measurements can be classified into two types:

a) Consensus degrees to identify the level of agreement among all experts and
to decide when the consensus process should stop.
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Fig. 1. Resolution process of a group decision-making problem

b) Proximity measures to evaluate the distance between the experts’ individ-
ual opinions and the group or collective opinion. The proximity values are
used by the moderator to guide the direction of the changes in the experts’
opinions in order to increase the degree of consensus.

For each one of these measurements, it is interesting not only to know the
global agreement or proximity amongst experts’ but also the partial degrees on
a particular alternative or pair of alternatives. To do this, both types of measure-
ments are carried out at three different levels of representation of information:

Level 1 or pair of alternatives level. At this level both the agreement amongst
all the experts and the distance between each individual expert’s opinion
and the group opinion on each pair of alternatives are calculated.

Level 2 or alternatives level. At this level, the consensus degree and the prox-
imity on each alternative are obtained.

Level 3 or experts’ level. The global consensus degree amongst all the experts
and the distance between each individual expert’s opinion and the group
opinion on all the alternatives are calculated.

This means that in total six measurements are obtained, a consensus degree
and a proximity measure at each one of the three levels. To make the computation
of these six measurements in multi-granular GDM problems possible and easier,
it is necessary to unify the different linguistic term sets into a single one. To do
so, fuzzy sets on a basic linguistic term set (BLTS) are used, and the appropriate
transformation functions are defined.

The rest of the paper is set out as follows. The multi-granular linguistic GDM
problem is described in Section 2. The different consensus and proximity mea-
sures are presented in Section 3. Finally, in Section 4 we draw our conclusions.
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Fig. 2. A set of seven terms with their semantics

2 Multi-granular Linguistic GDM Problems

We focus on GDM problems in which two or more experts express their prefer-
ences about a set of alternatives by means of linguistic labels. A classical way
to express preferences in GDM problems is by means of preference relations [3].
A GDM problem based on linguistic preference relations may be defined as
follows: there are X = {x1,z2,...,2,} (n > 2), a finite set of alternatives, and
a group of experts, F = {ey, ea,...,em} (m > 2); each expert e; provides his/her
preferences on X by means of a linguistic preference relation, up, : X x X — 5,
where S = {so, s1,..., 54} is a linguistic term set characterized by its cardinality
or granularity, #(S) = g+ 1. Additionally, the following properties are assumed:

. The set S is ordered: s; > s;, if i > j.

. There is the negation operator: Neg(s;) = s; such that j = g — 4.
. There is the min operator: Min(s;,s;) = s; if s; < s;.

. There is the max operator: Max(s;,s;) = s; if s; > s;.

= W N

The semantics of the terms is represented by fuzzy numbers defined on the
[0,1] interval. One way to characterize a fuzzy number is by using a representation
based on parameters of its membership function [1]. For example, the following
semantics, represented in Figure 2, can be assigned to a set of seven terms via
triangular fuzzy numbers:

P = Perfect =(0.83,1,1) VH =Very High= (0.67,0.83,1)
H = High = (0.5,0.67,0.83) M = Medium = (0.33,0.5, 0.67)
L = Low = (0.17,0.33,0.5) VL = Very Low = (0,0.17,0.33)
N = None = (0,0,0.17)

The ideal situation in GDM problems in a linguistic context would be one
where all the experts use the same linguistic term set .S to provide their opinions.
However, in some cases, experts may belong to distinct research areas and have
different levels of knowledge about the alternatives. A consequence of this is
that the expression of preferences will be based on linguistic term sets with
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different granularity, which means that adequate tools to manage and model
multi-granular linguistic information become essential [4, 7, 12].

In this paper, we deal with multi-granular linguistic GDM problems, i.e.,
GDM problems where each expert e; may express his/her opinions on the set
of alternatives using different linguistic term sets with different cardinality S; =
{sb,..., s;,}, by means of a linguistic preference relation Pe, = (pfk), where
pf Fes; represents the preference of alternative z; over alternative xj, for that
expert.

3 The Measurement of Consensus
in Multi-granular Linguistic Context

The measurement of consensus in GDM problems is carried out using two dif-
ferent measures: consensus degrees and proximity measures. However, as we as-
sume multi-granular linguistic context, the first step must be to obtain a uniform
representation of the preferences, i.e., experts’ preferences must be transformed
(using a transformation function) into a single domain or linguistic term set that
we call basic linguistic term set (BLTS) and is denoted by Sr.

The measurement of consensus in multi-granular linguistic GDM problems
is therefore carried out in three steps: (i) making the linguistic information uni-
form, (i) computation of consensus degrees and (iii) computation of proximity
measures

3.1 Making the Linguistic Information Uniform

In this step, a basic linguistic term set (BLTS), St, has to be selected. To do
this it seems reasonable to impose a granularity high enough to maintain the
uncertainty degrees associated to each one of the possible domains to be unified.
This means that the granularity of the BLTS has to be as high as possible.
Therefore, in a general multi-granular linguistic context, to select Sp we proceed
as follows:

1. If there is just one linguistic term set, from the set of different domains
to be unified, with maximum granularity, then we choose that one as the
BLTS, St.

2. If there are two or more linguistic term sets with maximum granularity, then
the election of S7 will depend on the semantics associated to them:

(a) If all of them have the same semantics (with different labels), then any
one of them can be selected as St.

(b) If two or more of them have different semantics, then St is defined as
a generic linguistic term set with a number of terms greater than the
number of terms a person is able to discriminate, which is normally 11 or
13 [11], although we can find cases of BLTS with 15 terms symmetrically
distributed [4, 10].
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Once St has been selected, the following multi-granular transformation func-
tion is applied to transform every linguistic value into a fuzzy set defined on Sp:

Definition 1 /] If A = {lo,...,lp} and St = {co,...,¢cq} are two linguistic
term sets, with g > p, then a multi-granular transformation function, Tas,, is
defined as

TAST c A —>F(ST)

TAST(li) = {(ch,aih) /h S {O, .. .,g}, Vli cA
Qip, = max min{p, (y), te, ()}

where F(St) is the set of fuzzy sets defined on Sp, and w;,(y) and pe, (y) are
the membership functions of the fuzzy sets associated to the linguistic terms I;
and cp,, respectively.

The composition of the linguistic preference relations provided by the experts
pp,, with the multi-granular transformation functions {7s,s,, Vi} will result in
a unification of the preferences for the whole group of experts. In particular, the
linguistic preference pt¥ will be transformed into the fuzzy set, defined on Sy =
{co,...,¢q},

TS:iSt (pék) = {(Ch, ailfcz) / h=0,... 79}

alk = maxmin{sin (y), ey (4)}-

We will continue to denote s, 5. (p!*) by p!¥, and we will use only the membership
degrees to denote the uniformed linguistic preference relation:

pit = (g, aig) o it = (oad s aig)
Pe, = : . :

nl __ nl nl nn __ nn n

pi 7(ai0,~~~7aig)"'pi = (ag0", 70419)

3.2 Computation of Consensus Degrees

In GDM problems, each consensus parameter requires the use of a similarity
function to obtain the level of agreement among all the experts. Several sim-
ilarity functions have been proposed to measure how far each expert is from
the remaining ones, including the Euclidean distance, the cosine and sine of the
angle between vectors, etc [2, 15].

Initially, we used these traditional distance functions to measure the proxim-
ity between the linguistic preferences pék pék given by experts e;, e;, by compar-
ing the membership degrees vectors associated to them. However, after checking
the results of some trials, we discovered cases in which unexpected results were
obtained, as it is shown in the following example, which implied that these func-

tions were not suitable for our objectives.
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Example 1 Let pi? = (1,0,0,0,0,0), ps> = (0,0,0,1,0,0) and pi? = (0,0,0,0,
0,1) be three experts’ assessments on the pair of alternatives (x1,x2), the fol-
lowing values are obtained using the Fuclidean distance:

With the Euclidean distance, both preference values pi? and pi? are at the
same distance from preference pi?, although, it is clear, however, that the first
one is further from pi? than the second one. The problem in this case is the
way the information of these fuzzy sets is interpreted, as a vector of membership
values without having taking into account their positions in it. To take into
account both the values and positions, a different similarity function able to
represent the distribution of the information in the fuzzy set pl¥ is necessary.

The use of the central value of the fuzzy set, cvl¥, is suggested:
g i Ik
_gindex(s}) - aif .
etk = 2 h=0 p (lz) i index(st) = h (1)
h=0 Yin
This value represents the central position or centre of gravity of the information
contained in the fuzzy set pi* = (alk ..., aﬁ’;). The range of the central value

function is the closed interval [0, g].

Example 2 The application of (1) to the assessments of example 1 gives the
following central values:

cvi? =0, cva® =3, cvs’=5.

Other experts’ assessments as pi* = (0.3,0.8,0.6,0,0,0), p3* = (0,0.3,0.8,
0.6,0,0), and p3* = (0,0,0,0.3,0.8,0.6), their central values are:

cvit = 1.18, e = 2.18, and cv?* = 4.18.

As expected, when the information (membership values) moves from the left part
of the fuzzy set to the right part, the central value increases.

The value [cvlf — cvl| can be used as a measure of distance between the

the preference values pﬁk and pé’ﬂ and, therefore, a measure of similarity or
proximity between these two preference values, measured in the unit interval
[0,1], is defined as:

(2)

S ) = 1-

Clearly, the closer s(pi¥, p¥) to 1 the more similar pi* and p! are, while the
closer s(p*, p'f) to 0 the more distant pi* and pl¥ are.
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Example 3 The values of similarity between the assessments of example 1 are:
s(pi®,p3°) = 0.4, s(pi?, p3?) = 0.

Using the above similarity function (2), the computation of the consensus
degrees is carried out in several steps:

1. After the experts’ preferences are uniformed, the central values are calcu-
lated:

s Vi=1,...om; Lk=1,....n N l#k (3)
2. For each pair of experts e;, e; (i < j), a similarity matric SM;; = (Smi’;) is
calculated, where
smiy = (1", py') (4)
3. A consensus matriz, CM, is obtained by aggregating all the similarity ma-
trices. This aggregation is carried out at the level of pairs of alternatives:

cmlkzcb(smﬁ?); L,i=1,...m AVLk=1,....n N i<}j

In our case, we propose the use of the arithmetic mean as the aggregation
function ¢, although, different aggregation operators could be used according
to the particular properties we want to implement [3].

4. Computation of consensus degrees. As we said in Section 1, the consensus
degrees are computed at the three different levels: pairs of alternatives, al-
ternatives and experts.

Level 1. Consensus on pairs of alternatives, cp**, to measure the consensus
degree amongst all the experts on each pair of alternatives. In our case,
this is expressed by the element (I, k) of the consensus matrix CM, i.e.,

ep* =em™, Vi E=1,....n A l#k

The closer ¢p'* to 1, the greater the agreement amongst all the experts on
the pair of alternatives x;, ;. This measure will allow the identification
of those pairs of alternatives with a poor level of consensus.

Level 2. Consensus on alternatives, ca', to measure the consensus degree
amongst all the experts on each alternative. For this, we take the average
of each row of the consensus matrix C'M.

cal _ ZZ:l lek (5)
n

These values can be used to propose modification of preferences associ-
ated to those alternatives with a consensus degree lower than a minimal
consensus threshold v, i.e, cal < 7.

Level 3. Consensus amongst the experts, ce, to measure the global consen-
sus degree amongst the experts’ opinions. It is computed as the average
of all consensus on alternative values, i.e,

_ Z?:l ca!

n

ce

(6)
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If the consensus value ce is low then there exists a great discrepancy between
the experts’ opinions, and therefore they are far from reaching consensus. In this
case, the moderator would urge the experts to discuss their opinions further in an
effort to bring them closer. However, when the consensus value is high enough,
the moderator would finish the consensus process and the selection process would
be applied to obtain the final consensus solution to the GDM problem [2, 15].

3.3 Computation of Proximity Measures

Proximity measures evaluate the agreement between the individual experts’ opin-
ions and the group opinion. Thus, to calculate them, a collective preference re-
lation, P, = (p'¥), has to be obtained by means of the aggregation of the set of

(uniformed) individual preference relations {Pe, = (p!*);i =1,...,m}:
Ik Ik Ik
b = /(/)(pl 7"’7pm)
with ¢ an “aggregation operator”. As pi* = (alk .. .,ayg) then p'* = (al%,
. aff;) with
Ik Ik Ik
g = w(alj, e amj).

which means that p'* is also a fuzzy set defined on S7.

Clearly, the expression (2) can be used to evaluate the agreement between
each individual expert’s preferences, Pe,, and the collective preferences, Pe,.
Therefore, the measurement of proximity is carried out in two steps:

1. A proximity matriz, PM; = (pmék), for each expert e;, is obtained where
pmit = s(pl*, pit).

2. Computation of proximity measures. Again, we calculate proximity measures
at three different levels.

Level 1. Proximily on pairs of alternatives, ppﬁk, to measure the proximity
between the preferences, on each pair of alternatives, of each individual
expert, e;, and the group’s ones. In our case, this is expressed by the
element (I, k) of the proximity matrix PM;, i.e.,

ppék:pmék, VZJ{::L...,TL A l#k

Level 2. Proximity on alternatives, pa', to measure the proximity between
the preferences, on each alternative, of each individual expert, e;, and the
group’s ones. For this, we take the average of each row of the proximity

matrix PM;.
n 1k
—1PD;
pal = Zk=1 PP ™

Level 3. FExperts’s prozimity, pe;, to measure the global proximity between
the preferences of each individual expert, e;, and the group’s ones. It is
computed as the average of all proximity on alternative values, i.e,

— Z?:l pa”lL
n

(®)

pe;



Measurements of Consensus 203

If the above values are close to 1 then they have a positive contribution for
the consensus to be high, while if they are close to 0 then they have a negative
contribution to consensus. As a consequence, these proximity measures can be
used to build a feedback mechanism, based on simple rules or recommendations
to support the experts in changing their opinions and thus obtain the highest
degree of consensus possible, as was done in [8].

4 Conclusions

The reaching of consensus in GDM problems needs measurements to assess the
consensus between the experts. In this paper, two types of measurements were
proposed: consensus degrees and proximity measures. The first one is used to
assess the agreement amongst all the experts’ opinions, while the second one is
used to find out how far the individual opinions are from the group opinion. Both
types of measurements are computed at three different levels of representation
of information: pair of alternatives, alternatives and experts.

We have also shown that to make the measurement of consensus possible in
multi-granular linguistic GDM problems, it was necessary to unify the different
linguistic term sets into a single linguistic term set. To do this, fuzzy sets defined
on a basic linguistic term set (BLTS) were used.

Finally, for future research, the proximity measures will be used to design
a consensus support system able to generate advice on the necessary changes in
the experts’ opinions in order to reach consensus, which would make the figure
of the moderator unnecessary in the consensus reaching process.
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