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Consensus reaching processes play an increasingly important role in the resolution of group decision
making problems: a solution acceptable to all the experts participating in a problem is necessary in many
real-life contexts. A large number of consensus approaches have been proposed to support groups in such
processes, each one with its own characteristics, such as the methods utilized for the fusion of informa-
tion regarding the preferences of experts. Given this variety of existing approaches in the literature to
support consensus reaching processes, this paper considers two main objectives. Firstly, we propose a
taxonomy that provides an overview and categorization of some existing consensus models for group
decision making problems defined in a fuzzy context, taking into account the main features of each
model. Secondly, the paper presents AFRYCA, a simulation-based analysis framework for the resolution
of group decision making problems by means of different consensus models. The framework is aimed
at facilitating a study of the performance of each consensus model, as well as determining the most suit-
able model/s for the resolution of a specific problem. An experimental study is carried out to show the
usefulness of the framework.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Decision making is a common process in daily life, character-
ized by the existence of several alternatives and the need to decide
which one/s are the best or should be chosen as the solution to a
problem. Group Decision Making (GDM) problems, in which sev-
eral individuals or experts with different points of view take part
in a decision problem with the aim of achieving a common solu-
tion, frequently occur in many organizations nowadays [1,2].
Although decision problems may take place in different environ-
ments (certainty, risk or uncertainty), most real-life GDM problems
are often defined in uncertain environments. Due to the difficulty
of dealing with uncertainty of a non-probabilistic nature, which
is mainly caused by the imprecision and vagueness of information,
experts must express their preferences over alternatives by means
of information domains that allow them to deal with such uncer-
tainty. To do so, fuzzy modeling and linguistic information has
been utilized in such situations [3–5].
Traditionally, GDM problems have been solved by applying an
alternative selection process [6], in which the preferences of each
expert over the alternatives are gathered and the best alternative
or subset of alternatives is chosen [7]. This resolution scheme does
not take into account the existing level of agreement between ex-
perts, therefore some experts may not accept the decision made
because they might consider that their individual preferences have
not been taken into account sufficiently [8,9]. For this reason, Con-
sensus Reaching Processes (CRPs) were introduced as an additional
phase in the resolution of GDM problems [9]. In a CRP, experts dis-
cuss and modify their preferences, frequently coordinated by a hu-
man moderator, bringing their opinions closer to each other with
the aim of increasing the level of agreement in the group.

Consensus has become a major research topic within the field of
GDM. As a result, a large number of models and approaches to sup-
porting CRPs have been proposed by several authors in the last few
decades [10–17]. The earliest proposals of consensus approaches
were developed with the objective of reaching a full degree of
agreement in the group, i.e. unanimity [18], which is normally dif-
ficult to achieve in practice. Therefore, more flexible notions of
consensus in which different partial degrees of agreement can be
obtained, have since been proposed [2,19]. Consensus measures
that are based on such flexible notions of agreement indicate
case of
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how close experts’ opinions are to unanimity. To do this, consensus
degrees can be assessed in different ways, e.g. with numerical val-
ues in the unit interval [16,20,21], or linguistically [22–25].

A large number of consensus models have been proposed for
dealing with GDM problems in fuzzy contexts, therefore they
may present a high variety of features, such as: (i) the type of con-
sensus measures utilized to determine the level of agreement,
based on the fusion of information about experts’ preferences
[19,23,26], (ii) the use of different mechanisms to guide the discus-
sion process [27], or (i) the type of preference structures (e.g. pref-
erence relations, preference orderings, utility vectors, etc. [28]) or
information domains (e.g. numerical or linguistic information
[22,29]) used by experts to express their preferences over alterna-
tives, amongst others. Additionally, some models are focused on
multiple criteria GDM problems (MCGDM) [29,30], in which
information fusion approaches are often utilized to combine pref-
erences evaluated according to several criteria, whilst other mod-
els have been defined to deal with a particular type of real-life
decision problems [10,31].

Given this variety of existing consensus models, it would be
desirable to have a clear characterization of them, with regard to
the needs of each problem to be solved (type of preferences used
by experts, necessity of giving the experts different importance
weights, etc.), so that the most suitable models would be identified
for solving such a problem. Moreover, some challenges are still
present in the research topic of consensus, such as: (i) the large
number of existing consensus models in the literature without a
clear vision about which ones would be suitable for solving a spe-
cific type of GDM problem and (ii) the lack of a frame of reference
for the practical study of consensus models, which makes the anal-
ysis of their main features, their advantages and weaknesses, as
well as comparisons amongst them, more difficult. Such a compar-
ison would be particularly useful for evaluating new proposals of
consensus models, in order to determine their main contributions
with respect to other existing ones.

As a result of a thorough literature review on consensus ap-
proaches in a fuzzy context, in this paper we tackle two objectives:
(i) proposing a taxonomy of existing works and (ii) presenting an
analytic framework called AFRYCA:

� We firstly present a taxonomy that provides an overview of a
number of consensus models, with the main goal of providing
a characterization of them, as well as pointing out the main
characteristics of each proposal. The consensus models
reviewed will be categorized into four groups, based on a dou-
ble axis: (i) the use or not of feedback mechanisms to guide dis-
cussion, and (ii) the type of consensus measures applied (based
on the method utilized for the fusion of information related to
the preferences of the experts).
� Secondly, the paper introduces a prototype of simulation-based

analysis framework called AFRYCA (A FRamework for the anal-
Ysis of Consensus Approaches). The framework has been devel-
oped to simulate the resolution of GDM problems by means of
the different consensus models implemented in it. Therefore,
its main purpose is to enable the analysis of the performance
of each consensus model, as well as studying the results
obtained by using different models for the resolution of a partic-
ular problem. AFRYCA has been implemented using Java and R
technologies, and it incorporates several extendable modules
and features, such as libraries that implement consensus mod-
els or patterns of expert behavior for its simulation, amongst
others.

An experimental study is also presented to illustrate the useful-
ness of the analysis framework developed. For this, six consensus
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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models of those reviewed in the taxonomy, have been imple-
mented and used for the resolution of GDM problems.

The paper is organized as follows: in Section 2, some basic con-
cepts regarding consensus in GDM are reviewed, together with
some related works on consensus measures. Section 3 presents a
taxonomy of consensus models. The analysis framework AFRYCA
is presented in Section 4, followed by an experimental study that
illustrates its usefulness in Section 5. Section 6 contains remarks
on some of the lessons learnt and future directions in the use of
AFRYCA. Finally, some conclusions are drawn in Section 7.

2. Background

In this section, we revise some basic concepts and approaches
presented in the literature about GDM problems and consensus,
in order to provide readers with a better understanding of the con-
sensus models reviewed in the taxonomy presented in Section 3.

2.1. Group decision making problems

A GDM problem can be formally defined as a decision situation
where [1]:

(i) There exists a group of m individuals or experts,
E ¼ fe1; . . . ; emg, having each one their own knowledge and
attitudes.

(ii) There is a decision problem consisting of n alternatives or
possible solutions to the problem, X ¼ fx1; . . . ; xng.

(iii) The experts try to achieve a common solution.

In a GDM problem, each expert ei 2 E; i 2 f1; . . . ;mg, expresses
his/her preferences over alternatives in X, by means of a preference
structure. One of the most common preference structures in GDM
is the so-called preference relation [29]. A preference relation Pi

associated to expert ei can be represented, for X finite, as an
n� n matrix as follows:

Pi ¼

� . . . p1n
i

..

. . .
. ..

.

pn1
i . . . �

0
BB@

1
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where each assessment, plk
i , represents the degree to which the alter-

native xl is better than xk; l; k 2 f1; . . . ;ng; l – k, according to ei.
Other preference structures that have been considered in some
GDM approaches are utility vectors [32] and preference orderings
[33,34], amongst others.

Some problems are characterized by the existence of several
attributes or criteria, C ¼ fc1; . . . ; cqg (e.g. location, neighborhood
and size, in a problem about buying a new house). In such situa-
tions, experts must assess alternatives according to each of these
criteria, cy 2 C, i.e. a Multi-Criteria Group Decision Making
(MCGDM) problem is defined [1].

GDM problems are often defined in environments of uncer-
tainty, characterized by the existence of vague and imprecise infor-
mation. Such situations are also known as GDM problems in fuzzy
contexts or fuzzy GDM problems in the literature [3]. In order to
deal with such uncertainty, experts may utilize different informa-
tion domains to provide their preferences out of the existing alter-
natives, depending on their knowledge area or level of expertise in
the problem. Some information domains frequently utilized in
GDM problems under uncertainty are [35,36]:

� Numerical [37]: Assessments are represented as numerical val-
ues belonging to a specific scale, e.g. values in the [0,1] interval
or values in Saaty’s 1–9 multiplicative scale [38].
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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� Interval-valued [39]: Assessments are represented as intervals,
Ið½0;1�Þ.
� Linguistic [40,41]: Assessments are represented as linguistic

terms su 2 S;u 2 f0; . . . ; gg, being S ¼ fs0; . . . ; sgg a set of linguis-
tic terms with granularity g.

The solution for a GDM problem can be derived by applying
either a direct approach or an indirect approach [6]. In a direct ap-
proach, the solution is directly obtained from the individual prefer-
ences of experts, without constructing a social opinion first. In an
indirect approach, however, a social opinion or collective preference
(as it will be referred to in the rest of the paper) is determined a
priori from individual opinions, and utilized to find a solution for
the problem. Regardless of the approach considered, the classical
alternative selection process for reaching a solution to GDM prob-
lems is composed of two phases [7], as shown in Fig. 1:

(i) Aggregation phase: the preferences of experts are combined,
by using an aggregation operator.

(ii) Exploitation phase: This phase consists in obtaining an alter-
native or subset of alternatives as the solution to the prob-
lem, by means of a selection criterion.

2.2. Consensus in GDM: consensus measures and related works

The selection process for GDM problems described above does
not guarantee the existence of agreement amongst experts before
obtaining a solution to the problem. Therefore, it may be that such
a solution is not accepted by some experts in the group, because
they might consider that their individual opinions have not been
taken into account sufficiently [8,9,42]. In many real-life GDM
problems, obtaining a solution which is highly accepted by the
whole group is crucial. In such cases, an additional phase called
the consensus phase must be introduced into the resolution pro-
cess for GDM problems [9]. This phase usually consists of a process
of discussion and modification of preferences by experts, with the
aim of reaching a high level of collective agreement (further detail
regarding this process will be given in Section 2.3).

The concept of consensus has been interpreted from different
points of view, from total agreement (unanimity), which is usually
difficult to achieve in practice, to more flexible interpretations. In
[9], Saint et al. defined consensus as ‘‘a state of mutual agreement
among members of a group, where all legitimate concerns of indi-
viduals have been addressed to the satisfaction of the group’’.
Kacprzyk et al. introduced the notion of soft consensus, based on
the concept of fuzzy majority [2], which states that consensus ex-
ists when ‘‘most of the important individuals agree as to (their tes-
timonies concerning) almost all of the relevant options’’ [19].

Flexible notions of consensus imply that it can be measured as
different levels of partial agreement in the group, which indicate
how far the opinions of experts are from unanimity. Therefore,
the definition of appropriate consensus measures, which compute
the current level of agreement in the group from the individual
preferences of experts, has been an important subject of research
within the field of consensus in GDM. A large number of consensus
measures have been proposed by different authors in the literature
Fig. 1. Selection process for the resolution of GDM problems.
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[19,24,43–45]. Based on a literature review of different consensus
measures proposed by several authors, we have classified them
into two categories, depending on the type of computations and
information fusion procedures applied to measure consensus:

1. Consensus measures based on distances to the collective prefer-
ence: A collective preference, denoted as Pc , that represents
the global opinion of the group is computed by aggregating
all individual preferences of experts, Pi, i.e. Pc ¼ /fP1; . . . ; Pmg,
with / being an aggregation operator. Consensus degrees are
then obtained by computing the distances between each indi-
vidual preference and the collective preference, dðPi; PcÞ
[24,43,44].

2. Consensus measures based on distances between experts: For each
different pair of experts in the group, ðei; ejÞ; i < j, the degrees of
similarity between their opinions are computed, based on dis-
tance metrics. Similarity values LðPi; PjÞ are then aggregated to
obtain consensus degrees [19,22,25,45].

Fig. 2 shows a general scheme of the computations carried out
in both types of consensus measures described above. In the fol-
lowing subsections, some consensus measures belonging to each
of these two categories are briefly reviewed.

2.2.1. Consensus measures based on distances to the collective
preference

Spillman et al. proposed in [43] one of the earliest consensus
measures based on mathematical procedures taken from fuzzy
set theory [4], thus complying with a notion of consensus which
is more flexible and realistic in practice than the idea of consensus
as unanimous agreement, as considered in other earlier works [18].
In their proposal, Spillman et al. measure the degree of consensus
for each expert separately, as the distance between his/her recipro-
cal fuzzy preference relation and an ‘‘ideal’’ consensus matrix with
maximum consensus degree, determined a priori by means of ma-
trix calculus. Another complementary measure is the fuzziness de-
gree, whose value is larger if the consensus degree is lower and
vice versa, which is also introduced and utilized as a criterion to
quantify the level of group agreement.

One of the first consensus measures for linguistic preferences
was presented by Herrera et al. in [24], assuming that experts
might sometimes have a vague knowledge about the problem
and they would prefer to use linguistic assessments instead of
numerical ones. Alternatives and experts have fuzzy importance
degrees, inspired by Kacprzyk’s soft consensus approach [2,19]
(which will be revised in Section 2.2.2). Two different consensus
measures are calculated: consensus degrees, which indicate the cur-
rent level of agreement; and linguistic distances, used to evaluate
the distance from each expert’s linguistic preference relation to
the collective opinion. Both measures are assessed linguistically,
by means of linguistic terms su belonging to a finite term set
S ¼ fs0; . . . ; sgg defined a priori, and they are calculated at three
levels (using the LOWA operator [46] to aggregate information)
by applying three steps sequentially: (i) a counting process, (ii) a
coincidence process and (iii) a computing process [24].

In [23], Herrera et al. extended the consensus measures de-
scribed above, by incorporating a process to control the consis-
tency of preferences. The consistency control process is carried
out before measuring consensus.

Ben-Arieh et al. studied in [47] the problem of aggregating lin-
guistic preferences, expressed as fuzzy sets in a common linguistic
term set by a group of experts who have associated linguistic
importance weights. Firstly, they extended the Fuzzy-LOWA oper-
ator [44] to consider such importance weights in the aggregation of
individual preferences into a collective preference. Then, they
defined a consensus measure in which individual preference order-
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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ings and a collective preference ordering are compared. Such pref-
erence orderings are derived from their corresponding linguistic
preferences. The degree of consensus Cl on an alternative xl is com-
puted as follows:

Cl ¼
Xm

i¼1

1� jO
l
i � Ol

cj
n� 1

 !
�wi

" #
ð1Þ

with Ol
i and Ol

c being the ordered position of xl, for expert ei and the
collective opinion respectively, and wi the importance weight of ei.
The arithmetic mean operator is then used to compute the global
consensus degree from all Cl; l 2 f1 . . . ng.

2.2.2. Consensus measures based on distances between experts
Kacprzyk et al. conducted extensive research into human-con-

sistent measures of consensus that reflect the human perception
of consensus in practice in a better way than consensus as unani-
mous agreement. As a result, they proposed the notion of soft con-
sensus, based on the concept of fuzzy majority [2]. One of the first
consensus measures for fuzzy preference relations based on this
notion was formalized in [19]. The consensus degree is hierarchi-
cally computed at multiple levels, starting by a-degrees of suffi-
cient agreement (with a 2 ½0;1�) between two experts (ei; ej) on a
single assessment plk

i :

simlk
ij ¼

1 if jplk
i � plk

j j 6 1� a 6 1;

0 otherwise:

(
ð2Þ

The concept of fuzzy majority is reflected in the consensus mea-
sures by applying a fuzzy logic-based calculus of linguistically
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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quantified propositions [2,48], taking into account the fuzzy impor-
tance weights assigned to experts and alternatives. The computa-
tion scheme of this ‘‘soft’’ consensus measure was slightly
simplified in [45].

A different approach from soft consensus was taken into account
by Szmidt and Kacprzyk in [49], where they extended the mea-
sures for fuzzy preference relations defined by Spillman et al.
[43], and developed a consensus measure for reciprocal intuition-
istic fuzzy preference relations. Consensus is computed as a scalar
value in ½0;1�, obtained from a consensus matrix of dimensions
m�m, in which each element cmij represents the degree of agree-
ment between two experts ei and ej.

Herrera et al. proposed in [25] some consensus measures for
linguistic GDM (linguistic consensus degrees and linguistic prox-
imities, each one at three levels [24]), which pivot on determining
degrees of fuzzy coincidence between pairs of experts, by means of
a closeness measure between linguistic assessments. Different lin-
guistic term sets can be used for the diverse elements of the GDM
problem that are assessed linguistically, e.g. preferences, impor-
tance degrees of experts and alternatives, and consensus measures.

Another linguistic consensus measure was presented by Bordo-
gna et al. in [22], being oriented towards MCGDM with linguistic
preference matrices. This approach follows the concept of fuzzy
majority, and it utilizes OWA operators [50] to aggregate prefer-
ences belonging to the different criteria. Such criteria are assessed
linguistically by each expert. A linguistic consensus degree is com-
puted for each alternative separately, based on degrees of agree-
ment between pairs of experts.

Korshid et al. [51] presented a consensus measure based on
coincidence between the positive and negative ideal degrees of
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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agreement. Experts use linguistic terms to express their prefer-
ences by means of a vector of linguistic assessments. Such assess-
ments are associated to triangular fuzzy numbers, and interval
judgements are obtained by applying the a-cut operator [4] on fuz-
zy numbers, thus constructing an m� n fuzzy judgement matrix
from the interval-valued assessments of all experts. Positive and
negative agreement matrices are constructed taking into account
similarities between pairs of experts, and then the relative close-
ness degrees to these two matrices are computed for each
alternative.

Chen et al. defined in [52] a consensus measure for GDM prob-
lems with uncertain linguistic preference relations, with assess-
ments given by uncertain linguistic terms expressed as
plk

i ¼ ½su; sv �; su; sv 2 S;u 6 v [53]. They determine the similarity be-
tween two experts’ assessments upon a deviation measure,
dðplk

i ; p
lk
j Þ, and an overlapping measure, oðplk

i ; p
lk
j Þ, as follows:

simlk
ij ¼ cð1� dðplk

i ;p
lk
j ÞÞ þ ð1� cÞoðplk

i ; p
lk
j Þ ð3Þ

with c 2 ½0;1� being the importance given to the deviation measure
with respect to the overlapping measure, in the computation of
similarity values. Consensus and proximity degrees are then com-
puted at three levels. The Uncertain LOWA operator is utilized to
aggregate uncertain linguistic preferences into a collective prefer-
ence, which is necessary in order to calculate proximity degrees.

2.3. Consensus in GDM: Consensus Reaching Processes (CRPs)

As previously stated, reaching consensus normally implies that
experts must modify their initial opinions over the course of a dis-
cussion process (i.e a CRP), bringing their positions closer to each
other, towards a final collective opinion which satisfies the whole
group [8,9,54].

Before initiating a CRP, it is important that some a priori
assumptions are understood and accepted by the whole decision
group [42]:

� Every member of the group must understand the process used
to achieve an agreement, clarifying any possible doubts or ques-
tions before initiating it.
� Conducting a CRP implies that all experts accept the search for a

common agreed solution, by means of collaboration.
� Experts should move from their initial positions, in order to

make their preferences closer to each other.

A large number of consensus models have been proposed dur-
ing recent decades [10–13,39,15–17]. Consensus models provide
groups with the necessary guidelines to support them in CRPs car-
ried out in different GDM frameworks.

The process to reach consensus is iterative and dynamic. Such
a process is often coordinated by a human figure known as mod-
erator, who is responsible for supervising and guiding the discus-
sion between experts [42]. A general CRP scheme followed by all
consensus models revised in the taxonomy (see Section 3), is
shown in Fig. 3. Its main phases are described below:
Fig. 3. General C
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1. Consensus Measurement: Preferences of all experts,
Pi; i 2 f1; . . . ;mg, are gathered to compute the current level of
agreement in the group, by using consensus measures (see
Section 2.2).

2. Consensus Control: The consensus degree is compared with a
threshold level of agreement l, defined a priori. If the level of
consensus desired has been achieved, the group moves onto
the selection process; otherwise, it is necessary to carry out
another round of discussion. In order to prevent an excessive
number of discussion rounds, a parameter indicating the maxi-
mum number of rounds allowed, Maxround 2 N, can also be
taken into account.

3. Consensus Progress: A procedure is applied in order to increase the
level of agreement in the following round of the CRP. Tradition-
ally, such a procedure has consisted of applying a feedback gener-
ation process, in which the moderator identifies the assessments
of experts which are farthest from consensus and advises them to
modify such assessments [9,42]. Many existing consensus models
incorporate feedback mechanisms based on this process
[28,27,32,55]. However, some other proposed models do not
incorporate such mechanisms, and instead they implement
approaches that update information (e.g. assessments of experts)
to increase consensus in the group automatically [44,56,57].

3. A taxonomy of consensus approaches in a fuzzy context

In this section, we propose a taxonomy that reviews different
consensus models proposed by a variety of authors to support CRPs
in GDM problems defined in a fuzzy environment. The main goal of
the taxonomy is to categorize such models, so that those with sim-
ilar characteristics are grouped in the same category.

Fig. 4 shows the structure of the taxonomy. In order to catego-
rize the consensus models reviewed, we have considered two dif-
ferent kinds of criteria for constructing the taxonomy:

� Feedback versus No Feedback: Many consensus models define a
feedback mechanism to support experts in the discussion and
modification of their opinions. Such feedback mechanisms gen-
erate and provide experts with some advice, indicating to them
how to modify their preferences in order to bring them closer to
consensus, hence they must supervise this advice and decide
whether to apply it or not [27,28,32,55]. Some other consensus
models do not consider the use of feedback mechanisms, but
instead implement other types of mechanisms that automati-
cally update the preferences and/or importance weights of those
experts whose opinions are not close enough to the rest of the
group, thus making the human intervention of experts unneces-
sary in these models [44,56,57].
� Type of consensus measure: A key element in all consensus mod-

els is the consensus measure utilized to compute the level of
agreement in the group. As previously reviewed in Section 2.2,
such measures are normally either based on computing dis-
tances to the collective preference (see Section 2.2.1) or based
on computing distances between experts (see Section 2.2.2).
RP scheme.

ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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Fig. 4. A taxonomy of approaches for consensus reaching.

Table 1
Overview of consensus models reviewed in the taxonomy.

Consensus measure based on distances to the collective preference Consensus measure based on distances between experts

Feedback mechanism (Q1) (Q2)
Bryson [32,58] Carlsson et al. [55]
Herrera-Viedma et al. [28] Eklund et al. [10,59]
Choudhury et al. [31] Herrera-Viedma et al. [60,61]
Dong et al. [62] Chiclana et al. [63]
Parreiras et al. [12,29] Mata et al. [27]
Jiang et al. [64] Cabrerizo et al. [65]

Pérez et al. [66]
Alonso et al. [67]
Kacprzyk et al. [13,68,69]
Fu et al. [39,30,70,14]

No feedback mechanism (Q3) (Q4)
Lee [71] Chen et al. [72]
Ben-Arieh et al. [44] Zhang et al. [73]
Chen et al. [74] Palomares et al. [16,75]
Xia et al. [76], Xu et al. [77,78]
Dong et al. [79], Zhang et al. [56]
Gong et al. [15], Xu et al. [21]
Wu and Xu [11,20,57,80,81]
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Taking into account the two criteria described above, the classifi-
cation of consensus models in the taxonomy is based on two axes, so
that they are combined into four different quadrants that will cate-
gorize the consensus models revised in this paper (see Table 1):

� Q1: Consensus models with feedback mechanism and a consen-
sus measure based on computing distances to the collective
preference, reviewed in Section 3.1.
� Q2: Consensus models with feedback mechanism and a consen-

sus measure based on computing pairwise similarities,
reviewed in Section 3.2.
� Q3: Consensus models without a feedback mechanism and with

a consensus measure based on computing distances to the col-
lective preference, reviewed in Section 3.3.
� Q4: Consensus models without a feedback mechanism and with

a consensus measure based on computing pairwise similarities,
reviewed in Section 3.4.
Remark 1. For several consensus models reviewed throughout the
following subsections, some figures with detailed schemes of their
phases will be shown. The reason for showing the structure of
these specific models in further detail rather than the other ones,
is that they are already implemented in the initial version
of the simulation-based analysis framework AFRYCA (see Sec-
tion 4), and they will be utilized in the case study conducted in
Section 5.
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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3.1. Q 1: feedback mechanism and consensus measure based on
distances to the collective preference

In this section, we briefly review an assortment of consensus
models characterized by: (i) the use of a feedback mechanism that
provides some guidelines for experts on bringing their preferences
closer to the rest of the group, and (ii) consensus measures based
on the computation of distances between each expert’s preference
and the collective preference (see Fig. 5).

Bryson [32] proposed a model to assess the degree of group
consensus and support group discussions under the Analytic Hier-
archy Process (AHP) framework [38]. The model gathers, for each
expert ei 2 E a normalized numerical preference vector. Individual
vectors are aggregated into a collective preference vector. Two
thresholds and three consensus indicators are defined to decide
whether the degree of consensus is sufficient or not, based on sim-
ilarities between each individual vector and the collective vector.
Bryson stated that the consensus preference vector should reflect
an agreement that results from human interaction [32], hence
the need for carrying out a negotiation process guided by a moder-
ator [9], encouraging experts to interact with each other. Further
guidelines and strategies to support such a negotiation (such as
cooperation, communication and so on) by means of decision
support tools in different scenarios, were later proposed by Bryson
in [58], in which the use of qualitative assessments by experts,
associated to numerical ranges (e.g. Poor: [0,40], Good: [60,80],
etc.), was also introduced.
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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The consensus model proposed by Herrera-Viedma et al. in [28]
(represented in Fig. 6) allows experts to express their preferences
by using different preference structures: (i) preference orderings
Oi, (ii) utility functions Ui, (iii) fuzzy preference relations Pi and
(iv) multiplicative preference relations Ai. Each expert chooses
his/her most suitable preference structure according to the level
of expertise he/she has in the problem. All preferences are con-
ducted into fuzzy preference relations by means of several trans-
formation functions. Furthermore, preference orderings of
alternatives are obtained from individual fuzzy preference rela-
tions by computing the quantifier-guided dominance and non-
dominance degrees for each alternative xl (denoted in Fig. 6 as
QGDDl and QGNDDl, respectively). Such preference orderings are
compared with a collective preference ordering to compute the
consensus degrees. The model also introduces a feedback
mechanism, based on proximity measures and a set of directions
rules to suggest to experts how to increase/decrease some of their
assessments.
Fig. 6. Computation of consensus degrees and feedback m
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Inspired by the consensus model with different preference
structures proposed in [28], and considering its consensus mea-
sures, Choudhury et al. [31] proposed a consensus support system
aimed at solving MCGDM problems in the context of advanced
technology selection. Its main novelties with respect to previous
models include the use of a multi-agent architecture [82] in which
software agents with specific roles implement the different phases
of the consensus model, as well as the aggregation of proximity de-
grees between experts and the collective preference, by means of
the neat OWA operator, to obtain consensus degrees [83].

Dong et al. presented in [62] two consensus models for AHP-
GDM with multiplicative preference relations [38]. The difference
between the models is the nature of the consensus measure, which
can be either ordinal or cardinal. Furthermore, unlike the above re-
viewed proposals, consensus measures are characterized by the
application of a prioritization method that derives a prioritization
vector of alternatives (instead of a preference ordering) from each
preference relation. The collective preference is computed by
echanism in the model of Herrera-Viedma et al. [28].

ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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means of the Weighted Geometric Mean operator. The proposed
feedback mechanism identifies the expert farthest from consensus,
determines some updated values for his/her preferences and
shows the updated values to the human expert, who decides
whether to accept or not the recommended changes.

Parreiras et al. proposed two consensus models for MCGDM
problems. In their first model [12], experts utilize preference
matrices with linguistic multi-granular assessments for each alter-
native and criterion, with the semantics of the linguistic terms gi-
ven by trapezoidal membership functions. Since experts have
importance weights according to their influence or position in
the group, the authors suggested two methods to obtain them:
either based on a discordance measure or by means of an optimi-
zation algorithm. The model presented in [29] introduces a mea-
sure of comparability to identify experts who experience
difficulties in expressing their preferences (which are given by
nonreciprocal fuzzy preference relations). In order to deal with
such experts, other group members who are more sure of their
opinion are invited to assist them. In both works, when the degree
of consensus is insufficient, the moderator analyzes the concor-
dance index of each expert with the collective preference, and sug-
gests that the most discordant expert modifies his/her
assessments.

More recently, Jiang et al. [64] defined a compatibility measure
between intuitionistic multiplicative preference relations, and pro-
posed two consensus models in which consensus degrees are mea-
sured for each expert separately, based on this compatibility
measure. As occurred with [12,29,62], these models detect the far-
thest expert from the group opinion and invite him/her to modify
his/her assessments. The second consensus model presented in
[64] introduces identification rules in the feedback mechanism,
in order to identify multiple discordant experts at the same discus-
sion round and make the CRP more efficient.

3.2. Q 2: feedback mechanism and consensus measure based on
distances between experts

A large number of consensus models in the literature calculate
the closeness between all the different pairs of experts in the group
for the measurement of consensus [19,22,23,60,84]. This section
revises some consensus models that present this type of consensus
measure and incorporate a feedback mechanism to guide experts
across the CRP (Fig. 7).

Carlsson et al. [55] developed one of the first distributed con-
sensus support systems to assist a group of experts connected to
a local computer network. Its underlying consensus model follows
an AHP framework for MCGDM problems in which experts provide
preference matrices with assessments for each alternative and cri-
terion, as well as the subjective importance weights they want to
consider for each criterion. The consensus degree in the group is
given by the maximum pairwise geometric distance between
Fig. 7. General scheme of co
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experts, i.e. maxijdðPi; PjÞ. The feedback mechanism finds the far-
thest expert from consensus and suggests to him/her how to bring
his/her preferences towards a central point between the rest of the
experts’ preferences. Based on the consensus measure defined by
Carlsson et al. in which consensus is given by the maximum dis-
tance between two experts, Eklund et al. developed some models
for consensus reaching in committees [59] and dynamic political
contexts with coalition formation [10]. Their works include a de-
tailed comparison between their consensus model and several vot-
ing schemes and rules, e.g. majority vote, plurality vote and Borda
rule [85].

Herrera-Viedma et al. presented the first model aimed at letting
experts with diverse levels of expertise express their preferences
by means of different linguistic term sets (multi-granular linguistic
preference relations) [60]. In order to deal with multi-granular lin-
guistic information, they introduced a unification phase to conduct
preferences into fuzzy sets in a common linguistic term set. This
consensus model adopted some features which have been later
considered by the authors in several works, such as: (i) a scheme
for the computation of consensus degree at three levels (assess-
ment, alternative and preference relation) upon pairwise similari-
ties of experts, and (ii) a feedback mechanism consisting of
identification and direction rules for experts, based on the compu-
tation of proximity degrees with the collective preference.

Several works have since been proposed, based on the consen-
sus measure and feedback mechanism defined in Herrera-Viedma
et al.’s model [60]. Their work in [61] is characterized by dealing
with incomplete fuzzy preference relations whose missing assess-
ments are computed by applying an estimation procedure. The
model of Chiclana et al. [63] (see Fig. 8), incorporates a consistency
control process applied before beginning the CRP to ensure consis-
tency in individual fuzzy preference relations, and proposes an
adaptive feedback mechanism in which the direction rules gener-
ated for experts depend on the level of agreement achieved at each
round, which is compared with several consensus thresholds,
h1 < h2 < l. The adaptive consensus model proposed by Mata
et al. [27] considers the use of multi-granular linguistic informa-
tion [61], and implements the adaptive feedback mechanism pro-
posed in [63]. The consensus model of Cabrerizo et al. [65] is
capable of dealing with unbalanced fuzzy linguistic information,
given by linguistic terms distributed in a non-symmetrical and
non-uniform way around a central term. Computational processes
on unbalanced linguistic information are carried out by means of
the 2-tuple linguistic model [86,87]. A mobile consensus support
system model for dynamic GDM, was presented by Pérez et al. in
[66]. The system allows experts connected to their own mobile de-
vice to use different preference structures to provide their opinions
[28], and it considers dynamic problems in which the set of alter-
natives X may vary over time. Finally Alonso et al. proposed in [67]
a linguistic consensus model for Web 2.0 communities, in which
the set of experts might vary during the CRP. A delegation scheme
nsensus models in Q2.
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based on trust weights between similar experts is defined to sim-
plify GDM processes with large groups.

Kacprzyk et al. developed several consensus models based on
their notion of soft consensus and fuzzy majority (see Section 2.2.2).
In [68], they proposed a consensus model in which the moderator
identifies experts and alternatives with difficulties in achieving a
consensus by means of linguistic data summaries [88]. This
proposal does not assign importance weights to experts and alter-
natives. Instead, two linguistic quantifiers F1 and F2 are utilized to
capture the concept of fuzzy majority in the computation of con-
sensus degrees at multiple levels [68], as illustrated in Fig. 9. The
Fig. 9. Computation of consensus degree based on the concept of fuzzy majority, a
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authors also proposed some models of consensus support systems
that implement their previous ideas. For instance, in [13,69] a con-
cept of Web-based consensus support system that not only imple-
ments previous models, but also includes a guidance system based
on several approaches, such as rule generation and collaborative
filtering, is shown. In [13], ontologies are utilized to formalize
knowledge managed by the system with regard to the consensus
reaching processes and each particular GDM problem. In addition,
the system incorporates a feedback mechanism consisting of com-
puting quantifier-guided degrees of agreement over pairs of alter-
natives, identifying the pairs of alternatives in which the experts
nd feedback mechanism proposed by Kacprzyk et al. in [68,13], respectively.
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present a higher degree of discrepancy, and providing recommen-
dations to experts, based on several rules (see feedback mechanism
in Fig. 9).

In [39,30,70,14], Fu et al. developed four consensus models for
MCGDM problems in evidential reasoning contexts, where assess-
ments of alternatives according to different criteria are given by
distributed vectors of belief degrees, based on Dempster–Shafer
evidence theory [89]. Such belief degrees can be either numerical
[30,70] or interval-valued [39]. Assessments of pairs of experts
are compared by means of a compatibility measure. Consensus de-
grees are then computed at three levels, similarly to [60]. In
[39,70], they introduce a feedback mechanism consisting of identi-
fication rules and direction rules for experts, taking into account
assessments related to criteria with the highest importance
weights only. In [14], they extend the feedback mechanism, so that
if consensus is not reached after some consecutive rounds of gen-
erating feedback, weights of experts are adjusted based on an opti-
mization algorithm to ensure convergence to consensus.
3.3. Q 3: no feedback mechanism and consensus measure based on
distances to the collective preference

Some consensus models do not incorporate a feedback mecha-
nism and are designed to carry out the whole CRP automatically, so
that the preferences and/or importance weights of experts are ad-
justed in order to reach a high level of agreement without the need
for human intervention. This section revises several consensus
models characterized by: (i) not incorporating any feedback mech-
anism and (ii) defining consensus measures based on the computa-
tion of distances to the collective preference (see Fig. 10).

In [71], Lee developed an iterative algorithmic approach to find-
ing an optimal level of group consensus by adjusting the impor-
tance weights of experts and computing a collective preference
based on them, so that the weighted sum of distances to the collec-
tive preference becomes minimal. The collective preference is gi-
ven by the weighted average of individual preferences, which are
expressed as trapezoidal fuzzy numbers. The consensus reaching
algorithm is applied for each alternative separately.

Ben-Arieh et al. presented a consensus model for autocratic
GDM [44] in a linguistic framework. Experts use linguistic prefer-
ence relations, from which preference orderings are obtained to
compute distances to the collective preference. Then consensus de-
grees are computed at the alternative and global level. If consensus
is not enough, the degree of contribution of each expert towards
consensus is determined, and weights of the least cooperating ex-
perts are penalized. More recently, Chen et al. defined in [74] an
aggregation operator called ILLOWA (Interval Linguistic Labels Or-
dered Weighted Averaging) to facilitate the management of prefer-
ences expressed as interval linguistic labels, together with a
consensus model that extends the one presented in [44] to manage
this type of information.
Fig. 10. General scheme of c
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Xu [77] considered the problem of consensus reaching in
MCGDM, and developed a model that automatically updates all ex-
perts’ assessments at the end of each consensus round if the level
of agreement is not sufficient. To do so, an update coefficient
g 2 ð0;1Þ, which partially takes into account values of the collec-
tive preference to update experts’ assessments, is defined and uti-
lized. A convergent iterative algorithm that automates the whole
CRP is proposed. Unlike previous automatic consensus approaches,
the importance weights of the experts remain fixed across the CRP.
They are utilized to compute the collective preference. Consensus
is only achieved when all distances between experts and the col-
lective preference fall below a threshold, i.e. dðPi; PcÞ 6 l;8ei 2 E.
An extension of this work was proposed by Xia et al. in [76], in
which an automatic consistency improvement algorithm on reci-
procal fuzzy preference relations is also defined.

The work of Xu et al. [78] proposes a number of goal and qua-
dratic programming models oriented towards the maximization
of consensus in groups of experts whose preferences are given in
the form of fuzzy and multiplicative preference relations. Such pro-
gramming models aim to find the optimal weights of experts that
minimize their deviation with respect to the collective preference.

Wu and Xu have proposed several automatic consensus models
in the last few years [11,20,57,80,81], in which the process used to
compute and control individual consensus degrees similar to [77]
in all of them. The model in [80] is aimed at the resolution of
MCGDM problems with cost/benefit criteria, hence a normalization
of assessments in the unit interval is applied before proceeding to
measure consensus. Its mechanism to bring preferences closer to
each other consists of obtaining at each CRP round a weighted dis-
tance matrix DM. Then its maximum element is identified, and the
corresponding assessment is updated by assigning the value of the
collective assessment to the preferences of those experts with the
largest distance from the group preference. Their subsequent
works [11,20,57,81] utilize a simpler mechanism that updates
the preferences of all experts whose distance to consensus exceeds
a specified threshold. The updating of assessments is based on the
updating coefficient, g [77]. Each of these proposals is character-
ized by the use of a different preference structure: linguistic pref-
erence relations [11], multiplicative preference relations [57],
uncertain linguistic preference relations [81], and reciprocal fuzzy
preference relations [20]. Fig. 11 shows the procedure used to com-
pute consensus degrees and update preferences, corresponding to
the consensus model based on reciprocal fuzzy preference
relations.

The work of Dong et al. [79] focuses on the use of two different
representational models to deal with linguistic preferences (con-
tinuous linguistic model [90] and 2-tuple fuzzy linguistic model
[86,87]). They define a consensus measure based on an aggregation
operator called Extended-OWA, to obtain the collective preference
from continuous linguistic information. As stated in [77], all the ex-
perts must be close enough to the collective preference in order to
reach a consensus, otherwise a quadratic programming algorithm
onsensus models in Q3.
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that seeks the minimum required changes to individual prefer-
ences to find an agreement, is applied. Such an algorithm has since
been considered by Zhang et al. in [56], in which a more generic
consensus model under numerical preferences and the use of
OWA operators is proposed.

Gong et al. formulated in [15] an optimization algorithm that,
given a set of experts with associated weights and preferences ex-
pressed as 2-tuple linguistic preference relations, minimizes the
deviation between all individual preferences and the collective
preference. The optimization technique is applied to the values of
experts’ weights only, and no consensus thresholds are defined
to decide on the existence of sufficient agreement, therefore the
process ends when optimal weights are found. The additive consis-
tency of preferences is also controlled.

The work of Xu et al. in [21] (see Fig. 12) proposes two distance-
based consensus models for fuzzy and multiplicative preference
relations, respectively. Two consensus measures are used in both
models: Individual Consensus Indices ICIðPiÞ ¼ dðPi; PcÞ for each
ei 2 E, and a Group Consensus Index GCI for the whole group. The
feedback mechanism to update preferences must be applied if
ICIðPiÞ > l for at least one ei 2 E, or GCI > k, with l and k being
the individual and group consensus threshold, respectively, with
k 6 l. In such a case, the assessments of discordant experts with
the greatest differences among them are updated by assigning
the corresponding value of the collective preference to them. This
procedure is similar to the one previously shown in [80].
3.4. Q 4: no feedback mechanism and consensus measure based on
distances between experts

Most automatic consensus models compute consensus degrees
based on distances to the collective preference (see Section 3.3),
but a small number of them carry out computations of similarities
between pairs of experts to measure consensus. Some automatic
and semi-automatic models based on computing distances
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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between experts (Fig. 13) are reviewed in this section, correspond-
ing to the fourth quadrant of the taxonomy presented in this paper.

An adaptive consensus support system model inspired by the
ideas of [27] was proposed by Chen et al. in [72]. Its main novelties
with respect to the work of Mata et al. are: (i) preferences are given
by intervals of linguistic 2-tuples, (ii) the system modifies prefer-
ences of experts by adjusting interval-valued assessments, and
(iii) despite the underlying consensus model being automatic, the
human expert can optionally decide to revise the changes applied
to the preferences and accept them or not.

Zhang et al. extended in [73] the consistency-driven consensus
model of Chiclana et al. [63], by introducing a linear optimization
model to update preferences that ensures a minimum cost of mod-
ifying preferences, expressed as fuzzy preference relations. The
main advantage of applying a linear optimization model is its
low computational cost. Therefore, such a technique is utilized
not only to conduct the CRP, but also to reach a high level of con-
sistency for each individual preference relation.

In [16], Palomares et al. developed and presented a consensus
support system based on a multi-agent architecture [82]. The main
novelty of such a system is its capacity to automate the CRP com-
pletely, not only for the human moderator, but also for experts. To
do this, experts provide their initial preferences (expressed as fuz-
zy preference relations) and delegate to autonomous software
agents the revision of the advice received and the application of
changes to preferences throughout the overall CRP. The underlying
consensus model (see Fig. 14) follows some of the guidelines pro-
posed in [27,60], such as: (i) the computation of pairwise similar-
ities between experts by using the euclidean distance, (ii) the
computation of consensus degrees at three levels, and (iii)
although there is no real feedback for human experts, an agent-ori-
ented feedback scheme consisting of identification and direction
rules is implemented. Software agents are responsible for checking
and applying direction rules on experts’ preferences automatically.
Moreover, two ontologies are defined and integrated in the model
to facilitate communication and exchange of information amongst
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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agents, based on the ideas propounded by Kacprzyk and Zadrozny
in [13]. Palomares et al. suggested the implementation and flexible
use of different aggregation operators to measure consensus.

The system presented by Palomares et al. allows a full automa-
tion of human experts, regarding the process of supervising and
modifying preferences. However, in [75], they argued that in some
specific situations, it might be desirable that the human expert
supervises the advice generated on an assessment plk

i , e.g. if such
advice implies an important change to his/her preference. Based
on this idea, they propose an agent-based semi-supervised ap-
proach that allows software agents to carry out most revisions of
preferences by themselves, so that they only request human inter-
vention when critical changes must be applied. Such an approach
is based on the definition of several behavioral profiles that define
how agents apply changes autonomously, as well as a rule-based
mechanism to indicate the situations in which the human expert
must revise his/her opinions. Its main advantage is the capacity
of automating the CRP for human experts to a high degree, while
preserving their sovereignty.
4. AFRYCA: A FRamework for the analYsis of Consensus
Approaches

This section introduces a novel software framework called
AFRYCA to simulate the resolution of GDM problems by using dif-
ferent consensus models proposed in the literature, many of which
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have been categorized and reviewed in the taxonomy previously
presented. AFRYCA is mainly oriented towards a practical study
of consensus models, for discovering the advantages and weak-
nesses of each model, analyzing the performance of a model under
different settings, etc. The framework also aims at: (i) providing a
better understanding of which models would be the most suitable
to solve a specific type of GDM problem, and (ii) enabling compar-
isons between different consensus models, which could be useful
to find out the main contributions of new proposals with respect
to other existing works, for instance.

Firstly, we present the architecture and technologies of the
framework (Section 4.1). A methodology for the use of the frame-
work is then briefly described. Finally, we undertake a case study
to show the performance of several consensus models imple-
mented in the framework, for the resolution of several GDM prob-
lems (Section 5).
4.1. Architecture of AFRYCA

Here, the architecture of AFRYCA and the technologies that have
been utilized in the analysis framework are presented.

AFRYCA has been developed under Java language, by means of
the set of plugins Rich Client Platform (RCP), which enables the
development of client desktop applications with rich functionality.
One of the main advantages of RCP is its appropriateness for build-
ing component-based software applications based on high quality
ontext: Taxonomy, analysis framework AFRYCA and experimental case of

http://dx.doi.org/10.1016/j.inffus.2014.03.002


Fig. 15. Architecture of AFRYCA.

Fig. 14. Agent-based consensus model of Palomares et al. [16].
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components that are easy to maintain and extend, due to the high
cohesion degree within each component and the low coupling be-
tween different components. Additionally, the software suite R1 for
statistical computing and graphics has been utilized to develop some
components of the framework.

The framework is divided into five modules, as shown in Fig. 15.
Such modules implement the functionalities and tools included in
AFRYCA for the simulation and analysis of GDM problems based on
consensus models, and they are described below:

� Consensus Models: Libraries that develop several existing con-
sensus models. Each library corresponding to an existing con-
sensus model is implemented in Java, and it includes the
different phases (e.g. computation of consensus degrees, advice
generation, etc.), operators (e.g. OWA, weighted mean, etc.) and
parameters (e.g. consensus thresholds, linguistic quantifiers,
etc.) necessary to apply such a model in practice. The flexible,
loosely coupled architecture of AFRYCA facilitates the introduc-
tion of new libraries that implement additional consensus mod-
els easily. The current version of the framework incorporates
the necessary libraries for using six consensus models based
on the use of fuzzy preference relations:
1 http://www.r-project.org.
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– Three consensus models with feedback mechanism: Herre-
ra-Viedma et al. [28] (see Fig. 6), Chiclana et al. [63] (see
Fig. 8), and Kacprzyk et al. [68,13] (see Fig. 9).

– Three consensus models without feedback mechanism: Wu
et al. [20] (see Fig. 11), Xu et al. [21] (see Fig. 12), and Palo-
mares et al. [16] (see Fig. 14).

Remark 2. In AFRYCA, the current implementation of Herrera-
Viedma et al.’s consensus model [28] omits the initial phase of
unifying different preference structures, because the model deals
with fuzzy preference relations only. Besides, in the model of
Kacpryzk et al. in [68], the feedback mechanism based on linguistic
summaries has been replaced by a feedback mechanism based on
the criterion of ‘‘lack of arguments’’ suggested in [13].

� Behavior Simulation: This module has been designed to choose
and simulate different patterns of behavior adopted by experts
when accepting/ignoring feedback and modifying their assess-
ments across the CRP. Such behavior patterns are utilized by
the consensus models that have a feedback mechanism (see Sec-
tions 3.1 and 3.2). Two key aspects must be taken into account to
define a behavioral pattern in AFRYCA. These two aspects are
modeled by generating values belonging to different probability
distributions, as follows:

– The amount of recommendations on assessments that an
expert ei may accept or ignore. This feature can be modeled
by means of a generator of discrete random values (e.g. 1
for accept or 0 for ignore) belonging to a probability distri-
bution (e.g. binomial), whose parameter values (e.g. proba-
bility of success p in binomial distribution) can be fixed by
the developer.

– The degree of change that ei may apply to the assessment
plk

i , the modification of which he/she has accepted. This fea-
ture can be modeled with either a discrete or continuous
probability distribution (e.g. Normal or Negative Binomial),
so that values generated with R under this distribution rep-
resent the degree of change applied to the assessment.
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A number of built-in R functions for the generation of ran-
dom values under different probability distributions are uti-
lized. R functions are invoked from Java code, by means of a
third-party Java-R interface library. As occurred with consensus
model libraries, this component can also be extended in the
future. Moreover, such patterns can be used by different con-
sensus models flexibly, in the sense that the user of AFRYCA
may configure which behavioral pattern may be utilized with
a specific consensus model at a given moment.
� Preference Generator: A Java implementation of the method pro-

posed in [91] to construct consistent reciprocal fuzzy preference
relations Pi from a set of n� 1 values of assessments
plðlþ1Þ

i ; l 2 f1; . . . ;n� 1g. Although such n� 1 assessments are
initialized randomly, the rest of the assessments are con-
structed taking into account the method mentioned above, thus
ensuring consistency in preferences. This module allows the
generation of data sets of experts’ preferences. Each data set
contains a specified number m of preference relations, as well
as the formulation of a GDM problem, alternatives, etc. Such
information is specified a priori, through the AFRYCA user inter-
face. Data sets can be stored on a disk for future use.
� Preference Visualization: This module, inspired by the graphical

monitoring tool of preferences presented in [92], provides a
graphical 2-D representation of experts’ preferences and the
group preference, Pc , obtained after having conducted a CRP
during the resolution of a GDM problem. Such a visualization
is shown to the user of AFRYCA, together with the results of
the GDM problem resolution. Some built-in R multi-dimen-
sional scaling functions have been considered for the imple-
mentation of this module.
� Graphical User Interface (GUI): This allows users to interact with

the rest of the modules in the framework. The GUI of AFRYCA
has been implemented with the SWT (Standard Widget Toolkit)
library, and it includes the necessary interfaces to: (i) choose
the GDM problem and consensus model to utilize, (ii) configure
the consensus model and select the behavioral pattern to simu-
late experts’ behavior, (iii) visualize a summary of results after
having applied the consensus model. It is also possible to gener-
ate a log file with more detailed results of the CRP conducted.

The architecture of AFRYCA offers several advantages, some of
which are:

� Since it has been developed as a Java-based RCP, the framework
can be used on any platform provided with a Java Virtual
Machine, regardless of the operating system.
� The structure of AFRYCA, which is divided into separated mod-

ules, makes it possible to upgrade or extend some of its compo-
nents (e.g. consensus model libraries and behavioral patterns,
as mentioned above) without having to carry out changes that
affect the whole framework.
2 The AFRYCA website can be found at: http://sinbad2.ujaen.es/afryca.
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A downloadable version of AFRYCA, as well as further details
and documentation about the framework and its modules, can be
found on the AFRYCA website.2

4.2. Methodology for using AFRYCA to simulate the resolution of GDM
problems

Here, we describe the methodology for using AFRYCA to simu-
late the resolution of a GDM problem by using a consensus model
implemented in the framework, and analyze different aspects of
such a model, e.g. determining the strong points, weaknesses and
types of GDM problems that can be solved with such a model,
studying its performance with respect to other models, etc. The
methodology is divided into the following steps, as depicted in
Fig. 16:

1. Defining Framework: An instance of a GDM problem is cho-
sen, to be solved by applying the consensus model previ-
ously chosen. To do so, the user can either select a data
set file with an already existing GDM problem, or he/she
can use the Preference Generator module to create a data
set for a new GDM problem with m experts.

2. Choosing consensus model: A consensus model is chosen
from amongst those included in the framework. The GUI
of the framework provides a description and the main fea-
tures of each model, as shown in Fig. 17.

3. Configure parameters of the consensus model and behavior of
experts: Before proceeding to carry out the CRP, it is neces-
sary to configure the values of parameters in the consensus
model chosen (e.g. consensus thresholds, aggregation oper-
ators, etc.). For consensus models with a feedback mecha-
nism, it is also necessary to specify the pattern of
behavior adopted by experts when they receive recommen-
dations and apply changes to their preferences (see behav-
ior simulation module, Section 4.1).

4. Simulation of the CRP: Once the consensus model settings
are fixed, the CRP is carried out.

5. Analysis of results: When consensus is achieved, an alterna-
tive selection process based on fuzzy non-dominance
degrees of alternatives is applied [37], and the results of
the GDM problem resolution are shown, in order to allow
the user to analyze them. Results shown in the GUI include:
(i) the initial consensus degree in the group and the final
consensus degree achieved, (ii) the number of discussion
rounds required, (iii) the ranking of alternatives and alter-
native/s chosen as the solution, and (iv) a visualization of
experts’ preferences and the group preference at the end
of the CRP (see Fig. 18). AFRYCA also offers the possibility
of storing a log file with more detailed results of the CRP
performance.

5. Experimental study

In order to illustrate the purpose of AFRYCA, in this section we
show an experimental study conducted to study the performance
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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Fig. 17. Main interface of AFRYCA for the selection of a GDM problem and consensus model.

Fig. 18. Interface of results in AFRYCA.
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of the consensus models integrated in the analysis framework
[13,16,20,21,28,63,68], during the resolution of GDM problems
with four different groups of experts.
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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Let us suppose a company composed of 32 employees, divided
into four departments of equal size: Technical Department,
ET ¼ feT1; . . . ; eT8g, Human Resources Department,
ontext: Taxonomy, analysis framework AFRYCA and experimental case of
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EH ¼ feH1; . . . ; eH8g, Marketing Department, EM ¼ feM1; . . . ; eM8g and
Sales Department, ES ¼ feS1; . . . ; eS8g. Each department plans to cel-
ebrate a Christmas dinner separately, hence each group must make
a common decision about choosing a restaurant to celebrate their
dinner, from amongst four possible alternatives for all of them:
X ¼ fx1 : Restaurant Thamesis;
x2 : St: Catalina Castle; x3 : Restaurant La Zaga; x4 : Juleca Complexg.

All experts express their preferences as fuzzy preference rela-
tions. These preferences are included in four data sets that will
be used in this case study: one for each department. The minimum
level of agreement required is l ¼ 0:85 for all groups, and the max-
imum number of discussion rounds, Maxround, will not be taken
into account in this case study, therefore all simulations will be
carried out without the CRPs ending due to having exceeded the
number of discussion rounds permitted.

The case study is divided into three parts: (i) simulation of con-
sensus models with a feedback mechanism, (ii) simulation of con-
sensus models without a feedback mechanism, and (iii) discussion
of results. At each stage, the four GDM problems defined above are
solved by means of three different consensus models. Then, the re-
sults obtained are analyzed and compared.

5.1. Consensus models with a feedback mechanism

The phases of the methodology shown in Section 4.2 to simulate
CRPs and analyze the performance of consensus models are carried
out for each GDM problem and consensus model separately:

(1) Defining Framework.
Table 3
Results of the GDM problem resolution for consensus models with feedback mechanism.

Herrera-Viedma et al. [28]

Technical Dept. (ET )
Initial consensus degree 0.79
Number of rounds 2
Final consensus degree 0.85
Ranking x1 � x3 � x2 � x4

Alternative/s chosen x1

Human Res. Dept. (EH)
Initial consensus degree 0.76
Number of rounds 4
Final consensus degree 0.88
Ranking x1 � x3 � x2 � x4

Alternative/s chosen x1

Marketing Dept. (EM)
Initial consensus degree 0.78
Number of rounds 7
Final consensus degree 0.86
Ranking x3 � x1 � x2 � x4

Alternative/s chosen x3

Sales Dept. (ES)
Initial consensus degree 0.71
Number of rounds 7
Final consensus degree 0.88
Ranking x3 � x1 � x2 � x4

Alternative/s chosen x3

Table 2
Parameters of consensus models with a feedback mechanism.

Herrera-Viedma et al. [28

Consensus threshold l ¼ 0:85
Quantifier for aggregating information Fmost

Quantifier for QGNDDl Fas many as possible

SOWA OR-LIKE behavior b ¼ 0:8
SOWA OR-LIKE behavior b ¼ 0:8
Recommendation rule in feedback mechanism –
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(2) Choosing consensus model.
(3) Configure parameters of the consensus model and behavior of

experts: Table 2 summarizes the values chosen for parame-
ters that need to be configured by the user of AFRYCA for
each consensus model. Further information about such
parameters, as well as the rules of the feedback mechanism
and operations carried out during the different phases of the
CRP, can be found in the reference associated to each model.
Regarding the pattern utilized to simulate the behavior of
experts in this case study, the degree of acceptance or rejec-
tion of recommendations to modify preferences is modeled
by means of a Binomial Distribution, and the degree of
change applied to accepted recommendations is modeled
by means of Negative Binomial Distribution.

(4) Simulation of the CRP.
(5) Analysis of Results: The results of the performance of the CRP

and the solution set of alternatives obtained with each con-
sensus model, are summarized in Table 3. They will be dis-
cussed in Section 5.3.

5.2. Consensus models without a feedback mechanism

The previous methodology is applied again to solve the four
GDM problems by means of each of the three consensus models
without a feedback mechanism, with the only difference being that
no experts’ behavior needs to be configured for its simulation in
the third phase.

(1) Defining Framework.
Chiclana et al. [63] Kacprzyk et al. [68]

0.77 0.41
15 9
0.85 0.92
x1 � x3 � x2 � x4 x1 � x3 � x2 � x4

x1 x1

0.69 0.1
15 20
0.86 0.92
x1 � x2 � x3 � x4 x1 � x2 � x3 � x4

x1 x1

0.63 0.11
24 26
0.85 0.86
x1 � x3 � x2 � x4 x1 � x3 � x2 � x4

x1; x3 x1

0.61 0.09
26 25
0.85 0.89
x1 � x3 � x2 � x4 x3 � x2 � x1 � x4

x1; x3 x3

] Chiclana et al. [63] Kacprzyk et al. [68]

l ¼ 0:85; h1 ¼ 0:75; h2 ¼ 0:8 l ¼ 0:85
– F1 ¼ F2 ¼ F3 ¼ Fmost

– –
– –
– –
– Lack of arguments [13]
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Table 4
Parameters of consensus models without a feedback mechanism.

Wu et al. [20] Xu et al. [21] Palomares et al. [16]

Consensus threshold l ¼ 0:15 l ¼ 0:2; k ¼ 0:15 l ¼ 0:85
Normalized weights of experts wi ¼ 1=8; i ¼ 1; . . . ;8 wi ¼ 1=8; i ¼ 1; . . . ;8 –
Updating coefficient g ¼ 0:8 – –
Choice of aggregation operator – – Arithmetic mean
Degree of change on assessments – – 0.05
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(2) Choosing consensus model.
(3) Configure parameters of the consensus model: The values cho-

sen for parameters that require configuration in AFRYCA for
each consensus model are shown in Table 4. Notice that the
consensus thresholds in [20,21] are distance-based thresh-
olds, i.e. in this case consensus indices below these thresh-
olds represent a satisfactory level of agreement, hence the
values assigned to them are equal to 1� l ¼ 0:15.

(4) Simulation of the CRP.
(5) Analysis of Results: Table 5 shows the results obtained from

conducting the CRP with each consensus model and apply-
ing an alternatives selection process. In order to facilitate
the comparison of consensus models, the consensus
degrees shown in the table for the models of Wu et al.
and Xu et al. are given by 1� GCI, because these models
utilize group and individual distance-based consensus
indices (denoted as GCI and ICI respectively, as shown in
Section 3.3). The consensus degrees depicted in the table
for the model of Wu et al. correspond to the ICI of the most
distant expert in the group, i.e. 1�maxiICIðPiÞ. The results
are described in Section 5.3.

5.3. Discussion of the experimental study

Once the results of the experimental study have been set out,
they are briefly discussed and analyzed, regarding their conver-
gence towards agreement and the solution achieved.
Table 5
Results of the GDM problem resolution for consensus models without feedback mechanis

Wu et al. [20]

Technical Dept. (ET )
Initial consensus degree 0.7
Number of rounds 10
Final consensus degree 0.86
Ranking x1 � x3 � x2 � x4

Alternative/s chosen x1

Human Res. Dept. (EH)
Initial consensus degree 0.67
Number of rounds 16
Final consensus degree 0.85
Ranking x1 � x3 � x2 � x4

Alternative/s chosen x1

Marketing Dept. (EM)
Initial consensus degree 0.41
Number of rounds 19
Final consensus degree 0.86
Ranking x1 � x3 � x2 � x4

Alternative/s chosen x1

Sales Dept. (ES)
Initial consensus degree 0.46
Number of rounds 20
Final consensus degree 0.85
Ranking x3 � x1 � x2 � x4

Alternative/s chosen x3
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From results of simulation with the consensus models with
feedback mechanism (Section 5.1, Table 3), it can be observed that:

1. Convergence
(a) The consensus model of Herrera-Viedma et al. presents a signif-

icantly higher convergence towards consensus for all the GDM
problems, i.e. a lower number of consensus rounds are neces-
sary to achieve the required level of agreement, l ¼ 0:85.

(b) The consensus model of Chiclana requires a large number of
rounds to reach consensus, due to the values chosen for inter-
mediate consensus thresholds h1 and h2, and the nature of its
adaptive feedback mechanism, which generates a much lower
amount of advice when the consensus degree exceeds h1.

(c) Consensus degrees are much lower in the model of Kacpr-
zyk et al., due to its similarity measure being based on a-
degrees of sufficient agreement (see Eq. (2)), which is a
rather strict measure.

2. Solution: The ranking of alternatives is very similar in the
groups of experts belonging to the Technical and Human
Resources Departments, with x1 being the alternative chosen
in both of them, regardless of the consensus model utilized. In
the Marketing and Sales departments, either x1 or x3, or both
of them, can be chosen as the solution to the GDM problem,
depending on the model used.

Regarding the results of simulation with the consensus models
without feedback mechanism (Section 5.2, Table 5), it can be
observed that:
m.

Xu et al. [21] Palomares et al. [16]

0.84 0.77
3 6
0.9 0.85
x1 � x3 � x2 � x4 x1 � x3 � x2 � x4

x1 x1

0.79 0.69
3 10
0.87 0.85
x1 � x3 � x2 � x4 x1 � x2 � x3 � x4

x1 x1

0.75 0.63
4 14
0.89 0.86
x3 � x1 � x2 � x4 x3 � x1 � x2 � x4

x3 x3

0.73 0.60
4 12
0.87 0.86
x3 � x2 � x1 � x4 x3 � x1 � x2 � x4

x3 x3
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1. Convergence
(a) The convergence towards consensus is higher in the model

of Xu et al., due to the fact that the identified assessments
are directly updated with the value of the collective prefer-
ence (see Fig. 12), therefore experts’ preferences may expe-
rience significant changes in a single round.

(b) The consensus model of Wu et al. applies small changes to
preferences at each round (since g ¼ 0:8 and the closer g
is to 1, the smaller the changes applied [20]), hence its
lower convergence.

(c) The model of Palomares et al. also presents a lower conver-
gence, because it has been applied with a low degree of
autonomous change (increase/decrease) to assessments,
0.05.

2. Solution: x1 is the best alternative at the Technical and Human
Resources Departments, x3 is the best alternative at the Sales
Department, and either x1 or x3 could be the chosen alternative
at the Marketing Department, depending on the consensus
model.

We draw the following conclusions from the experimental case
of study conducted:

� A similar solution is obtained at each group, regardless of the
consensus model used for simulation: similar consensus
degrees have been achieved, with slight differences in the alter-
native/s chosen as solution to the GDM problem.
� The main distinguishing element amongst the performances of

consensus models, is the convergence that each one presents.
Such a convergence is evaluated as the number of iterations
or discussion rounds carried out before reaching a sufficient
consensus degree. This could be an important factor for groups
of experts, when they have to choose the most suitable consen-
sus model in terms of usability.

6. Lessons learnt and future directions

The simulation of CRPs with AFRYCA provides multiples advan-
tages and possibilities, some of which are:

� The framework makes it possible to simulate the resolution of
a GDM problem under different consensus models, provided
that they are suitable for dealing with such types of problems
(e.g. consensus models for GDM problems with fuzzy prefer-
ence relations). Thus, a decision maker, i.e. a person responsi-
ble for making the group decision, is able to study the
performance and results obtained with each model.
� For a specific problem and consensus model, AFRYCA offers the

possibility of investigating the different settings of such a
model, based on the parameters or operators defined in it.
Moreover, for those models with a feedback mechanism, the
problem might be simulated under different patterns of expert
behavior, in order to observe the effect of considering different
types of behavior in the simulation.
� Although the decision group may prefer to conduct a real CRP,

AFRYCA could provide them with a rough idea a priori about
the performance of results that would be obtained, taking into
account the initial preferences of experts and defining the
appropriate problem settings that would reflect the real context
of the problem.
� The experimental study presented has not focused on the use of

different representational formats (e.g. linguistic preferences)
to assess alternatives, but it is possible to implement and utilize
any other existing types of preferences or representational for-
mats in AFRYCA, for simulation purposes.
Please cite this article in press as: I. Palomares et al., Consensus under a fuzzy c
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Six consensus models have been implemented in AFRYCA so far.
Nevertheless, we note again that the architecture of the framework
is designed to allow the inclusion of new consensus models (based
on other types of preferences, information domains or even fo-
cused on MCGDM problems), as well as the further comparison be-
tween new models introduced and the existing ones.

Multiple proposals of consensus models have been presented in
the specialized literature without showing a comparison with
other existing models, hence their usefulness and main contribu-
tions are not justified properly. AFRYCA enables the implementa-
tion and analysis of these new proposals to find out their main
contributions, with respect to the already existing ones.

Future work on extending the functionalities of AFRYCA, will
mainly be oriented towards the definition of new metrics to mea-
sure the performance of a CRP. Such metrics would evaluate not
only the discussion process itself, but also the quality of the collec-
tive solution achieved (in terms of its degree of acceptance by each
member of the group, for instance), with the aim of facilitating a
more comprehensive comparative study amongst different consen-
sus models. This is currently one of the most important challenges
in consensus: defining good performance measures would make it
possible to evaluate the real usefulness of both new and existing
proposals in the future.

7. Concluding remarks

Consensus has become a prominent research area in the field of
group decision making. A large number of approaches to support
consensus reaching have been proposed – and continue to be pro-
posed – by a variety of authors.

In this paper, we have presented a taxonomy of existing consen-
sus models for group decision making problems defined in a fuzzy
context, which categorizes a number of consensus models based on
their main characteristics, e.g. the type of information fusion tech-
niques utilized to measure consensus in the group, or the proce-
dures applied to increase the level of agreement throughout the
discussion process. Besides characterizing a large number of exist-
ing consensus models, the taxonomy would also be useful to deter-
mine which could be considered for comparison with a new
proposal, based on its characteristics and taking into account the
taxonomy structure. Comparative studies are necessary to analyze
the real capabilities of new proposals, instead of undertaking
straightforward consensus exercises with them directly.

We have also presented a prototype of simulation-based analy-
sis framework called AFRYCA, for the simulation of group decision
making problems under consensus, by means of implementations
of different existing consensus models in the literature. An exper-
imental study has been shown to illustrate the usefulness of AFRY-
CA. To do this, six consensus models have been implemented and
utilized in the study, based on the use of fuzzy preference relations
to represent and manage preferences. As a result of the study con-
ducted with AFRYCA, we suggest some future directions in the re-
search topic of consensus: (i) the importance of comparing new
proposals with existing ones, in order to show their contributions
and (ii) the definition of new performance measures for consensus
reaching processes, as a major challenge in the topic.

Finally, some recent approximations for consensus reaching
consider different perspectives, e.g. agent-based consensus support
systems [75], consensus models for large-scale group decision
making problems [?,94], etc. These works could also be considered
for their simulation in the framework.
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