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Abstract

Most of the available Multi-criteria Group Decision Making methods that deal with a high number of elements usually focus
on managing scenarios that have high number of alternatives and/or experts. Nevertheless, there are also cases in which the
number of criteria values is difficult for the experts to tackle. In this paper, a novel Group Decision Making method that
employs Fuzzy Ontologies in order to deal with a high number of criteria values is presented. Our method allows the criteria
values to be combined in order to generate a reduced set of criteria values that the experts can comfortably deal with.
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1. Introduction

Multi-criteria Group Decision Making is a field that is quite present in the recent literature. They are valuable
methods that can be applied to different fields such as architecture [1, 2], manufactoring [3, 4], marketing [5] and
artificial intelligence [6, 7].

Traditional Multi-criteria Group Decision Making methods were designed in order to assist a set of experts that
have to discuss about how to rank a set of alternatives taking into account an specific set of criteria. They assumed
that the experts can manually handle and discuss all the elements of the decisions. These traditional methods
focused on organizing the decision process in different steps, retrieving information from the experts, measuring
consensus and calculating the ranking.

With the spread of Internet and the appearance of Web 2.0 technologies [8], experts have access to a high amount of
information. Therefore, it cannot be assumed that the experts can handle the decision information by themselves.
Therefore, there is a need of Group Decision Making methods that are capable of dealing with a high amount of
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data in an organized way. In order to achieve this goal, the large-scale Group Decision Making area appeared.
Methods that cover this field mainly cover cases where there are a high number of experts [9, 10] and/or a high
number of alternatives [11, 12]. Nevertheless, there are also scenarios where the experts must deal with a high
number of criteria. That is, alternatives can be analyzed from a high number of different perspectives. In recent
literature, it is not possible to find Group Decision Making methods that deal with this type of environments.
However, given the large amount of information available on the Internet on any given item, this is one of the most
common cases. Therefore, a novel Group Decision Making method that deals with this type of environments is
needed.

One common way of dealing with a high number of elements is by classifying them into Fuzzy Ontologies. A
Fuzzy Ontology is an hierarchical description that allow the representation of a set of individuals described by a
set of concepts. In previous research, fuzzy ontologies have proven to be a very useful tool in representing and
handling the imprecise information that is typical of Group Decision Making methods [13, 14]. By the use of
queries, it is possible to retrieve information that fulfill certain characteristics. Thanks to fuzzy ontologies, it is
possible to sort high amounts of information and allow the experts to comfortably deal with the stored information.
Therefore, this is an interesting tool to use for large-scale scenarios.

In this paper, Fuzzy Ontologies are used in order to design a novel Multi-criteria Group Decision Making method
that is capable of dealing with decision scenarios that have a high amount of criteria values. The proposed method
creates a reduced set of criteria by combining all the available possibilities. The way that criteria should be
combined is made by employing clustering methods over the experts’ suggestions. Similar specific criteria values
are combined in order to generate general criteria. Thanks to these grouping process, experts can carry out the
decision process in a comfortable way by using the generic criteria in order to provide their preferences to the
system.

The rest of the paper is organized as follows. In section 2, basis needed to comprehend the proposed methods are
exposed. In section 3, the proposed method is detailed. Section 4 provides an use case example shown for a better
understanding of the process. Finally, some conclusions are pointed out.

2. Preliminaries

2.1. Basis of Multi-criteria Group Decision Making

A multi-criteria group decision making problem can be define as follows [15, 16]:
Definition 1: Let E = {ey, ..., e,} be a set of experts. Let X = {x,..., x,,} be a set the set of alternatives. Experts
must rank the set of alternatives according to the way that they think that they fulfil a set of criteria C = {cy,...,¢;
that are available for all the experts.
The set of criteria values allows the experts to focus on the important aspects of the alternatives avoiding the
debate to move to unimportant or irrelevant aspects of the alternatives. A Multi-criteria Group Decision Making
process can be solved following the next steps:

e Providing preferences to the system: Experts provide their preferences to the system. For this purpose,
they can employ preference relations. That is, for each pair of alternatives, x; and x; they can provide a
pij value indicating how much they prefer x; over x;. This preference value can be provided by taking into
account all the criteria or, on the contrary, it is possible to provide a separate pffj where expert indicates
his/her preference for each c; only [13].

o Calculating the collective preference value: The preferences of the experts are aggregated into a single
collective preference matrix that contains the overall opinion of all the experts.

e Measuring consensus [17, 18]: When carrying out a decision process, it is important to allow experts to
dialogue and help them to bring their opinions closer in order to reach a common solution. Consensus
measures have an important role in this scheme. After the experts have provided their preferences, it is
possible to calculate how close are their opinions. If they all think similarly, then it is possible to calculate
the final ranking of alternatives. On the contrary, if there are disagreement among them, it is possible to
allow them to debate and provide their preferences again.

o Determining the final ranking of alternatives: Once that the experts’ consensus is high enough or if too
many time has passed and experts have not brought their opinions closer, the final ranking of alternatives is
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calculated. By applying a selection process [19, 20], the final ranking of alternatives is calculated by using
the collective preference matrix.

2.2. Basis of Fuzzy Ontologies

Fuzzy Ontologies [21] are an interesting tool that is capable of organizing high amount of information in an or-
ganized way. It has queries that users can employ in order to retrieve information that fulfil certain characteristics.
Formally, a fuzzy ontology can defined as a quintuple < I, C, R, F, A > [14, 22] where:

o [: Set of individuals. The elements that wants to be stored and described by the Fuzzy Ontology.

o C. Set of concepts. They refer to descriptions and characteristics of the individuals store in the Fuzzy
Ontology.

e R: Relations. They relate two individuals or an individual and a concept. They indicate if an individual
fulfil a certain concept or not. R are crisp relations assigning a {0, 1} value depending whether the individual
fulfil the relation or not.

o F: Fuzzy relations. They are similar to R relations. Its main difference is that they allow an individual
to be related to another individual or concept by a certain degree. Thanks to F relations, it is possible to
represent imprecise information on the Fuzzy Ontologies. Therefore, i; can be related with ¢ in a certain
degree indicated by the interval [0,1].

e A: Axioms. They are rules that the defined Fuzzy Ontology must fulfil.

Once that the information has been represented on the Fuzzy Ontology, it is possible to retrieve information as
follows [23]:

o Establishing the query: The users specify which are the desired characteristics of the individuals that they
want to retrieve from the Fuzzy Ontology. In other words, they indicate which concepts should be fulfilled
by the individuals. By using this information, it is possible to build a query indicating both the importance
if each concepts and how each individual should fulfil it. The query can have the following form:

0 ={wi,c1),...,(w,c)}

where [ is the number of concepts that the fuzzy ontology has. It is also possible to build queries that only
include a subset of concepts.

¢ Ranking individuals using the similarity value: For each individual, its similarity value with the query is
calculated. For this purpose, the similarity value for i; can be calculated using the following expression:

Sp=wierji oot wiery (1)

where r;; indicates the relation between i; and c¢;. The higher the similarity value, the better the individual
fulfil the experts’ requirements.

e Presenting final results: Once that the similarity values have been calculated for all the individuals, they
are ranked using the obtained results.

3. A Group Decision Making method for dealing with a high number of criteria

In this section, the proposed Multi-criteria Group Decision Making method for environments that have a high
number of criteria values is described in detail. In the following subsections, the four steps needed to carry out the
process are presented and described.

3.1. Representing decision information in fuzzy ontologies

First of all, the information that the experts have to discuss about must be represented on a Fuzzy Ontology.
The following representation is used:

o Alternatives: Each alternative is an individual of the fuzzy ontology. Concepts will be used in order to
determine how they fulfil the criteria.
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o Criteria: Each criteria value is represented by g concepts on the Fuzzy Ontology. A linguistic label set
S¢ = {s1,...,8g} is defined in order to establish several levels of fulfilment. For each one, a concept is
created.

¢ Fuzzy Ontology connections: All individuals are fuzzily related to all the concepts. A value on the interval
[0,1] is established in each relation in order to determine how the individual fulfill each of the defined
concepts.

An example of how the initial information of the decision process is represented is shown on Table 1.

Table 1. Example for a Fuzzy Ontology definition with g = 3 for criteria values ¢; and ¢ and 5 alternatives.
X 3 T V)

C} a1 9 ) 9 C%
X1 0 0.1 0.3 1 0.3 0
X2 0 0 0.3 0.7 1 0.7
X3 0 0 0 0 0.7 1
X4 0 0.1 0.3 1 0.3 0
X5 0.3 1 0.7 0 0 0

Once that the initial Multi-Criteria Group Decision Making information is stored on the Fuzzy Ontology, it is
possible to start the criteria reduction process.

3.2. Creating criteria clusters

The main goal of this task is to create groups of criteria that are similar among them. Thanks to this, it is
possible to reduce the initial number of criteria values by creating generic categories. It should be noticed that it
is important to take everybody’s advice in order to build the groups. Therefore, the proposed method takes all the
opinions into account in order to create the final groups. In order to create these group of clusters, the following
procedure is followed:

o Grouping similar criteria: Each expert specifies several groups of criteria according to their similarity.
Each expert can propose the number of groups and reunite the criteria as they prefer.

o Building the co-occurrence matrix from experts’ groups: By taking into account all the experts’ provided
information, a co-ocurrence matrix that aggregates all the experts groups is created. A co-occurrence matrix
is an squared matrix that compare each possible pair of criteria values. In co;;, the number of times that c;
has been classified by the experts with ¢; is stored. Since co;; = coj; and co;; is a value that does not make
any sense only values under the matrix diagonal must be specified. An CO matrix for 6 criteria values can
be seen on Table 2.

Table 2. Co-occurrence matrix for 6 criteria values example.

cl e c3 ca cs c6
cl - - - - - -
123 1 - - - - -
c3 3 2 - - - -
ca 1 2 2 - - -
cs 0 0 2 1 - -
c6 1 0 0 3 -

o Creating collective groups: Once that the co-occurrence matrix has been built, it is possible to create
the final criteria clusters. For this purpose, an hierarchical clustering method can be used in order to create
several group configurations. Thanks to these, it is possible for experts to specify the number of final criteria
values that they want to take into account and use them in order to debate. The new criteria value set, RC is
defined such as:

RC ={rcy,...,rey} 2)
where each rc; value is conformed by a set of initial criteria values. For instance, imagine that an initial set
of 11 criteria values, C = {cy, ..., c1}. After performing the grouping tasks the new generated RC is as:

RC = {rcq,...,req)

169



170 J.A. Morente-Molinera et al. / Procedia Computer Science 199 (2022) 166—173

where

rcy = {c1, ¢4, Cs, Co}
rey = {ca, 3}

res = {c7, ¢9, C10}

{

req = {cs, ci1}

Once that the final number of criteria values is calculated, it is possible to aggregate the information related to
each of the initial criteria values in order to generate a new Fuzzy Ontology containing information related to the
new selected criteria.

3.3. Creating a Fuzzy Ontology with a reduced number of criteria

Once that the new set of criteria values, RC is calculated, it is necessary to create a Fuzzy Ontology that
represents the alternatives’ characteristics by using the new generated criteria set. In order to carry out this task,
relation values must be aggregated. Imagine that rc;, that includes ¢y, ¢; and c;3 relation values must be generated.
For this purpose, the following expression can be used:

= ¢(Cl, C27 C3)
= ¢(C1, Cz, Cg

ol
I
re?
l
re; = ¢(c3,c3,¢3)

Cj 1°>+2>%3

¢ refers to the mean operator and this operation must be performed for each alternative that is available on the
Fuzzy Ontology.

3.4. Carrying out a decision process over criteria

Once that the Fuzzy Ontology that has the reduced set of criteria values is created, experts can debate and
provide information taking into account the reduced set of criteria generated. In order to carry out the Group
Decision Making process, we propose an approach that is independent of the number of alternatives that are
available on the Fuzzy Ontology. Since what really matters on the decision is the criteria values and how important
each of them are, experts can directly debate among the criteria values and use the Fuzzy Ontology to obtain the
alternatives that better fulfil them. In order to carry out this process, the following steps can be followed:

e Carrying out a Group Decision Making process over the criteria: Experts carry out a Group Decision
Making process using the criteria values as alternatives. The process described in subsection 2.1 can be fol-
lowed. Thanks to these, it is possible to generate a ranking where the most important criteria are pinpointed.

o Establishing the query: Once that the criteria values are ranked, it is possible to establish the query that
will be used in order to obtain the ranking of alternatives. First of all, it is necessary to associate weights to
the criteria. For this purpose, the following expression can be used:

#,je {1n) 3)
i=1

Once that each criteria values has an associate weight, the query resolving process defined in subsection
2.2, can be used in order to retrieve the alternatives’ ranking.

W, =

4. Example

In order to enhance the comprehension of the proposed method, a brief example is presented. Let E =
{e1,e2,e3,e4) be the set of experts and X = {xj,...,x6} the set of alternatives. There are also 11 criteria,
C=A{c,...,cuh
The first step is to generate the new set of criteria that the experts will discuss about. For this purpose, each expert
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Table 3. Co-occurrence matrix for the 11 criteria.

C1 2 3 C4 cs €6 7 & €9 €10 C11
cl - - - - - - - - - - -
%) 1 - - - - - - - - - -
c3 1 4 - - - - - - - -
c4 1 4 4 - - - - - - - -
cs 0 1 1 1 - - - - - - -
c6 0 1 1 1 4 - - - - - -
c7 0 1 1 1 2 2 - - - - -
cg 0 0 0 0 0 0 0 - - - -
c9 0 0 0 0 0 0 0 4 - - -
c1o 0 0 0 0 0 0 0 4 4 - -
c11 0 1 1 1 1 1 0 3 3 3 -

Table 4. Reduced criterion values.

Group name Criterion values
rey {c1}

rey {2, ¢3,ca}

res {cs, ce, 7}

rey {cs, c9, c10, C11}

groups the available criteria in different sets. The number of times that each pair of criteria have been classified
together is counted in order to build the co-ocurrence matrix. On Table 3, the co-ocurrence matrix is shown.

The hclust implementation provided by R is used in order to generate the final criteria grouping. On Table ??,
the final groups of criteria are depicted.

As it can be seen, the initial 11 criteria values are reduced to 4. We are assuming on this example that the
linguistic label set S = {sy, 52, 53} is being used for creating the associated concepts. In order to aggregate the
information and create the new Fuzzy Ontology, it is possible to use expression 3. For rc, and x, the obtained
results are shown below:

rey = ¢(0.9,0.2,0.8) = 0.633

rc = ¢(0.1,0.8,0.2) = 0.366

re3 = $(0,0,0) =0
Once that the criteria set is obtained, experts need to rank the criteria values in order to build the Fuzzy Ontology
query. For this purpose, they provide their preferences matrices, P to the system. All the matrices are aggregated

into a collective preference matrix. C is calculated using the indexes of the labels from P. The obtained values are
shown below:

- 51 852 8 - 51 83 5 - 51 52 5
§2 = 852 8 §2 = 852 8 §2 = 8§ 5
P]Z P2= P3:
s S22 — 5 s S22 — 05 S22 S22 - 5
S5 S4 85— S4 S5 85— §5 S5 85—
- S2 S1 S1 - 125 2 125
P, = ST — S 81 C= 1.75 - 2 1.25
Tl s s - s |0 |15 175 -1
S4  S4 S5 - 4.5 4.5 5 —

In order to generate the final ranking of alternatives, it is possible to use the guided dominance degree operator
[11]. Results are shown below:

GDD = {0.21875,0.25,0.203125, 0.8125}
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Therefore, the actual ranking of alternatives is as R = {rca, rcy, rca, rcs}.
In order to build the Fuzzy Ontology query, weights are assigned to the criteria values using expression (3). Results
are shown below:

{4321

—,—, —,—=1{04,0.3,0.2,0.1
10’10’10’10} 04,0.3,02,0.1)

Therefore, the query is as follows:
0=1{04"-rc4,0.3-7rc1,0.2 - rcp,0.1 - res}

Once that the query is specified, similarity values are calculated and alternatives are ranked. This process can be
seen on Table 5. The final rank of alternatives is shown below:

R ={, x6, x2, X3, X1, X4, X5}

Results show that x4 is the most promising alternative according to the selected criteria.

Table 5. Calculating similarity values for the 12 alternatives.

Alternative HS HH LP HOS Similarity value
X1 0.25 0 0.7 0 0.24

X2 0.15 0.8333 0.7 0.8333 0.5333

X3 0 0.5333 0.3 0.5333 0.27332

X4 0 0.7333 0 0 0.21999

X5 0.1 0 0 0.7333 0.11333

X6 0.8 0.6333 0.7 0 0.64999

5. Conclusions

In this paper, a novel Multi-criteria Group Decision Making methods that work over environments that have
a high number of criteria is presented. Fuzzy Ontologies are used in order to represent the information in an
organized way. Also, hierarchical clustering methods are used in order to create groups of criteria that are similar
among them according to the expert criteria.
Thanks to the presented method, it is possible for the experts to comfortably made decisions over environments that
have a high number of criteria values. Without tools that allow experts to effectively manage the high amounts of
information that they have to deal with in real world situations, it is not possible for them to made right decisions.
Therefore, there is a need of methods, like the proposed one, that help the experts to deal with this kind of
environments.
As future work, we will apply the developed method to real world situations with a high number of alternatives
and criteria. Also, it would be interesting to establish procedures that allow the criteria values to aggregate in a
more automatic way.

Acknowledgements

The authors would like to thank the Spanish State Research Agency through the project PID2019-103880RB-
100 / AEI/ 10.13039/501100011033.

References

[1] J. Gao, F. Guo, Z. Ma, X. Huang, X. Li, Multi-criteria group decision-making framework for offshore wind farm site selection based on
the intuitionistic linguistic aggregation operators, Energy 204 (2020) 117899.

[2] L. Zhang, C. Zhang, W. Su, S. Zeng, A hesitant probabilistic fuzzy multi-criteria group decision-making framework for urban land
consolidation in china, IEEE Access 8 (2020) 182930-182942.



[3]
[4]

[5]

[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

(16]
[17]

[18]
[19]
(20]
[21]

[22]

[23]

J.A. Morente-Molinera et al. / Procedia Computer Science 199 (2022) 166—173

A.K.Bera, D. K. Jana, D. Banerjee, T. Nandy, A two-phase multi-criteria fuzzy group decision making approach for supplier evaluation
and order allocation considering multi-objective, multi-product and multi-period, Annals of Data Science (2020) 1-25.

S. Boral, I. Howard, S. K. Chaturvedi, K. McKee, V. Naikan, A novel hybrid multi-criteria group decision making approach for failure
mode and effect analysis: An essential requirement for sustainable manufacturing, Sustainable Production and Consumption 21 (2020)
14-32.

L. Xiao, Z.-S. Chen, X. Zhang, J.-P. Chang, W. Pedrycz, K.-S. Chin, Bid evaluation for major construction projects under large-scale
group decision-making environment and characterized expertise levels, International Journal of Computational Intelligence Systems
13 (1) (2020) 1227-1242.

C. Fu, W. Chang, S. Yang, Multiple criteria group decision making based on group satisfaction, Information Sciences 518 (2020) 309—
329.

S. Hendiani, L. Jiang, E. Sharifi, H. Liao, Multi-expert multi-criteria decision making based on the likelihoods of interval type-2 trape-
zoidal fuzzy preference relations, International Journal of Machine Learning and Cybernetics 11 (12) (2020) 2719-2741.

A. Shuen, Web 2.0: A Strategy Guide: Business thinking and strategies behind successful Web 2.0 implementations, O’Reilly Media,
2018.

J. Chu, Y. Wang, X. Liu, Y. Liu, Social network community analysis based large-scale group decision making approach with incomplete
fuzzy preference relations, Information Fusion 60 (2020) 98-120.

X. Zhong, X. Xu, Clustering-based method for large group decision making with hesitant fuzzy linguistic information: Integrating
correlation and consensus, Applied Soft Computing 87 (2020) 105973.

J. A. Morente-Molinera, F. J. Cabrerizo, J. Mezei, C. Carlsson, E. Herrera-Viedma, A dynamic group decision making process for high
number of alternatives using hesitant fuzzy ontologies and sentiment analysis, Knowledge-Based Systems 195 (2020) 105657.

T. Wu, X. Liu, J. Qin, A linguistic solution for double large-scale group decision-making in e-commerce, Computers & Industrial
Engineering 116 (2018) 97-112.

J. A. Morente-Molinera, X. Wu, A. Morfeq, R. Al-Hmouz, E. Herrera-Viedma, A novel multi-criteria group decision-making method
for heterogeneous and dynamic contexts using multi-granular fuzzy linguistic modelling and consensus measures, Information Fusion
53 (2020) 240-250.

C. Carlsson, M. Brunelli, J. Mezei, Decision making with a fuzzy ontology, Soft Computing 16 (7) (2012) 1143-1152.

F. Herrera, S. Alonso, F. Chiclana, E. Herrera-Viedma, Computing with words in decision making: foundations, trends and prospects,
Fuzzy optimization and decision making 8 (4) (2009) 337-364.

J.Ma, J. Lu, G. Zhang, Decider: a fuzzy multi-criteria group decision support system, Knowledge-Based Systems 23 (1) (2010) 23-31.
Z. Gong, X. Xu, W. Guo, E. Herrera-Viedma, F. J. Cabrerizo, Minimum cost consensus modelling under various linear uncertain-
constrained scenarios, Information Fusion 66 (2021) 1-17.

X. Tan, J. Zhu, E. J. Cabrerizo, E. Herrera-Viedma, A cyclic dynamic trust-based consensus model for large-scale group decision making
with probabilistic linguistic information, Applied Soft Computing 100 (2021) 106937.

F. Samanlioglu, Y. E. Taskaya, U. C. Gulen, O. Cokcan, A fuzzy ahp-topsis-based group decision-making approach to it personnel
selection, International Journal of Fuzzy Systems 20 (5) (2018) 1576-1591.

G. Wei, J. Wang, J. Lu, J. Wu, C. Wei, F. E. Alsaadi, T. Hayat, Vikor method for multiple criteria group decision making under 2-tuple
linguistic neutrosophic environment, Economic Research-Ekonomska IstraZivanja 33 (1) (2020) 3185-3208.

S. Calegari, D. Ciucci, Fuzzy ontology, fuzzy description logics and fuzzy-owl, Applications of Fuzzy Sets Theory 4578 (2007) 118-126.
J. A. Morente-Molinera, G. Kou, C. Pang, F. J. Cabrerizo, E. Herrera-Viedma, An automatic procedure to create fuzzy ontologies from
users’ opinions using sentiment analysis procedures and multi-granular fuzzy linguistic modelling methods, Information Sciences 476
(2019) 222-238.

C. Carlsson, J. Mezei, M. Brunelli, Fuzzy ontology used for knowledge mobilization, International Journal of Intelligent Systems 28 (1)
(2013) 52-71.

173



