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Chapter 1

Introduction

1.1 Motivation

Emergency events (EEs) are defined as events that suddenly take place, causing or
having the possibility of provoking intense death and injury, property losses, eco-
logical damages and social hazards [105], which are often characterized as destruc-
tiveness, abruptness, complexity, changeability, diffuseness and so on. By its nature,
EEs can be divided into four categories [63]: natural disasters, accident disasters,
public health incidents and social hazards.

In recent years, various EEs, such as earthquakes, floods, hurricanes, and terrorist
attacks, etc., have caused huge losses and severe negative impacts on human life
and socio-economic development. When an EE occurs, Emergency decision making
(EDM) is a very important activity, in which some measures should be taken to
mitigate and reduce the damages or losses (property, lives, environment etc.) caused
by EEs [136]. In real world situation, a decision maker (DM) is usually in charge of
the EDM process, who takes the responsibility for the decision outcomes and plays
a very crucial role in dealing successfully with EEs.

Since DM and EDM play crucial roles in mitigating the damages or losses caused
by EEs, it has become a very active and important research direction in current
emergency management study [33, 54, 69, 109, 126, 129].

As a result of the study of EDM, different works have been proposed in the

literature to discuss related topics, such as:

¢ Number of involved individuals in the EDM process, i.e., classical EDM prob-
lems in which just one DM involved in the decision process |27, 54, 57, 68|, and
group emergency decision making (GEDM) problems [39, 60, 96, 117, 129, 137|
in which multiple experts involved who play a role of think tank to support

the DM to make a decision. The general schemes of them are shown in Figure

5
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1.1 and Figure 1.2, respectively.

% Assessments | Gathering
. owenmes )
- process

Decision
I Maker

Selection
process

Decision
Framework

Information
Emergency Ranking of
Emergency )  response | Solution alternalwes
Event Alternative/s

Figure 1.1: General scheme of classic EDM

0 Emergency
l Decision Maker

a
Set of alternative J R
Emergency T B\. 1 . -
_' Setoferteria | — Assessments/Opinions - aqgreqating Colletive Opinon I eton Process
. /v B /v Process.

£

Experts

Framework definition Experts provide their Solution Alternative/s
assessments/opinions

Emergency Response

Figure 1.2: General scheme of GEDM

o DM’s psychological behavior in the EDM process [33, 69, 107, 109], and aggre-
gation of experts’ assessments/opinions in the GEDM process [123, 124, 125,
126, 127]

o Elements of EEs in the EDM process [61], specifically uncertain, incomplete
information [54, 64, 91, 109, 122|, and dynamic evolution of EEs [40, 53, 107],

With the rapid development of technology, economy, and society in last decade,
EEs are increasingly diversified and complicated, hence it is a big challenge for an
individual DM to deal with real world complicated EEs, this is particularly true when
the decision environment becomes highly complex and uncertain [70]. However, using
group wisdom in the EDM process might be a powerful and effective way to cope
with complex and damaging EEs, in which multiple experts with diverse professional
background (e.g., hydrological, meteorological, sociological, and demographic) act as
a think tank supporting the DM in the decision process, these methods lead to group
emergency decision making (GEDM) problems, and the general scheme of GEDM

has been shown in Figure 1.2.
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Due to the fact that in other decision making problems, behavior experiments
[14, 55, 103] have shown that human beings are usually bounded rational under
risk and uncertainty, particularly, when they are under pressure, time restriction
and risk decision environments, their psychological behavior will affect their decision
behavior (risk-seeking, risk-aversion, neutral) directly [55]. Therefore, human beings
psychological behavior also should play an important role in the decision making
precess, and must be considered in all types of EDM problems.

There is a proverb in Chinese culture, i.e., " Know yourself and know your enemy,
you will win every war", this proverb means that if someone wants to win every war,
he/she must know not only himself/herself, but also know his/her enemy’s features
or characteristics. Similarly, for EDM problems, such proverb does also work. In
order to make the emergency response more pertinently, effectively, and successfully,
a large number of EDM approaches have considered the features of EEs [61] from
various aspects, such as uncertain, incomplete information [54, 64, 91, 109, 122],
dynamic evolution [40, 53, 107, 128|, historical records [91, 137|, domino effects [138]
and so forth.

Despite the large amount of models and approaches have been proposed by a
variety of authors to deal with EDM relevant problems, and have made significant
contributions to emergency management. Up to date, the research results obtained
in this field of study are not sufficient when dealing with real world complicated EDM
problems: new difficulties and challenges arise, which require further and deep study
for the improvements of existing studies. Some of these difficulties and challenges

described below are the main motivation of this research memory:

o Inclusion of experts’ psychological behavior in GEDM process: As aforemen-
tioned previously, due to human beings are usually bounded rational under
risk and uncertainty, their psychological behavior is a very crucial factor in
decision making processes, however, such an important issue has not been yet
considered in existing GEDM approaches (39, 60, 96, 117, 129, 137|. For this
practical and important problem, it seems necessary to propose a model, which

is capable of dealing with GEDM problems more effectively.

o FExperts’ hesitation in the GEDM process: Hesitation is a quite common and
inevitable behavior in our daily life, especially, in real world situations, due to
the complexity and time restriction of decision problems, and the possibility of
decision outcomes resulting in serious consequences, when experts are not good
at or not familiar with one specifical aspect of the given decision problem, they
might hesitate to provide either their assessments or opinions. Nevertheless,

such practical and interesting topic has not been discussed in existing GEDM
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approaches [39, 60, 96, 117, 129, 137] so far. Therefore, it is a big challenge

and meaningful to consider such a practical and inevitable topic.

Ezxperts’ opinions fusion: Due to the importance of experts’ opinions to deal
with the decision problems successfully or not, it is necessary to handle experts’
opinions quickly, properly and keep as much knowledge as possible. Existing
GEDM approaches [123, 124, 126, 127| show that different consensus models
and methods are employed to aggregate experts’ opinions from various per-
spectives, however, there are obvious shortcomings that existing models and
methods are not suitable for dealing with GEDM problems, i.e., loss of infor-
mation in early stages of the decision problem [126, 127, time cost consensus
models [123, 124] and information domains not suitable for handling fuzzy
information [60, 39, 125, 129]. While, information is extremely valuable, be-
cause it means lives and chances. Thus, it might be difficult to obtain accurate

decision results without a proper fusion model for GEDM problems.

Dynamic evolution considered in GEDM problems: As a result obtained through
analysis on existing dynamic studies [53, 107], it was found that only the time
changes is considered in existing dynamic studies, however, with the evolution
of EEs, not only changes the time, but also the information related to the EEs
(alternative, criteria, etc.). It needs to point out that dynamic evolution of
EEs is related to various aspects rather than just with time changes, which is

a practical issue in real world, and should be also considered.

Information types tackled in GEDM problems: Information plays a crucial part
in all different types of decision problems no exception for GEDM problems.
Existing GEDM approaches deal with the information employing only one
expression domain: numerical values [123], interval values [109] or linguistic
information [54]. Nevertheless, the information about the EEs in real world
includes various types (numerical, interval, linguistic, hesitant information)
at the same time rather than one specifical type, but none existing GEDM

proposals considers multiple types of information at the same time.

Determination of criteria weights in GEDM problems: There are three cat-
egories of methods that have been proposed to determine criteria weights
[38, 112]: subjective, objective and hybrid methods. Subjective methods use
the preferences of a DM to determine criteria weights [36, 110]; objective meth-
ods use a decision matrix to determine attribute weights [21, 22|; hybrid meth-
ods combine the preferences of a DM with a decision matrix to determine cri-

teria weights [72, 114]. Subjective methods are widely used in existing EDM
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studies (33, 53, 68, 69, 107, 109], in which DM provides the criteria weights.
When facing complex EEs in real world, it is difficult for DM to provide rea-
sonable criteria weights, particularly, when DM is under pressure and hesitate
in EDM problems. Therefore, it is a challenge to find out a more effective and

suitable way to determine the criteria weights for GEDM problems.

Previous challenges found in existing GEDM problems make that current EDM
approaches can not satisfy the situations and needs demanded by real world GEDM
problems, such as experts’ psychological behavior and hesitation, experts’ opinions fu-
sion, dynamic evolution, heterogeneous information, determination of criteria weights
as mentioned above. For those reasons and challenges, this research memory con-

ducts further and deep researches to fill those gaps.

1.2 Objectives

According to the challenges pointed out in existing GEDM approaches stated at
the previous section, the purpose of this research is focused on the improvements of
current GEDM approaches.

Based on such a purpose, the following four research objectives are considered:

1. To develop a novel GEDM approach that considers experts’ psychological be-
havior [108| neglected in current studies. To illustrate the advantages, validity
and feasibility of the new proposed method, a case study and related compar-

isons with existing EDM approaches are carried out.

2. To define a new perspective of dynamic evolution that considers not only the
time changes, information related to EEs updated, but also problem structure
changes (alternative, criteria, etc.) and considers different types of uncertainty
in the EEs. Afterwards, a new dynamic GEDM approach [106] will be proposed
for overcoming the limitations in current GEDM approaches by including this
new dynamic view and heterogeneous information that will be applied to an
explosion emergency decision problem illustrating its novelty, advantages, and

validity.

3. To define a GEDM framework in which multiple types of uncertainty will be
modelled by intervals, fuzzy and hesitant information. Additionally, a consen-
sus model with low-time cost will be explored to aggregate experts’ opinions
that is also suitable for dealing with fuzzy information. A new way for deter-
mination criteria weights will be defined. Afterwards, a novel GEDM method

will be proposed [105] that deals with heterogeneous information and looks
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for agreed solution in a low time cost way together with taking into account
experts’ psychological behavior. Such a proposal will be applied to a real world

case study of GEDM to show its validity and performance.

4. Improving information fusion in GEDM and considering hesitant uncertainty
together experts’ behavior [136] in order to build a GEDM method able to
obtain better results because the information fusion process keeps more infor-
mation than classical aggregation processes. Such a GEDM method will be

applied to a real-world emergency problem.

1.3 Structure

To achieve these objectives presented in Section 1.2, and taking into account the
article 23, point 3, of the current regulations for Doctoral Studies at the University
of Jaén, in accordance with the program established in the RD 99/2011, this research
memory will be presented as a compendium of published articles by the Ph.D student
during his Ph.D period.

Three articles have been published in international journals indexed by JCR
database, produced by ISI. And one article has been published in the international
journal, Complex Intelligent Systems indexed in the Emerging Sources Citation In-
dex. In summary, the report is composed of a total of four articles which have been
published in high quality international journals.

The structure of this research memory is briefly described below:

¢ Chapter 2: Some basic concepts and methods such as, related concepts of
decision making, emergency decision making, prospect theory, fuzzy TODIM
method, hesitant fuzzy sets (HFS), hesitant fuzzy linguistic term sets (HFLTS)
and so on; that are used in our proposals to achieve the different objectives

pointed out in Section 1.2 are revised.

¢ Chapter 3: The published proposals that compose the research memory will be
introduced briefly, in addition, discussions of each result obtained are presented

in short to clarify the achievements reached in our research.

¢ Chapter 4: This chapter acts as the core of the doctoral thesis, which includes
the publications obtained as the research results. For each publication, the
detailed information of the journals in which the proposals have been published

is indicated.

¢ Chapter 5: Final conclusions regarding this research and possible promising

future works are pointed out.




Chapter 2

Basics Concepts and Background

This chapter establishes the framework of concepts and tools related to our research
across this memory. Due to the fact that, the different papers that composed this
research memory introduce and revise the necessary background for understanding
our proposals, in this chapter we have just provided a brief and structured revision of
the main necessary concepts related to our proposals including some related concepts
about decision making and emergency decision making, the modelling and managing
of uncertainty in decision making and several multicriteria decision-making methods
under uncertainty, such as Fuzzy TOPSIS and Fuzzy TODIM. All these concepts,
tools and methods are further detailed in each specific paper of the compendium

provided in this research memory (Chapter 4), when they are required.

2.1 Decision Making: Introduction and Classification

In this section, a brief introduction and a classification of decision making are revised

as the basic knowledge of this thesis, which pave the way for our coming researches.

2.1.1 Introduction

Decision making involves the selection of a course of action from among two or
more possible alternatives in order to arrive at a solution for a given problem [100].
According to the definition of decision making, it not only exists in human beings
daily life, but also includes modern management both organizational and managerial
activities [100]. Based on the foregone definition, a decision can be understood as a
course of action purposely chosen from a set of alternatives to achieve organizational
or managerial objectives or goals.

A decision making process is a continuous and indispensable component of man-

aging any organization or business activities in which organizational or business goals

11



12 2.1. Decision Making: Introduction and Classification

are achieved [50]. To achieve specific goals, either organisations or companies may
face lots of obstacles in administrative, marketing wings and operational domains.
Such problems are sorted out through a comprehensive decision making process. No
decision comes as end in itself, since it may evolve new problems to be solved. When
one problem is solved another arises and so on, such that this is why decision making,
as aforementioned, is a continuous and dynamic process.

Generally speaking, a decision cannot be taken abruptly in a management setting,
it should follow a series of steps as the following ones that can be shown in Figure
2.1 [50]:

1. Defining the problem: The structure of given problem, features, terminology

etc. are defined in this phase;

2. Gathering information and collecting data: Information and data about given

problem are gathered;

3. Developing and weighting the options: Alternatives and criteria are developed,

and criteria weights are determined;

4. Choosing the best possible option: Specifical method is employed to select the

best alternative concerning different criteria;

5. Planning and executing: To plan and execute the selected best alternative for

solving the given problem;

6. Taking follow up action: According to the executing performance of the alter-

native, follow up action is taken to improve next possible decision problems.

- Gathering Developing and Choosing the . .
. ; S i »| Taking foll
Def:gg;gr;he —» information and —» weighting the —» best possible PI:)r(]erllSt%nand auFI)n;ctioonOW
P collecting data options option 9 ¢

Figure 2.1: General decision making process

Even though, there are different types of decision problems, the general processes

are almost the same like those ones shown in Figure 2.1.

2.1.2 Classification

Decision making is a quite common mankind activity in daily life. Human beings
usually face different situations in which there exist several options or alternatives, in

some situations, they must choose one among them as the best option or alternative.
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Such activities widely exist in various fields, such as economy, engineering, health
etc.
Despite there are various decision making problems, they share the following

common features [49]:

e multiple criteria: each problem has multiple criteria, which can be objectives

or attributes;
e conflicting criteria: multiple criteria may conflict with each other;
e incommensurable units: criteria may have different units of measurement;

e design/selection: solutions to multicriteria decision-making (MCDM) problems
are either to design the best alternative(s) or to select the best one among

previously specified finite alternatives.

According to the different situations or contexts in which the decision problem
is conducted, decision problems can be classified into different types, such as based
on types of criteria [70], number of involved individuals |76], decision environment
[119] and so on.

(1) Types of criteria

Considering the common features shared in various decision problems mentioned
above, two types of criteria can be distinguished: objectives and attributes. There-

fore, MCDM problems can be classified into two wide classes [70]:

e multiobjective decision making;

e multiattribute decision making.

The main difference between these two classes is that the first concentrates on
continuous solution decision spaces and the second focuses on problems with discrete
solution decision spaces.

Multiobjective decision-making is known as the continuous type of multicriteria
decision making and its main characteristics are that DMs need to achieve multiple
objectives while these objectives are noncommensurable and conflict with each other.
A multiobjective decision-making model includes a vector of decision variables, ob-
jective functions that describe the objectives, and constraints. DMs attempt to
maximize or minimize the objective functions.

Multiattribute decision-making is related to making a preference decision (that
is, comparison, choice, prioritization, and/or ordering) over the available alterna-
tives that are characterized by multiple, usually conflicting, attributes. The main

peculiarity of multiattribute decision making problems is that there are usually a
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limited number of predetermined alternatives (solutions), which are associated with
attribute values and involve the selection of the best alternative from a pool of
preselected alternatives described in terms of their attributes.

In almost all multiobjective decision making models, the alternatives can be gen-
erated automatically by the models. However, in the case of multiattribute decision
making models, it is necessary to generate alternatives manually.

(2) Number of involved individuals

According to the involved number of individuals, decision making can be classified

into two categories [76]:

e Individual decision making: such decisions are usually taken by a single in-
dividual, which can be quickly taken and less costly. Although decisions are
based on individual thinking and limited information gathered by decision
makers (managers), they are high-quality if the individual has expertise and

experience in making such decisions.

e Group decision making: it has been defined in various ways, including as "

a
decision situation in which more than one individual is involved, each with their
own attitudes and viewpoints, recognizing the existence of a common problem
and attempting to make a common decision together" [70]. Such decisions
are usually smarter than individual decision making, and they are frequently
utilized in many complex real-life decision situations that are difficult for in-
dividual decision making. The solution to a group decision making (GDM)
problem can be obtained by applying either a direct approach or an indirect
approach in the selection process [44]. A direct approach obtains the solution
directly from experts’ information, whereas in an indirect approach, collective
information is computed before the solution is determined. Regardless of the
approach considered, the selection process to solve GDM problems consists
of two phases (see Figure 2.2) [79]: (1) an aggregation phase, in which indi-
vidual information is aggregated, and (2) an exploitation phase, in which an

alternative or subset of alternatives is obtained as the solution to the problem.

Alternative Selection Process

. Solution
Experts’ |* Aggregating Exploitation Alternative/s
. (Aggregation > : . >
Information y Operator) (Selection Criterion)

Figure 2.2: General scheme of group decision making
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(8) Decision environment
According to different decision environments in which the decision problem is

carried out, it can be classified into three types [119]:

e Decision making under certain environment: in decision making problems de-
fined in such environment, the DM will have a clear state of alternatives, for
example, what the alternatives are, what conditions are associated with each
alternative, and the outcome of each alternative. In such decision environment,
accurate, measurable, and reliable information on which to base decisions is
available. In addition, the cause and effect relationships are known and the

future is highly predictable.

e Decision making under risk environment: in decision making problems defined
under risk environment, the DM has incomplete information about available
alternatives but has a good idea of the probability of outcomes for each alter-
native. When making a decision under risk environment, DM must determine
the probability associated with each alternative on the basis of the available

information and his/her experiences.

e Decision making under uncertainty environment: in these decision making
problems, the DM has no complete information about problems, the future
environment is unpredictable and everything is in a state of flux. DM is not
aware of all available alternatives, the risks associated with each alternative,

and the outcome of each alternative or their probabilities.

Due to the complex situations and incomplete information, most decisions made
in real world are usually under uncertainty in which DMs make decisions depending
on their judgments, knowledge and experiences. Because EDM problems are typi-
cally characterized by at least uncertainty, time pressure, and lack of information,
resulting in potentially serious consequences |60, 105], they are typical decision prob-
lems defined in the uncertainty context. Therefore, decision making under uncer-
tainty is the main topic discussed in this research memory, which will be emphatically

introduced in next section.

2.2 Decision making under uncertainty

As aforementioned, most decision problems in real world are defined in uncertainty
context, this is particularly true for EDM problems. Therefore, this subsection
introduces the basic knowledge of decision making under uncertainty in short in

order that readers understand the principles comprehensively.
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It needs to clarify that decision making under uncertainty can be divided into:
pure uncertainty and uncertainty [28].

Under the pure uncertainty environment, DM has absolutely no knowledge, even
not about the likelihood of occurrence for any state of nature. In such situation,
decisions made are usually based on DM’s expertise, experiences, and attitude toward
the unknown [28, 31]. According to DM’s attitudes toward the unknown, the decision

problems can be carried out as follows [46]:

1. Pessimism, or Conservation (MaxMin Criterion): This model selects the alter-
native or option with the result that is the maximum of the minimum rewards.
In this situation, DM assumes that the minimum reward occurs for each alter-
native or option, and then selects the alternative or option with the maximum

of these minimum rewards;

2. Optimism, or Aggressive (MaxMax Criterion): This model selects the alterna-
tive or option with the result that is the maximum of the maximum rewards.
In this situation, DM assumes that the most favorable state of nature for each

alternative or option will occur;

3. Equal Likelihood Criterion (Laplace decision criterion): Assuming that all
states of nature are equally likely to occur, the decision is made based on the
highest average reward of alternatives or options. Awverage reward is calculated

as: the sum of all rewards divided by the number of states of nature;

4. Coefficient of Optimism, or weighted average (Hurwicz Criterion): This deci-
sion model is a compromise between an optimistic and pessimistic decision. A
coeflicient, «, is selected by the DM to indicate the degree of optimism or pes-
simism about the future, 0 < o < 1. When « is equal to 1, the DM is purely
optimistic; when « is equal to 0, the DM is purely pessimistic. The weighted
reward is determined as: a(maximun rewards)+(1 — «)(minimum rewards),

then the alternative or option with the highest weighted reward is selected;

5. Minimize Regret (Regret/Opportunity Loss): This decision model focuses on
the difference between the optimal reward and the actual reward received. It
determines the maximum regret for each alternative, and selects the alternative

with the minimum value.

Previous decision models under uncertainty from 1 to 4 can be represented by
an OWA operator [113].

Definition 1 [113] An OWA operator of dimension n is a mapping F' : R" — R with
an associated weight vector W = (wy, ..., w,)T such that S0 jw; =1, 0 <w; < 1,

and F(ai,...,ap) = Y i wib;, where b; is the i-th largest of a1, ..., an.
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Different OWA operators are distinguished by their weight vectors. The following
OWA operators lead to the well-known decision criteria for decision making under

uncertainty:

1. Fy: In this case W = W, = (0,...,0,1)T and F.(a1,...,a,)=min(a;), which

is the purely pessimistic decision (maxmin criterion);

2. F*: In this case W = W* = (1,0,...,0)" and F*(ay, ..., a,)=max(a;), which
7

is the purely optimistic decision (maxmax criterion);

8. Fa: In this case W = Wy = (1/n,...,1/n)T and Fa(ar, ..., an)=2 31" (a;),

which is the equally likely decison (Laplace decision criterion);

4. Fy: Inthis case W = Wy = (a,0,...,0,1—a)T and Fg(ay,...,a,)=amax(a;)

+ (1 — o) min(a;), which is the Hurwicz criterion.
7

Under the uncertainty environment, the problems defined are different from the
ones in pure uncertainty environment, in which the information about the problem
is vague and imprecise [74], this situation is also known as decision making problems
in a fuzzy context or fuzzy decision making [9]. Fuzzy sets theory [58, 131], inter-
vals [75], intuitionistic fuzzy sets [3], hesitant fuzzy sets (HFS) [98], fuzzy linguistic
approach [130], hesitant fuzzy linguistic terms sets (HFLTS) [88], etc. have proven
to be effective ways to cope with uncertain information in decision problems.

In this memory, the EDM problems are defined in uncertainty environment, i.e.,
fuzzy context, in which different extensions of fuzzy sets [98, 130, 88| will be employed
in our proposals to overcome the difficulties and challenges pointed out in Section
1.1.

2.3 Emergency decision making: State of art and limita-
tions
In this section, the state of art of EDM is briefly revised because EDM will be the

driving force of our research, and the limitations in current EDM approaches are

then pointed out to highlight the importance and necessity of our proposals.

2.3.1 Emergency decision making

When an EE occurs, how to take effective and appropriate measures to make an
emergency response immediately, to mitigate or reduce the losses caused by EE has

drawn great attention of researchers all over the world. Through a plenty collection
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of literature, reading and a comprehensive review, the following main topics related
to EDM have been discussed in current EDM studies [2, 23, 51, 52, 84]:

(1) Related studies on emergency plan

Emergency plan [84] is a formal written plan based on identified potential ac-
cidents together with their consequences. This plan describes how such accidents
and their consequences should be handled both on-site and off-site. The main aim
of the plan is to limit the negative effects of an accident by being prepared with a
plan and facilities ready to react without delay. Because emergency plans play an
extremely important role in the process of dealing with the accidents, it has drawn
great attention and actively explored all over the world.

Using Web of Science Core Collection and Science Citation Index Expanded
(SCIE) & Social Sciences Citation Index (SSCI) index database, searching ’emer-
gency plan’ or ’emergency planning’ as the title keywords from January 2000 to
June 2018, all the publication results of each year are shown in Figure 2.3 and Table
2.1.
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Figure 2.3: Publications of each year on emergency plan

Table 2.1: Publications of each year on emergency plan

Year Publications Year Publications Year Publications Year Publications

2000 12 2001 11 2002 25 2003 10
2004 28 2005 17 2006 30 2007 40
2008 41 2009 41 2010 48 2011 45
2012 95 2013 o6 2014 50 2015 o4
2016 o7 2017 o1 2018 10

It can be seen clearly that the related studies on emergency plan represents
increasing tendency in recent years, and has become one of the active research topics

in emergency management.
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By analytical induction of current studies on emergency plan, it is found that

the main researches focus on the following topics:
(a) Research on the formulation of emergency plans for different subjects

Some studies focus on the researches on the formulation of emergency plans for
toxic gas (materials) release, such as ammonia release accident [84], toxic gas release
accident occurred in big cities [135], chlorine gas release in processing plant [101],
high temperature gas release in nuclear power plant [30]. Some studies are about the
researches on the formulation of emergency plan for specific industry or area, such
as chemical industry accidents [47], carbon capture and storage in North American
[93], hospitality and tourism industry in Malaysian [2], metro operation accidents
[71], bombing terrorist attack on Manchester’s city centre [118]. There are others
researches on the standard (framework) about the formulation of emergency plan
for different objectives, such as the framework of national gas emergency plan in
European Union [134], top-level design of the emergency plan framework for China
[67], framework of compilation of emergency plan for work accidents in enterprise
[19], framework of emergency plan for different objectives ( individual, regional, and
national) in Brazil [13].

Previous works clearly show that current studies on the formulation of emergency
plan have obtained fruitful results, and related research results have been widely
applied in practical production or real life. The EDM based on emergency plan has
been widely used in practical coping processes of EEs, which establishes the solid

foundation for emergency management.

(b) Research on the affected elements and supporting tools used in the design of

emergency plans

Some studies focus on the different methods or ways to design the emergency
plan considering related features of EEs such as, design the emergency plan based
on hierarchical task network (HTN) planning considering features of incomplete in-
formation, concurrent execution and uncertain execution durations [64], considering
resources and temporal constraints [82], and considering emergency command opera-
tion requirements [97], design the emergency plans for different scenarios considering
limited human resources and materials [51, 52|, design the emergency plans for civil
protection considering land use and related elements [81], design the emergency plans
based on test and practice experiences of on-site and off-site [85]. Others researches
on the design of emergency plan by using computers or related assistant systems,
such as design the emergency plan through the computer simulations of different
scenarios [45], design the emergency plan for urban fire risk by using geographical
information systems [35], design and improve the capacity and validity of emergency

plan by using self-protection management support system [15].
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According to above review, we can see that current studies on emergency plan
have achieved abundant and relevant results from different perspectives by using
various methods and ways.

(c) Research on the evaluation about emergency plan performance

When emergency plans are designed, it is necessary to evaluate their feasibility
and validity in order to find out immediately the problems and modify /improve the
plans to ensure their effectiveness [40]. Therefore, different evaluation approaches
are proposed, such as combination of analytic hierarchy process (AHP) and fuzzy
theories [18], fuzzy comprehensive evaluation method [23], combination of fuzzy cog-
nitive maps and AHP method [57|, fuzzy AHP and 2-tuple fuzzy linguistic approach
[54], timed colored hybrid Petri-net based method [138].

Current evaluation studies have evaluated emergency plans by using various
methods from different perspectives, the problems in existing emergency plans are
immediately modified and improved through the evaluation process to improve the
coping capacity of emergency plans. Such kind of research contents replenish and
perfect the current related studies of emergency plans.

(2) Studies on related features of emergency events

Similarly, using Web of Science Core Collection and Science Citation Index Ex-
panded (SCIE) & Social Sciences Citation Index (SSCI) index database, searching
’emergency decision making’ as the title keywords from January 2000 to June 2018
in "Operations research management science or Management", all the publication
results of each year are shown in Figure 2.4 and Table 2.2
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Figure 2.4: Publications of each year on EDM

EEs are usually featured by uncertain, incomplete and inadequate information,
dynamic evaluation and so on. Existing EDM approaches have considered these
features from various aspects in order to make the emergency response pertinently,
effectively, and successfully.

Some studies have proposed various methods to deal with the related problems
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Table 2.2: Publications of each year on EDM

Year Publications Year Publications Year Publications Year Publications

2000 3 2001 3 2002 3 2003 4
2004 5 2005 4 2006 10 2007 8
2008 10 2009 12 2010 20 2011 21
2012 29 2013 24 2014 30 2015 32
2016 45 2017 30 2018 37

of information features, such as incomplete and inadequate information problems
[32, 54, 91, 109, 137]. Others have developed different approaches on the related
problems of dynamic evaluation of EEs, such as dynamic decision models based
on game theory [128], fault tree analysis method [68], the combination of entropy
principle and dissipative structure theory [61|, machine learning [139] and so forth.

Through the previous review, it can be clearly seen that different studies have
discussed the related features of EEs from different points of view and achieved
successful achievements, which make significant and important contributions to the
development of emergency management. However, based on this review, it is found
that there are some problems that have not been solved yet and also there are
still some limitations in current studies. For sake of clarity, the coming subsection

describes in further detail such limitations.

2.3.2 Limitations in current emergency decision making

As it has been previously pointed out, there are several limitations in current EDM

studies, which are listed as follows:

1. Regarding the related information features of EEs, current studies only con-
sider single type of information (numerical values [123], interval values [109],
linguistic variables [54]) to deal with the uncertain information, it is seldom
to consider different types of information at the same time. However, in real
world EE, it is common that heterogeneous information contexts appear in the

EE management.

2. Regarding the dynamic evaluation of EEs, current studies just discuss the
dynamic feature only from the perspective of time changes [53, 107|, do not
consider the updated information along with the evolution of EEs, that it is
common in EEs because not only the time changes but also information related

the EEs (alternatives, criteria, experts etc.).

3. It is seldom to consider the DM’s or experts’ personal different behaviors
(bounded rational, hesitation) in current EDM approaches |39, 60, 117, 123],




22.4. Group emergency decision making and consensus reaching process

however, such behaviors are key and inevitable problems in real world and

must be considered in EDM problems.

With respect to the previous limitations, this research memory will conduct a
series of deep researches on these limitations and related topics in order to fill these

gaps and enrich the theoretical basis and methods of current EDM.

2.4 Group emergency decision making and consensus reach-

ing process

We have pointed out in Section 2.1.2 the usefulness and necessity of GDM process
in those decision situations in which the group is smarter than the individual and
several points of view can contribute to achieve a better solution. Therefore, when
in real world, it is facing complex EEs, the difficulty to make comprehensive and
reasonable judgements in short time based on individual DM’s wisdoms increase,
while using group wisdoms to solve such kind of complex problems is a reasonable
and effective way because of including a wide knowledge and expertise in addition to
multiple perspectives to solve the EDM. Regarding the diversity and complexity of
EEs, related problems about group emergency decision making (GEDM) have drawn
increasing attention from all over the world [105, 106, 123, 126, 127].

In this section, some basic concepts and knowledge about GEDM are reviewed

in order to show the tendency and developments of current GEDM.

2.4.1 Group emergency decision making

Group emergency decision making consists of the evolution of the emergency deci-
sion making to a scheme that considers multiple experts with diverse professional
backgrounds (e.g., hydrological, geological, meteorological, sociological, and demo-
graphic) who act as a think tank supporting the DM in the decision process.
Unlike other group decision-making (GDM) problems, such as supplier selection
[24, 83|, supply-chain risk management [6, 11|, and large construction projects [56],
GEDM problems are always defined under strong time constraints [27|, which implies
high risk and uncertainty [70], and their outcomes might result in extremely serious
social consequences in the form of loss of lives and property [60]. Therefore, a GEDM
process whose decisions are made among all experts should avoid conflicts and useless
solutions |70] in order to obtain higher-quality decisions with timely response [12, 94].
Usually, in GEDM problems, experts play the role of think tank in supporting the
DM who is in charge of the EE by means of a two-step decision solving process that

consists of [79]:
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e An aggregation process, in which individual information provided by experts

is aggregated;

e A selection process, in which alternatives are obtained as solutions to the

problems.

Such a general scheme of GEDM process is shown in Figure 1.2.

Through a comprehensive analysis on current GEDM studies, there are two main
topics that have been discussed so far in specialized literature. One is related to
studies on how to deal with group opinions [39, 96, 125, 127, 129], the another one
is related to studies on large-scale GEDM problems [122, 123, 124, 126].

The main limitations in current GEDM studies have been pointed out in Section
1.1, such as experts’ psychological behavior, experts’ hesitation, experts’ opinions
fusion etc., this research memory will carry out a series of related studies to overcome
them by using prospect theory, HFS, HFLTS and so forth.

2.4.2 Consensus reaching process

Experts’ opinions play an important and crucial role in GEDM process, which deter-
mines the quality and impacts of decision making, therefore, their opinions should
be properly considered. There are two different kinds of ways for dealing with a
GDM problem (see Figure 2.5): a direct approach and an indirect approach [79].
A direct approach obtains the solution directly from experts’ information, whereas

in an indirect approach, collective information is computed before the solution is

determined.
’ Experts’ . '
oo perts . »  Solution ||
! information !
“““““““““ Direct approach
| Experts’ i . E
| . P . P .CO||eCtI.\/e —p»  Solution ||
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“““““““““““““ Indirect approach

Figure 2.5: Two different ways for dealing with a GDM problem

In both cases to obtain a useful solution in the selection process, it is convenient
to reach an acceptable agreement among all involved experts, otherwise, some ex-
perts might refuse the solution or feel frustrated on the decision results because they

can think that their opinions have not been considered sufficiently. Therefore, how
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to achieve an acceptable agreement among all involved experts is an interesting and
worthy topic to study. Consensus reaching process (CRP) is the process in which
experts’ opinions bring closer to each other and finally obtain an acceptable agree-
ment among all involved experts, which is defined [12]| as a dynamic and iterative
process consisting of several rounds of discussion in which experts adjust their initial
opinions in order to make themselves closer to each other and then reach a collective
opinion that is used to make the final decision [12, 94]. A general scheme of CRP is

shown in Figure 2.6, which consists of four main phases:
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Figure 2.6: General scheme of CRP

1. Gathering preferences/opinions

The preferences/opinions regarding the given decision problem provided by

experts are gathered in this phase.

2. Computing agreement level

There are two different measures that can be used to compute agreement level
[78]: one is based on distances from individual expert to collective preference;

another is based on distances between preferences of different pairs of experts.

3. Consensus control

Consensus threshold is set in this phase, which denotes the minimum value
of acceptable agreement. If the agreement level obtained in previous phase is
greater than the consensus threshold that means the collective opinions have
been reached, and then the process moves into selection process; otherwise, it

moves into consensus process.

4. Consensus process

If the agreement level is not enough, a procedure should be conducted to in-

crease the level of agreement in another discussion round. The procedure can
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be classified into two categories [78|: 1) with feedback procedure |73, 94|, in
which a moderator identifies the farthest assessments from consensus in the
current round, and then some suggestions for experts are generated to mod-
ify their assessments to get closer to the rest of the group in a new round;
2) without feedback procedure [66, 120]|, in which experts’ assessments are up-
dated automatically to increase the agreement level, in such procedure, experts
only provide their initial preferences/opinons, experts are no necessary to be
involved in a new discussion round. In this phase, the number of maximum

rounds should be set in order to avoid an endless process.

CRP is one of the most studied topics 78] in current GDM and GEDM problems,
important and relevant results have been recently achieved [39, 78, 96, 125, 127, 129].
CRPs in GEDM is not our main aim in this research but in Section 4.3 it will
be introduced a novel CRP model for GEDM under uncertain information that
overcome several limitations of current CRPs in GEDM for dealing timely with

different types of uncertainty.

2.5 Methods and models

Here, different methods and models used across this research memory are briefly
revised in following subsections, including prospect theory, fuzzy TODIM, fuzzy
TOPSIS based on alpha-level sets, and hesitant fuzzy linguistic term sets and so on.
All of them are relevant for the different proposals that will be developed in this

research to achieve our goals.

2.5.1 Prospect theory

Prospect theory (PT) was first introduced in 1979 [55] and extended in 1992 [103] by
Daniel Kahneman and Amos Tversky as a behavior economic theory, which describes
the way in which people choose between probabilistic alternatives that involve risk
when the probabilities of outcomes are known. According to this theory, people
make decisions based on the potential value of losses and gains rather than the final
outcome.

PT is regarded as the most influential theory among different behavioral decision
making theories such as regret theory [7], disappointment theory [8], third-generation
PT [95]. Since PT was proposed, it has been studied [95, 102, 103] and widely
applied to solve various decision-making problems, such as asset allocation [10],
health domains [4, 5], portfolio insurance [29], traffic management [62, 140|, multi-
attribute decision making [34], and emergency decision making [69, 109], considering

humans’ psychological behavior under uncertainty.
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The first key concept in PT is the "reference point" (RP), which is defined
as a neutral position asset or expectation value of people who want to gain an
amount or not to lose it. RP determines the feeling of gains or losses based on the
difference between expectation and outcomes; the value of the RP is affected by the
expectations of people [55].

In multi-attribute decision-making problems, the attributes can be classified into
two types: benefits and costs [72]. The higher a benefit attribute is, the better the
situation is, while the higher a cost attribute is, the worse the situation is.

According to different types of attributes, a RP changes with people’s expecta-
tions with respect to the predefined amounts to gains or losses. For a better under-
standing of the RPs in PT, see Figure 2.7 (benefit attributes versus cost attributes).
According to Figure 2.7, RP is analogously defined for cost attributes.

l Feel gains

P Reference point

X (RP)
Person Qb

Final outcome (FO)

Predefined

Is FO greater than or
Amounts

equal to RP ?

[ Feel losses

Figure 2.7: Gains and losses based on reference point and predefined amounts

In Kahneman and Tversky [55] and Tversky and Kahneman [103], it has shown
that people’s psychological behavior exhibits a risk-aversion tendency for gains and
a risk-seeking tendency for losses. Therefore, PT describes the decision process in

the following three stages.

1. In the editing phase, people decide which outcomes they consider are equiv-
alent, set an RP, consider less outcomes as losses and greater outcomes as
gains for the benefit attribute, and consider less outcomes as gains and greater

outcomes as losses for the cost attribute.

2. In the evaluation phase, people behave as if they would compute a prospect
value by using a value function based on the potential outcomes and then

calculate the overall prospect values.

3. In the selection phase, the alternative of having a higher overall prospect value

is finally selected.
The PT involves the following three important principles [55]:
e Reference dependence. Experts perceive gains and losses according to an RP.

Thus, the prospect value function can be divided into a gain domain and a loss

domain regarding the RP.
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e Diminishing sensitivity. Experts exhibit a risk-aversion tendency for gains and
a risk-seeking tendency for losses. According to the principle of diminishing
sensitivity, the prospect value function is concave in the loss domain and convex
in the gain domain, that is, the marginal value of both gains and losses is

decreasing with size.

e Loss aversion. The experts are more sensitive to losses than to equal gains [1].
In accordance with the principle of loss aversion, the prospect value function

is steeper in the loss domain than in the gain domain.

According to these three principles, an S-shaped value function is proposed in PT
(see Figure 2.8), which shows a prospect value function with a convex S-shape for
losses and a concave S-shape for gains. Prospect values are calculated for measuring
the magnitude of gains and losses by using a value function in PT, which is defined
on deviations from the RP, and expressed in the form of a power law according to

the following expression [103].

() € { i’(‘””_i)g’x o (2.1)

where a and [ are power parameters related to gains and losses, respectively, 0 <
a, B < 1, where x denotes the gains or losses with = > 0 or x < 0, respectively, and
A is the risk-aversion parameter, which has the characteristic of being steeper for

losses than for gains, A > 1.
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Figure 2.8: S-shaped value function of prospect theory

2.5.2 TODIM and Fuzzy TODIM method

TODIM (an acronym in Portuguese "TOmada de Decisao Iterativa Multicritério")
method, proposed by Gomes and Lima [42, 43|, is a popular MCDM method based
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on prospect theory [55] to capture human being’s psychological behavior, which is
defined for dealing with the MCDM problems in which the criteria representatives
are in the format of crisp values. It has been widely applied to solve different decision
problems [41, 80]. The TODIM [42, 43] method is briefly reviewed as follows.

2.5.2.1 TODIM method

Let A = {a1,a2,...,a,} be a set of alternatives, a; denotes the i-th alterna-
tive, i = 1,2,...,m. C = {c1,¢2,...,cn} be a set of criteria/attributes, w. =
(Wey Weys - - -, We,,) be the weighting vector of criteria/attributes, w,; denotes the

weight of j-th criterion/attribute, ¢;, j = 1,2,...,n. Let X = (2 )mxn be the
decision matrix, z,; denotes the assessment provided by decision maker regarding
alternative a; concerning criterion c;.

Step 1: Normalize decision matrix, X = (z,;)mxn into X = (T, )mxn, using the
normalization method regarding different types of criterion (cost or benefit).

Step 2: The reference criterion ¢, is determined and the relative weight w, of c;

can be obtained, i.e.,

w,,
w, = 2.2
= (2:2)
where w, = ma:v{wcj 7 =1,2,...,n}.
Step 3: The dominance degree, ®;(a;, ay), of alternative a;(i = 1,2,...,m) over
the rest of alternatives ax(k = 1,2,...,m) regarding criterion ¢;(j = 1,2,...,n) is

calculated, i.e.,

\/(fij - jkj)wjr (Z?:l wj'r')’ (jij - ikj) 20
®;(ai, ax) = (2.3)
—5/ @5 = ) (g w,, ), (335 = i) <0

where (Z;; — Z1;) > 0 and (Z;; — T1;) < 0 represents the gain and loss of alternative
a; over ay regarding criterion c;, respectively. 6 denotes the attenuation factor of
the losses, 8 > 0.
Step 4: The dominance degree, d(a;, a), of alternative a; over the rest of alter-
natives ay, is calculated, i.e.,
d(as,ar) = Z;Zl ®;(ai, ar) (2.4)

Step 5: The overall dominance degree, 1(a;), of alternative a; is calculated, i.e.,

Y e, ) — min{ S Oas, an)
77( Z) n maXi{Zlel 5(@,’, ak)} — mini{zzlzl (5(@2‘, ak)} <2.5)
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Step 6: According to the overall dominance degree of each alternative, the cor-
responding ranking can be determined. The greater n(a;) , the better alternative

a;.

2.5.2.2 Fuzzy TODIM method

To cope with complex problems and uncertain information in the real world, the
TODIM method has been extended to deal with fuzzy MCDM problems [99, 115].
The fuzzy TODIM method [99, 59] is briefly reviewed below.

Let P = (pij)mxn be a fuzzy decision matrix, p;; = (p}j,pfj,p?j,pfj) denotes the
rating of alternative a; concerning c;. Due to the main differences between TODIM
and fuzzy TODIM are Step 1 and Step 3, to save space, only those two steps are
introduced as follows:

Step 1: The fuzzy decision matrix, P = (pij)mxn, is normalized into P =
(Pij )mxn, according to the cost and benefit criteria.

Step 3: The dominance degree, ®;(a;,ar), of a; over the rest of alternatives

ap(k =1,2,...,m) regarding c; is calculated, i.e.,

[\ wir /(o w3r) (B By,
F(pi;) — F(prz) = 0
Dj(a;, ar) = (2.6)
~5 \/(Z?:I wjr) /wird(Dij, Prj),
F(pij) — F(prj) <0

where d(p;j, prj) represents the distance between two fuzzy numbers p;; and py;. 6
denotes the attenuation factor of the losses, 6 > 0. F(x) is a defuzzification function
[59].

In this memory, we will use the fuzzy TODIM method [99] based on prospect
theory [55] to consider experts’ psychological behavior in fuzzy environment because

of its advantage and capability of capturing such behavior under fuzzy environment.
2.5.3 TOPSIS and Fuzzy TOPSIS method based on alpha-level sets
For easy understanding of fuzzy TOPSIS method based on alpha-level sets, the
TOPSIS method is first reviewed.

2.5.3.1 TOPSIS method

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method
was first proposed by Huwang and Yoon [48], which is a very popular MADM method
and has been widely applied to solve different decision problems [16, 17, 48, 111].
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To avoid repeated expressions, the notations and related meanings about alter-
natives, criteria, and criteria weights are as same as that defined in Section 2.5.2.1.
Let X = (x,;)mxn be the decision matrix, z,; denotes the values/ratings assigned
to alternative a; with respect to criterion ¢;. Then, the TOPSIS method is briefly
reviewed below.

Step 1: Normalize the decision matrix X = (z,;)mxn using the following equa-

tion:

.f‘ij:%? iZl,...,m;j:L...,n (27>

Normalized decision matrix X = (Z,;)mxn, Where Z,; is the normalized criteria
rating.

Step 2: Calculate the weighted normalized decision matrix V' = (v,; )mxn

Vij = We; Tij, i =1,...,m;j=1,....n (2.8)

where w,; is the relative weight of the j-th criterion.

Step 3: Determine the ideal and negative-ideal solutions:

A ={vf,...,u5}

— {(max vy, j € ), (minvy,j € )} (29)
J J

A ={v],...,v,}

— {(minwij,j € Q). (maxvij, j € %)} (2.10)
J J

where €, and Q. are the sets of benefit criteria/attributes and cost criteria/attributes,
respectively.
Step 4: Calculate the Euclidean distances of each alternative from the ideal

solution and the negative-ideal solution, respectively:

n

Df= | (vy—v)? i=1,....m (2.11)
j=1
n

D;:\ (vij —v7)% i=1,...,m (2.12)
j=1




2. Basics Concepts and Background 31

Step 5: Calculate the relative closeness RC; for each alternative with respect to
the ideal solution. The relative closeness of the alternative a; with respect to A* is
defined as:

D~
RCi=—"— i=1,...,m (2.13)
D} + D,
Step 6: Rank the alternatives according to their relative closeness to the ideal
solution. The greater RC; is, the better alternative a;. The best alternative is the

one with the greatest relative closeness to the ideal solution.

2.5.3.2 Fuzzy TOPSIS method based on alpha-level sets

The fuzzy TOPSIS method based on alpha-level sets [111] is a distinctive and pow-
erful approach among other fuzzy TOPSIS versions [16, 17, 25, 26, 111]| due to its
prominent advantages of keeping the uncertain information in a better way. This
is the significant difference between the fuzzy TOPSIS method based on alpha-level
sets and other versions. Due to such advantages, the fuzzy TOPSIS method based
on alpha-level sets will be used in this research, therefore, it will be reviewed in short
[111].

Let X = (Zij)mxn be a fuzzy decision matrix characterized by membership func-
tions pz,(v) (i=1,...,m, j=1,...,n)and W = (1, ..,10,) be the fuzzy weights
characterized by p,(z) (j = 1,...,n). If all the criteria/attributes, {c1,...,cn}, are
assessed by using linguistic term sets with the same syntax and semantics, then the
fuzzy decision matrix X has the same dimension and therefore it is not necessary
any normalization. Otherwise, X has to be normalized.

If 2;; = (aij, bij, cij, dij) (i = 1,...,m, j =1,...,n) are trapezoidal fuzzy num-
bers, then the normalization process can be carried out by (the same normalization
process for triangular fuzzy numbers),

ai; bij cij dij

fij: (Taj?jai)?i:17"‘7m;jegb (214>
dj dj dj dj

= (L )i =1, myg e Q. (2.15)
where

d; = mzaxdij,j € Qp, (2.16)

a; = miinaij,j € Qe (2.17)
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where , and €. denotes the sets of benefit and cost criteria/attributes, respectively.

It can be seen that 7;; belong to [0,1], thus, positive and negative ideal solutions
can be defined as A* = {1,...,1} and A~ = {0,...,0}, respectively. For a fuzzy
decision matrix X = (Zij)mxn without normalization, the positive and negative ideal

solutions can be obtained as follows:

P*={a3,... 2k}

= {(maxd;;,j € U), (mina;j,j € Q) } (2.18)
J J
P~ ={xy,...,z,,
'{ - } : (2.19)
= {(mjmaijvﬂ € ), (m]aXdz'j,J €Q)}
Let (rij)a = [(rij)g’(mﬂ')g] and (wj)a = [(wj)é,(wj)g] be alpha-level sets of

7i; and wj, respectively. Then, Eq. (2.13), the relative closeness (RC), RC; of the

alternative a; with respect to A* can be written as:

; (wjrij)?
RC; = a (2.20)
\/Z (wiri)” + 4| 2 (w;(rij 1))2
Jj= Jj=1
where
(wj)k <w; < (w)¥,5=1,...,n (2.21)
(Tz])é < Tij < (T’L])gh] = 17 s 7n7/i = ]-7 s, M (222)

RC; is an interval value based on Eq. (2.20), its upper and lower bounds can
be calculated by utilizing the following simplified pair of fractional programming
models (see [111] for further details):

i (w;(ri;)¥)*
(RCi)Z = Max - - -
Z (wJ(TzJ)a)2+\/Z (wj((T’ij)a—l))Q (223)
Jj= j=
st (wi)k <wj < (w)i,j=1,....,n
> (a5’
(RCi)§ = Min—— S
b)) (w; (rij)§)*+ > (w;((rij)E—1))? (2.24)
1= J

s.t. (w)k <w; <(w)¥,7=1,...,n
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When different alpha levels are set, then, (RC;), = [(RCi)E, (RC;)Y] can be
obtained by solving Eqs. (2.23) and (2.24) respectively. According to Zadeh’s ex-
tension principle (A = |J, a4,,0 < a < 1, A is a fuzzy number) [141], RC; can be

expressed as:

RC; = Ua @ (RCi)a (2.25)

= U, al(RGi)E, (RC;)S],0<a <1
where RC; represents the fuzzy RC of alternative a; based on corresponding alpha
levels from 0 to 1.

For n alternatives, there are usually n fuzzy relative closenesses, which are all
expressed by their alpha-level sets. In order to select a best alternative, these fuzzy
RC need to be defuzzified. The averaging level cuts [77] is used in this memory
because of its the simplest defuzzification method based on alpha-level sets.

Let aq, ..., ak be different alpha levels, the static rating, m(RNCZ-), of alternative
a; can be determined by [77]

(RC)E, + (RCY)Y,

m(EC,) = %Z;( y Vi=1,....m (2.26)

where K is the number of alpha levels.

Finally, the alternatives can be ranked according to the defuzzified value m(RNC'i),

of each alternative.

2.5.4 Hesitant fuzzy sets and hesitant fuzzy linguistic term sets

As mentioned previously, hesitation is quite common in mankind daily life, particu-
larly, when people are in complex or time restriction environment, they are usually
under pressure and hesitate about their choices or decisions. Such an issue must be
handled to make the decision process close to the real world situations. On such a
background, hesitant fuzzy sets (HFS) [98] and hesitant fuzzy linguistic term sets
(HFLTS) |88], as the most two popular fuzzy extended theories, were proposed to
deal with the hesitant information in quantitative and qualitative context, respec-
tively. Due to the fact that DMs or experts might hesitate when they provide their
assessments/opinions in real world EDM problems. Therefore, it seems necessary
to deal with such practical and inevitable issue. Thus, in our research, HFS and
HFLTS will be employed to handle expert’ hesitation for quantitative and qualita-

tive information respectively, which will be reviewed in short as follows.
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2.5.4.1 Hesitant fuzzy sets

Hesitant fuzzy sets was introduced by Torra [98| that is the extension of fuzzy sets to
model the hesitancy in quantitative contexts reviewed in depth [86, 90]. It is defined

as below:

Definition 2 [98] Let M={u1,...,pun} be a set of n membership functions. The
HF'S associated to M, hyy, is defined as:

har : X — p([0,1]) (2.27)
()~ | (@) (228)
neM

where X is a reference set, r € X.
This definition was extended and formalized with the concept of hesitant fuzzy
element (HFE) by Xia and Xu [121]. In their proposal, the HFS was expressed by

following mathematical representation, i.e.,

E ={(z,hg(x)):z € X} (2.29)

where hp(z) is a set of values in [0,1], denoting the possible membership degrees of

the element x € E to the set E. For convenience, they defined hg(z) as the HFE and

H = Uh(x) as the HFSs, a HFE is a subset of HFSs (see [121] for further details).
Torra introduced in [98] the concept of the envelop of a HFE and proved that is

an intuitionistic fuzzy value (IFV) according to the following definition:

Definition 3 /98] Let h be a HFE, the IFV Acny(h) is the envelop of h, in which
Aenp(h) can be represented as (h=,1 —h™) being h~ = min{o|oc € h} and h™ =
max {o|o € h}.

Different operations and properties has been defined for HFSs [98] such opera-
tions together the managing of intuitionistic fuzzy sets and intervals [90] allow us to

interpret HFEs like an interval.

2.5.4.2 Hesitant fuzzy linguistic term sets

Different studies [87, 88, 89| show that when people hesitate under uncertain or
pressure environment, they prefer to use natural language to express such hesitant
information. To model the hesitant information in qualitative contexts, the concept
of hesitant fuzzy linguistic term sets (HFLTS) [88] was introduced and it has drawn
great attention recently |65, 104, 106, 115, 116]

The basic concepts and knowledge of HFLTS are introduced in short as follows

in order that not-familiar readers understand it easily.
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Definition 4 [88] Let S = {s,s,,...,54} be a linguistic term set, a HFLTS, Hg,

on S is an ordered finite subset:

Hg={s,,5,.,,...,5.},s. € S,ce{i,...,j} (2.30)

Example 1 Let S={absolute weak, very weak, weak, medium, good, very good, ex-
cellent} be a linguistic term set and § be a linguistic variable, then, HL(8)={good,
very good} and HZ(8)={very weak, weak, medium} are two HFLTSs on S.

HFLTS is a powerful and useful tool to model the experts’ hesitation and the use
of context-free grammars [88] allows to generate complex linguistic expressions close
to the natural language utilized by human beings in real world [88, 89|, which can be
modelled by HFLTS. This approach has been widely applied to deal with different

decision problems.

Definition 5 [88] Let S = {s,,s,,...,8¢4} be a linguistic term set and Gy be a
context-free grammar. The elements of Gg = (Vi, Vi, I, P) are defined as below:

Vv = {(primary term), (composite term), (unary relation), (binary relation),
(conjunction) }
Vi = {lower than, greater than, at least, at most, between, and, sg,s1,...,Sq}
IeVy
P = {I:: = (primary term)|(composite term)
(composite term) :: = (unary relation) (primary term)|(binary relation)
(primary term) (conjunction) (primary term)
(primary term) :: = s |s1]...|sq
(unary relation) :: = lower than |greater than |at least |at most
(binary relation) :: = between
(conjunction) :: = and}

S,, denotes the comparative linguistic expressions generated by G, which might

be either complex linguistic expressions or single linguistic terms.

Example 2 Considering the context-free grammar, G, introduced in Definition
5 and the linguistic term set S from Example 1, the following complex linguistic
expressions might be obtained:

S

iy

S”2 = at most medium

S, = between good and very good

sz

= at least good

In order to deal with the comparative linguistic expressions, S,,

provided by
DMs or experts, .S, are first transformed into Hg by utilizing the transformation

function Eg,,.
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Definition 6 [89] Let Eg, be a transformation function that transforms Sy into
Hg.

EGH : Sll — HS (2.31)

Based on Eg,,, different expressions, Sy, can be transformed into HFLTSs in
different ways according to their meaning;:

Egy(si) = {silsi € 5},

Egq,, (at most s;)={s;|s; < s; and s; € S},

Eq,, (at least s;)={s;|s; > s; and s; € S},

Eq,, (between s; and s;)={sy|s; < sy < s; and s, € S},

In this research, to carry out computations with complex linguistic expressions
and avoid losing the initial information, fuzzy numbers are used as the transformed
information from Hg.

Once the expressions are represented by Hg, their fuzzy envelop can be obtained
[65].

Definition 7 [65] Let envp(-) be a fuzzy envelop function that transforms Hg into

its fuzzy membership function.

envp(Hg) = T(a, b, c,d) (2.32)

T'(a,b,c,d) being a trapezoidal fuzzy membership function (see [65] for further
details).

In order to facilitate to not-familiar readers the understanding of the process to
obtain the fuzzy envelop based on Hg easily, the process will be briefly reviewed as
follows. According to [65], there are four steps (see Figure 2.9) to obtain the fuzzy
envelop of the HFLTS:

General process to obtain the fuzzy envelope

HFLTS |—>| |Elementsto Parameters of ) Fuzzy
aggregate A=T(a,b,c,d) > |OWA weights [ envelope

Figure 2.9: General process to obtain the fuzzy envelop

(1) Obtain the elements to aggregate: Assume that all linguistic terms s € S are
defined by trapezoidal (triangular) membership functions A* = T(a]z, aﬁ/[, aﬂfw, a']‘“‘%),
k=0,1,...,9, therefore, the set of points of all membership functions of the lin-
guistic terms in the HFLTS H, = {s;, sit1,...,5;},

(i i il i il 2 it i =1 G g
T ={a,,a,,,a; " a\,,a,[ a0, .. a) ,al 7" dl al}
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can be regarded as the set of elements to aggregate.

According to the fuzzy partitions [92], it obtains a’;_l = afw = a’ZH, k=
1,2,...,9 — 1, based on this, the elements to aggregate can be expressed as:
T={da,d, af' ... al jal}
(2) Compute the parameters of the trapezoidal fuzzy membership function: Due to
A =T(a,b,c,d) is a trapezoidal fuzzy membership and 7" = {aiL,aL,aﬂl, ... ,a& , af%

is an ordered set, therefore, a and d can be computed by using min and max operator

respectively, i.e.,

N R R S | T R
a=min{a’,a’ a'", ...,al ,al} =a’,
i (i i it VY R
d=min{a’,a’ ,a't",....a) ;al} =al.

The parameters b and ¢ can be computed by using OWA operator, i.e.,
b=0OWA,, (@' ,a't ... al),

MM ) » M
— i i+1 7
c=0WA_ ,(a},,a5",...,a},).

where s,t =1,2, s#tor s =t.

(3) Obtain the OWA weights: There are different ways to determine the OWA
weights, the following approach defined in Definition 8 is employed (see [37, 65| for
further details)

Definition 8 [37] Let o be a parameter belonging to the unit interval [0,1], the first
kind of OWA weights W1 = (wi,w;, .. .,wi)T 1s defined as:

wi = q, w; =a(l—a), w; =a(l—a)?,. .., w;l =a(l—a)" 2, wi = (1—a)" 1.
The second type of OWA weights W? = (wf, wj, cee wi)T is defined as:
2 _ -1 2 _ -2 2 _ -3 2
2 w, =" w, = (1 -a)"™? w, = (1—-a)" ..., w = (1-aa,
w =(1-a).

n

(4) Obtain the fuzzy envelop: According to previous steps, for a HFLTS Hy,
its fuzzy envelop env,(H) can be obtained as the trapezoidal fuzzy membership
function T'(a, b, ¢, d), (see Figure 2.10), i.e.,

envp(Hg) = T(a,b, c,d)

(ii)

Figure 2.10: The fuzzy envelop of Hy
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Chapter 3

Research Results

This chapter provides a summary of the main proposals developed in this research
memory. Research findings and results will be discussed for each proposal in short.
There are four proposals which are related with the different objectives presented in

the Introduction chapter:

1. A group decision method based on prospect theory for emergency situations.

2. A dynamic multi-attribute group emergency decision making method consid-

ering experts’ hesitation.

3. Managing non-homogeneous information and experts’ psychological behavior

in group emergency decision making.

4. A hesitant group emergency decision making method based on prospect theory.

3.1 Prospect theory for emergency situations under group

decision context

In order to achieve the first objective pointed out in Section 1.2, we highlight the
importance of experts’ psychological behavior in EDM process, and then analyse the
limitations in current GEDM approaches neglecting its consideration. Afterwards,
a group decision method based on prospect theory is proposed to improve current

GEDM approaches and tested on a real-world problem.

3.1.1 Experts’ psychological behavior in EDM

As mentioned previously, due to humans’ psychological behavior affects their decision
making performance, therefore, it plays a very important role in dealing successfully

with decision problems under uncertainty [55, 103|. Consequently, several EDM

39
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studies [33, 34, 107| have considered DM’s psychological behavior achieving successful
results [105, 109, 136].

Nevertheless, the increasing complexity of EDM problems makes that single in-
dividuals cannot cope with such processes in many real world EEs |70]. Therefore,
a group wisdom view makes easier and more effective the decision processes on real-
world complex EEs. However, experts’ psychological behavior in these situations has
been neglected in extant GEDM problems [39, 60, 129] so far, and it seems necessary
to consider it in a similar way to EDM approaches.

To address such a limitation in GEDM problems, we have introduced a new
proposal that aims to develop a GEDM method based on prospect theory that

considers experts’ psychological behavior in the group decision process.

3.1.2 Group emergency decision making method based on prospect
theory

This new GEDM method includes several novelties in addition to the use of PT, all
of them are enumerated and briefly explained below (further detail can be seen in
Chapter 4):

1. This proposal considers a suitable and reasonable group decision scheme for
dealing with the complex EEs that hardly would be successfully managed by a
single DM. Such a kind of decision scheme collects and fuses each experts’ wis-
dom into a group one. The decision results will be more reliable and reasonable

by using a group decision scheme, especially high complex EE.

2. To manage uncertain, vague and imperfect information that is inherent to ex-
pert’s judgements in these complex GEDM problems, interval-valued modelling

is used.

3. Experts’ psychological behavior is considered in the GEDM process by using
prospect theory. The use of PT in GEDM implies the necessity of defining the
Group Reference Point (GRP) concept that reflects the RP of the group. On
top of this concept, the GRP model is defined and calculation of gains and

losses are determined.

In addition, for carrying out fair comparisons with current studies, we have de-
scribed an experimental process on a real case study about a barrier lake emergency
problem. Eventually, several comparisons are carried out to highlight the validity,
feasibility and advantages of this proposal, which not only outstands its importance,
but also enriches the current GEDM approaches.

The article associated to this proposal is the following one:
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L. Wang, Y. M. Wang, L.. Martinez. A group decision method based on prospect

theory for emergency situations. Information Sciences, 2017, 418, 119-135.

3.2 A dynamic multi-attribute group emergency decision

making method considering experts’ hesitation

The dynamic evolution of EEs is fact that has not been comprehensively addressed
so far. Therefore, it has been necessary to analyse which are the main elements that
affect in a relevant way to the successful management of EEs. From this analysis,
different elements can evolve dynamically and change across time in the decision
process of the EE, there are two distinct features among them, i.e., dynamic and
uncertainty. On such basis, it has been introduced and developed a novel dynamic
multi-attribute group emergency decision making (MAGEDM) method under uncer-
tainty that considers all those features for a better managing of the EDM.

3.2.1 Analysis on the features of EEs and related limitations in

current studies

Different features have diverse impacts on the EEs, key features are usually playing a
determinant factor in dealing successfully with the EEs. Therefore, it is necessary to
analyse comprehensively these key features of EEs in order to make the emergency
response more effectively and pertinently. The main results of the analysis and some

related outcomes obtained are briefly enumerated:

1. There are several characteristics of EEs, such as destructiveness, abruptness,
complexity, diffuseness, dynamic evolution, inadequacy, uncertainty and so
on, which from a comprehensive analysis on real world EE problems results
in dynamic evolution and uncertainty that are the most crucial ones in the
process of emergency response and they should be considered with a higher

priority.

2. Regarding the dynamic evolution, current EDM studies have discussed about it
from the perspective of the time variable, however, the EE time evolution may
imply other changes in the features of the EDM problem such as alternatives,
criteria and so forth. Nevertheless, current dynamic EDM proposals consider
that such features remain unchanged across time. It is an obvious defect in
current studies that should be overcome with a novel proposal that can deal

with the changes of all these features.
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3.

Finally, the uncertainty modelling has been discussed in EDM literature by
using interval values for quantitative contexts, and fuzzy linguistic term sets
for qualitative contexts. However, other types of uncertainty can appear in
EDM because of lack of information and time pressure, sometimes it is hard
for experts to elicit their knowledge with single assessments because they may
hesitate among multiple values for assessing alternatives and criteria. Con-
sequently, the modelling of experts’ hesitancy should be provided by EDM
models when such a type of uncertainty appears, though it is not any model

so far that can manage it.

3.2.2 Dynamic MAGEDM method considering experts’ hesitation

To overcome previous barriers, we have proposed a new dynamic MAGEDM method

that deals with the dynamic evolution of EEs considering both the time changeable-

ness and elements of the decision framework (alternatives, criteria, and experts).

At the same time, our proposal deals with different types of uncertainty that are

modelled by using interval values, linguistic term sets, and linguistic expressions

based on HFLTS, so imprecision, vagueness, and hesitancy can be managed with
this MAGEDM method that has the following novelties:

1.

Dynamic evolution is considered in this proposal from a new perspective, this
proposal enlarges the concept of dynamic scope. Additionally, the modelling
of uncertainty based on experts’ hesitancy is first proposed for EDM in this
proposal. The new perspectives of dynamic evolution and the inclusion of new
uncertainties make closer the EDM method to the real world situation, easy

to be accepted and understood.

. Transformation functions for unifying different uncertain information are de-

fined, which provide the convenience for managing different types of uncertain-
ties. Hence, a simple, correct and flexible way for aggregating experts’ opinions
is provided, which keeps as much information as possible during the decision

process.

. A novel method for computing criteria weights by using experts’ assessments

on the importance of each criteria is presented, which facilitates this process

for the problems with high uncertainty.

. A fuzzy TOPSIS method based on alpha-level sets is employed due to its

advantages of keeping uncertain information in the decision process.

. A new selection rule for choosing the best alternative is defined, the new selec-

tion rule not only considers each alternative’s performance at current decision
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moment, but also considers its performance in previous decision moments, ob-
taining a comprehensive result of each alternative, which provides a different

view from current dynamic EDM studies.

To highlight the performance, feasibility and validity of our proposal, we have
conducted several comparisons with different previous methods that are carried out
from different perspectives.

The article associated to this proposal is the following one:

L. Wang, R. M. Rodriguez, Y. M. Wang. A dynamic multi-attribute group
emergency decision making method considering experts’ hesitation. International
Journal of Computational Intelligence Systems, 2018, 11(1): 163-182.

3.3 Managing non-homogeneous information and experts’
psychological behavior in group emergency decision

making

During the research developed for previous proposals regarding GEDM, it was de-
tected that there are still several issues that have not been successfully addressed
yet, such as the following ones:

(1) In real world emergency problems, there are different types of information
regarding the EEs, however, none previous proposals considers different types infor-
mation at the same time, therefore, it seems necessary and convenient to propose a
new decision model to deal with such an issue.

(2) Experts’ psychological behavior has been proven that is crucial in the GEDM
process, however, there is no proposal considering such an important issue in fuzzy
emergency decision environment so far, therefore, it will be included and managed
in this proposal.

(3) The CRPs used in GEDM approaches deal just with numerical values, and are
not suitable for fuzzy information, additionally, they have a high time cost because
of the supervised feedback mechanism that should be softening in GEDM problems
due to time restrictions.

(4) The criteria weights determined in existing EDM approaches [33, 68, 107, 109]
are provided by DMs, however, it is a big challenge for DM to provide reasonable and
scientific criteria weights, especially, when he/she is under pressure in time restriction
decision environment, therefore, a novel way for determining criteria weights seems
necessary to be explored.

In order to address previous issues, a new GEDM proposal will be developed
with the aim of filling these gaps in existing GEDM studies. Therefore, the third
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objective mentioned in Section 1.2 can be reached. Such a new method is composed

by the different phases depicted in Figure 3.1 and briefly explained below.
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Figure 3.1: Scheme of the processes of our proposal for GEDM

3.3.1 Managing non-homogeneous information

To enrich and enlarge the types of information that can be used in GEDM studies,
four types of information (numerical values (IV), interval values (I), linguistic terms
(S), comparative linguistic expressions (Sy;)) are considered in this proposal. To
operate with such a non-homogeneous information, an unification process will be
applied and corresponding transformation functions used as defined if needed.

In this proposal, different types of information are unified by trapezoidal fuzzy
numbers, in order to keep the uncertain information as much as possible during the
decision process. The transformation functions for different types of information are
shown in Figure 3.2.

Several transformation functions have been already introduced in previous re-

search [106], but they are adopted for our needs in this proposal as follows:

1. For numerical values N, they are first normalized into the interval [0,1] and then
a transformation function T is utilized to transform them into trapezoidal

fuzzy numbers.

Let R be the domain of the numerical values, NZ-}; be the numerical value pro-
vided by the h-th expert over the ¢-th alternative concerning the j-th criterion,
N[;- is normalized into the interval [0,1], as follows:

h
N

9 = 3
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Transformation Functions

/ h
Numerical values N i =(4,9.9,9)
NomereElvall N, 70> ! >
. _
I I I N r = ] ) 1
nterval values | T :[ﬂ,ﬁ]_)rijh i =(B.B.B.B) >
o et h_gphl h2 ,h3 h4
Linguistic terms § R T'(ab,cd) f _(rij N )
i 1Ny Ly _
Comparative linguistic h (I’hl (2 s h4)
expressions N \ i =Vt b T )
Input {?nVF (EQ-{ 0)=T @b d’ Output

Figure 3.2: Transformation functions for different types of information

where ¥ € [0,1], N* = max 7{Ni]}}, 1=1,2,...,m,j=1,2,...,n.
h=12,..K

Definition 9 [105] A numerical value is transformed into a trapezoidal fuzzy

number by utilizing a transformation function Ty :
Ty :[0,1] = 1}

Tn(9) = r;; = (0,9,9,9)

2. The interval values I are first normalized into |0,1] and then a transformation

function 77 is utilized to transform them into trapezoidal fuzzy numbers.

Let [¢7,€Y] be the domain of the interval values, let [d, dU]?j be the interval
values provided by the h-th expert over the i-th alternative concerning the
J-th criterion, where [dL,dU]?j € [¢¥,¢Y]. The interval values [dL,dU]?j are

normalized into [3, 8] as follows:

L __¢L —= U __¢L
b=gr and f=i=g

The transformation function 77 is defined as follows:

Definition 10 [105] An interval value is transformed into a trapezoidal fuzzy

number by utilizing a transformation function Ty :
TI : [ga B] - T%

Ti(B,B) = ri; = (8,5.5,8)
where 3,3 € [0,1] and 8 < B.
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3. The linguistic terms s, € S = {sg,s1,...,54} are represented by trapezoidal
fuzzy numbers that we assume that are normalized in [0,1]. Therefore, the
expert ep, provides his/her opinions over the i-th alternative concerning the
Jj-th criterion as a linguistic term s that is represented by a trapezoidal fuzzy

h _ (..hl .h2 h3 ,h4
number T = (Tij ST T T ).
4. The comparative linguistic expressions, xZ € S); are transformed into HFLTS

by Eg, () and its fuzzy envelop envp(-) obtained by [65],
envr(Eq, (m?j)) = ﬂ?(a, b,c,d) = rlhj

Eg,, is a function that transforms the linguistic expressions obtained by us-
ing G, into HFLTS [89]. ﬂ?(a,b, ¢,d) is a trapezoidal fuzzy membership
function (see Section 2.5.4.2) corresponding to the trapezoidal fuzzy number

h (T,hl h2 .h3 h4).

Tig = Tig s Tig s Tig s 145

3.3.2 Fuzzy linear programming-based consensus model

It has been already pointed out the lack of GEDM approaches applying low-cost
consensus reaching processes and able to deal with fuzzy information. Therefore,
to achieve agreed solutions in our GEDM method, we propose a CRP before the
application of the TODIM able to deal with fuzzy information and that guarantees
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