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Abstract: Natural disasters and emergencies continue to increase in frequency and severity
worldwide, necessitating robust emergency management (EM) systems and evaluation
methodologies. This study addresses critical gaps in current emergency response capac-
ity (ERC) evaluation frameworks by developing a comprehensive quantitative decision-
making model to assess ERC more effectively. This research constructs a systematic ERC
assessment framework based on the four phases of the disaster management cycle (DMC):
prevention, preparedness, response, and recovery. The methodology employs multi-criteria
decision analysis to evaluate ERC using three distinct information representation envi-
ronments: intuitionistic fuzzy (IF) sets, linguistic variables (LV), and a novel mixed IF-LV
environment. For each environment, we derive appropriate aggregation operators, weight
determination methods, and information fusion mechanisms. The proposed model was
empirically validated through a case application to emergency plan selection in Shenzhen,
China. A statistical analysis of results demonstrates high consistency across all three de-
cision environments (IF, LV, and mixed IF-LV), confirming the model’s robustness and
reliability. A sensitivity analysis of key parameters further validates the model’s stability.
Results indicate that the proposed decision-making approach provides significant value for
EM by enabling more objective, comprehensive, and flexible ERC assessment. The indicator
system and evaluation methodology offer decision-makers (DMs) tools to quantitatively
analyze ERC using various information expressions, accommodating both subjective judg-
ments and objective metrics. This framework represents an important advancement in
emergency preparedness assessment, supporting more informed decision-making in emer-
gency planning and response capabilities.

Keywords: emergency response capacity; emergency management; integrated assessment;
mixed information; MADM

MSC: 62C86; 68U35

1. Introduction

In recent years, major emergencies have occurred with increasing frequency world-
wide, seriously affecting social structures and economic development [1,2]. With rapid
economic and social development and profound transformation, various predictable and
unforeseeable risk factors have increased significantly [3,4]. Against this background, all
countries are striving to enhance their ERC for public emergencies and are working dili-
gently to improve their national EM systems [5,6]. Effective management of ERC presents
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a huge challenge for DMs and has become a research topic of great significance world-
wide [7,8]. While academia has made numerous efforts to strengthen EM in recent years,
and despite some progress, ERC in actual disaster situations remains quite limited [9].
One of the important reasons for this limitation is the failure to effectively assess the ERC
of emergency management entities (ESs), resulting in unqualified emergency plans and
methods that adversely affect actual rescue operations [10,11].

ERC is a comprehensive ability to deal with emergencies such as natural disasters, pub-
lic health emergencies, and public security incidents, and it constitutes an important part
of disaster EM [12,13]. ERC comprises multiple interacting systems, encompassing capabil-
ities for rapid response after emergencies, commanding and handling emergencies, issuing
emergency information, organizing emergency evacuation, saving lives, and protecting
property and the environment, among others [14]. The important role of ERC in disaster
reduction has been widely recognized, and exceptional ERC can facilitate emergency rescue,
prevent economic losses and environmental problems, and control and mitigate the impact
of disasters [15].

Improving disaster ERC is of great significance for effectively reducing disaster losses,
which prompts relevant EM agencies to discover and correct problems in current emergency
preparedness through scientific assessment of ERC. The ERC assessment process consists
of three main steps: (1) establishing an index system for evaluating ERC according to
practical problems; (2) evaluating each index; (3) developing an aggregation method to
systematically integrate individual evaluations to obtain the final result. The results of the
ERC assessment can be used as feedback information to improve the status quo of EM and
optimize emergency plans [16]. Therefore, the assessment of ERC serves as a foundation
for strengthening the EM of emergencies.

While previous research has made significant progress in ERC evaluation, several
critical gaps remain in current approaches:

1.  Incomplete indicator systems: Existing ERC evaluation frameworks often lack com-
prehensive coverage of all disaster management cycle phases, with most focusing
only on the response phase while neglecting prevention, preparedness, and recovery
phases [17,18].

2. Limited information expression methods: Current evaluation approaches typically
employ single information representation forms (e.g., clear numbers, fuzzy sets),
which fail to capture the complexity of subjective judgments and the heterogeneity of
expert opinions [19,20].

3. Inadequate uncertainty handling: Most existing models struggle to effectively ad-
dress different types of uncertainties simultaneously, including fuzziness, hesitancy,
and incompleteness in evaluation information [21,22].

4.  Inflexible evaluation processes: Current methods often lack the flexibility to adapt to
different decision contexts and information availability, constraining their practical
applicability in diverse emergency scenarios [23].

5. Insufficient quantitative analysis: Many existing approaches are predominantly
qualitative, lacking rigorous quantitative analysis capabilities to provide actionable
feedback to emergency management departments [24,25].

To address these significant gaps, this paper proposes an integrated decision-making
model for the assessment of emergency response capacity. The following motivations and
innovations drive this study:

(1) Addressing the problem of imperfections in the current ERC evaluation index
system, this paper reconstructs the index system under the guidance of DMC, investigates
the ERC from the main aspects of prevention, preparation, response, and recovery, and en-
hances the practicability, standardization, scientificity, and feasibility of the index system;
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(2) Considering the shortcomings of existing methods in reflecting the complexity
of objective phenomena and the fuzziness of human cognitive processes, this paper fully
considers the convenience and accuracy of providing evaluation information for DMs
and develops an information expression method that functions effectively in IF, LV, and
mixed IF-LV environments;

(3) Under the decision-making background of IF, LV, and mixed IF-LV, multi-expert,
multi-attribute, decision-based ERC evaluation methods are designed to provide EM
departments with a flexible way to evaluate the ERC of ESs, offering an effective tool for
EM performance evaluation and decision-making under uncertain environments;

(4) To demonstrate and validate the proposed method, it is applied to a decision-
making problem involving emergency plan selection in Shenzhen City, China, where
the evaluation results verify the validity and consistency of the decision-based ERC
evaluation model.

The key contributions of this study are highlighted as follows:

* Development of a comprehensive ERC indicator system: We construct a holistic
evaluation framework that systematically integrates all four phases of the disaster
management cycle (prevention, preparedness, response, and recovery), providing a
more complete assessment of emergency response capacity.

*  Creation of a tri-environmental decision model: We establish a novel decision-
making framework that operates seamlessly across three information environments
(intuitionistic fuzzy, linguistic variable, and mixed IF-LV), allowing for more flexible
and accurate expression of expert evaluations.

*  Design of enhanced aggregation methods: We propose OWA-based soft likelihood
function aggregation operators that effectively handle various types of uncertainty
while preserving evaluation information integrity during the fusion process.

e Introduction of the mixed IF-LV environment: We develop an innovative approach
that allows simultaneous use of different information representation forms, accommo-
dating expert preferences and enhancing evaluation accuracy through intuitionistic
uncertain linguistic variables.

¢ Validation through real-world application: We empirically validate the proposed
model through application to emergency plan selection in Shenzhen City, demonstrat-
ing its practical utility and providing a decision support framework for emergency
management practitioners.

The remaining parts of this paper are structured as follows. The literature related
to emergency response capacity is outlined in Section 2. The integrated decision-making
model for ERC assessment is proposed in Section 3. Section 4 describes the application
case of the proposed model in emergency management. The results are analyzed and
discussed in Section 5. Finally, Section 6 summarizes the conclusions of this paper and
makes recommendations for future work. For clarity and ease of reference, Table 1 provides
a comprehensive list of all abbreviations used throughout this paper.

Table 1. Summary table of research terms and their abbreviations.

Term Abbreviation
Emergency management EM
Emergency response capacity ERC

Disaster management cycle DMC
Intuitionistic fuzzy IF

Linguistic variables LV

Decision-makers DMs
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Table 1. Cont.

Term Abbreviation
Multi-attribute decision-making MADM
Emergency subjects ESs
Ordered weighted averaging OWA
Technique for order preference by similarity to ideal solution TOPSIS
Emergency alternatives EAs
Evaluation experts EEs
Evaluation indicators Els
Intuitionistic uncertain linguistic variables IULV
Emergency management bureau EMB
Entropy weight EW
Analytic hierarchy process AHP

Preference ranking organization method for enrichment evaluations PROMETHEE

2. Literature Review

This section first introduces ERC and then analyzes the research status of ERC as-
sessment. An overview of the application of MADM methods to the ERC evaluation is
provided at the end of this section.

2.1. Emergency Response Capacity

An incident or emergency is defined as a situation that may cause harm to a population
or damage to property [26]. The types of emergencies mainly include natural disasters,
security disasters, public health crises, and social security crises, which have become the
primary focus of EM [27,28]. According to the cycle of EM, the handling of emergencies
is usually divided into four stages: prevention, preparation, response, and recovery [29].
Emergency response refers to the preparations and measures taken by emergency manage-
ment entities in response to emergencies, with the purpose of preventing the occurrence of
disasters, providing effective response and recovery guidance, and minimizing the losses
caused by disasters [30]. Emergency response should not only focus on the response phase
during a disaster but also encompass all phases of the entire disaster management cycle.
ERC is a key element for assessing the effectiveness of EM, including the ability to prevent
and prepare before disasters, the ability to deal with emergencies during disasters, and the
ability to recover after disasters.

2.2. ERC Evaluation

ERC assessment is an important basis for scientifically guiding emergency capacity-
building [31]. Through ERC assessment, it is possible to continuously improve EM, en-
sure the effectiveness of emergency plans, help emergency responders improve rescue
capabilities, and evaluate the progress of emergency preparedness before disasters [32].
The following section introduces the research status of ERC assessment in various countries
and summarizes and analyzes their characteristics.

Developed countries such as the United States and Japan have well-established EM
systems, focusing on systematic and comprehensive assessments of ERC [33,34]. The
United States was the first country in the world to implement the evaluation of government
ERC. In recent years, the United States has nearly completed the evaluation of ERC across
management functional departments and has constructed an ERC evaluation indicator
system that includes 56 elements, 209 attributes, and 1014 indicators [35,36]. Japan, being a
country with frequent earthquake disasters, has found it particularly important to establish
an effective EM system. To this end, Japan has formulated basic guidelines for crisis
management to evaluate ERC and developed an evaluation framework encompassing
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more than 10 aspects such as emergency reserve, communication systems, and disaster
reduction training, aimed at improving the capacity of disaster prevention and crisis
management [37]. China’s 14th Five-Year Plan and the Outline of Vision 2035 propose
to significantly enhance ERC and put forward requirements for improving the national
EM system [38,39]. ERC is an important aspect of EM capacity-building, focusing on
making effective responses in the shortest time after an emergency to reduce casualties and
property losses. As a result, various quantitative methods [40-42] have been proposed for
ERC evaluation.

Based on the above overview, it is clear that many countries have recognized urgent
needs for ERC and its assessment. There is a pressing need to build a systematic ERC
evaluation index system for emergencies, as well as a set of scientific evaluation approaches.

2.3. MADM in ERC Evaluation

The ERC evaluation is essentially a multi-attribute decision-making (MADM) problem
with many criteria and sub-criteria [42,43]; consequently, among many ERC evaluation
methods, MADM-based evaluation methods are widely employed [44,45]. To evaluate
ERC, the hybrid fuzzy method based on fuzzy AHP and a two-tuple fuzzy linguistic
method was introduced relatively early [42]. The quantitative ERC evaluation method for
miners [41] was applied to engineering practice to verify its effectiveness in selecting safe
employers and reducing the occurrence of human-made mine accidents. For the assessment
of marine oil spill ERC, Jin et al. [46] established an evaluation index system and used an
advanced AHP method and a fuzzy comprehensive evaluation method to determine the
ERC level. In addition, interval binary linguistic information was adopted to construct a
multi-criteria comprehensive method for ERC assessment [47], which has proved to be a
flexible method for effectively addressing ERC perception and evaluation. To solve the
problems of incompleteness, inaccuracy, subjectivity, and uncertainty of information in
emergency decision-making, a g-rung fuzzy decision-making method [48] was proposed
based on weighted distance approximation.

In recent years, emergency support capacity (ESC) assessment methods have been
widely studied [49,50]. For example, the fuzzy MADM approach and multi-objective opti-
mization model were combined to establish an efficient two-stage evaluation and selection
framework to determine the optimal emergency material location allocation for river chem-
ical spills response plans [51]. The TOPSIS method based on multi-granularity linguistic
information was developed to evaluate the performance of emergency logistics [52], and
its effectiveness and reliability were verified by its excellent performance in earthquake
scenarios. In order to improve the ESC of fire stations, researchers in [53] identified the
influencing factors of fire station emergency rescue capacity and established an evaluation
system. Mohammad et al. [54] studied the ERC of hospitals in emergencies, applying
the TOPSIS method to define the index of hospital emergency and ranking the resilience
of hospitals in disasters. Although the existing literature provides useful guidelines for
ERC evaluation, the current evaluation indicator systems are neither comprehensive nor
systematic, and furthermore, they do not offer experts sufficiently flexible methods of
expressing information.

3. An Integrated Decision-Making Model for the Assessment of ERC

In this section, a comprehensive integrated evaluation model of emergency response
capacity is constructed based on the perspective of decision-making. First, the ERC evalua-
tion indicator system is proposed based on a literature analysis and expert research. Second,
a systematic description of the ERC evaluation problem is presented. Thirdly, an ERC
evaluation model under intuitionistic fuzzy and linguistic environments is proposed. In ad-



Mathematics 2025, 13, 1772

6 of 24

dition, an ERC evaluation method in the mixed IF-LV decision-making environment is
provided. Finally, the prototype of ERC evaluation is summarized and sorted out.

3.1. The Evaluation Indicator System for ERC

In this study, an indicator system for assessing emergency response capacity is con-
structed from the perspective of the disaster management cycle, i.e., prevention, prepared-
ness, response, and recovery. Taking the disaster management cycle as the main reference,
this paper systematically develops an evaluation indicator system of emergency response
capacity through the literature review and expert research methods. Emergency response
capacity is a comprehensive ability to deal with emergencies [42]. According to the disaster
management cycle [29], emergency response is divided into four stages, namely, prevention,
preparation, response, and recovery, and four corresponding indicators are constructed:
disaster prevention and mitigation capacity, emergency material preparedness capacity,
emergency process capacity, and disaster recovery capacity.

In the prevention stage, various preventive measures should be taken to eliminate
the possibility of disasters or, at minimum, reduce possible damage [55]. Therefore, this
stage needs to focus on the ability to prevent and reduce disasters (denoted as B;). The
main tasks of the preparation stage include developing different types of emergency
plans and improving the ability to mobilize available emergency resources in the event
of a disaster [55]. Therefore, this stage should evaluate emergency material preparedness
capacity (denoted as B,). During the response phase, contingency plans should be activated
to minimize casualties and losses [29], requiring emergency process capacity (denoted as
Bs) to be adequate. The recovery phase refers to the need to start the recovery plan as
soon as possible after the disaster to restore society and life to their original states [29],
necessitating the evaluation of disaster recovery capacity (denoted as By).

In order to evaluate ERC more effectively, each indicator is further subdivided based
on literature research. To evaluate disaster prevention and mitigation capacity (B1), indi-
cators such as prevention capacity, means, and effects need to be considered; to evaluate
emergency preparedness capacity (By), it is necessary to pay attention to indicators such as
emergency material reserves, emergency plan formulation and drills, and safety education;
to evaluate the emergency process capacity (Bs3), it is necessary to examine indicators such
as the speed of emergency rescue, the ability to coordinate command, and the quality of
information dissemination; and to evaluate the recovery capacity (B4), indicators such
as post-disaster reconstruction, the ability to assess and improve the disaster response
process, and social resilience need to be examined. The constructed sub-indicators with
their specific descriptions and related references are shown in Table 2.

In addition, in order to make the constructed ERC evaluation indicator system more
robust, this study invited more than ten experts in the emergency field to provide guidance
to further enrich the system. The specific revisions are as follows. First, publicity and
education on disaster prevention and mitigation is very important in the stage of prevention,
which can fundamentally cultivate people’s emergency awareness, so this sub-indicator
is added to By; secondly, all kinds of emergency materials stored should have sufficient
capacity to be mobilized, so the ability to mobilize emergency resources is included in By;
thirdly, for all kinds of emergency plans formulated in the preparation stage, being able to
start in time when needed is an important guarantee for them to play a role, so the ability to
start emergency plans is included in B,. In addition, secondary disasters should be avoided
in the disaster area during the rescue process; finally, the ability to start the plan in the
recovery phase needs to be investigated, so the sub-indicator is added in B4. The indicators
obtained through the expert survey are marked in Table 2, and in order to clearly show the
structure of the ERC evaluation indicators, Figure 1 provides a structured description.
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Table 2. The specific meaning of the indicators.

Indicator & Stage Sub-Indicator Meaning References
Monitoring and forecasting capacity Identify possible disasters in advance [42,56]
Disaster prevention & Warning and forecasting instrument ~ Various monitoring and forecasting equipment [36,56]
mitigation capacity Warning and forecasting accuracy Provide accurate basis for disaster prediction [42]
(Prevention stage) Publicity and education of Provide effective publicity and education for disaster o
. . . . : Proposed in this study
disaster prevention and reduction prevention and reduction
Security education training Adequate safety training for emergency departments [56]
Emergency material Emergency resource mobilization Timely and effective mobilization of emergency materials Proposed in this study
preparedness capacity Emergency resource reserve Reserve various emergency supplies (technical, material, [36,42]
(Preparedness stage) and rescue personnel, etc.)
Emergency plan simulation exercise ~ Prepare contingency plans and fully rehearse [56]
Emergency plan activation Successful activation of established emergency plans in disasters ~ Proposed in this study
Collaboration capacity Coordination among emergency subjects to deal with disasters [42,57]
Emergency process . e . : o . . .
capacit Information transmission capacity Timely and accurate transmission of information between subjects  [58]
(RIe) s or}ise stage) Rescue speed Time from disaster occurrence to effective rescue [36,42]
P & Command capacity Effectively organize multiple departments to respond to disasters  [42,50]
Prevent secondary disasters Rescue operations should not bring any secondary damage Proposed in this study
. Recovery plan initiation Successful start of recovery plan after disaster Proposed in this study
Disaster recovery . . .
capacit Social support system Take various measures to restore normalcy and social order [42,59]
(chovzr stage) Evaluation and summary Conduct disaster and management evaluations [56,59]
ystag Reconstruction capacity Rebuild disaster-damaged infrastructure and residential buildings  [42]
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Figure 1. The evaluation indicator system for ERC.

3.2. Problem Description of ERC Assessment

An emergency response capacity assessment problem can be described as follows. The
set of emergency alternatives to be evaluated is expressed as EA = {eay,eay, - - - , ea,, }. Mul-
tiple evaluation experts from related fields form a set EE = {eej, ee, - - - , eeq}, and the corre-
sponding weight is Wgg = {wee,, Weey, - - - , weeq}, which satisfies wee, > 0, and Y wee, = 1.
The set of evaluation indicators is denoted as EI = {eiy, e, - - - , ei, }, and the corresponding
weight is Wgp = {wWej,, Wiy, - - -, Wei, }, which satisfies Wei; > 0, and L wei; = 1. Decision
information in ERC evaluation is expressed in two ways: intuitionistic fuzzy information
and linguistic variables. The following describes the evaluation information expression in
the two forms, respectively.

(i) Intuitionistic fuzzy information.

Intuitively fuzzy information is used to express expert ee;’s assessment of the emer-
gency response capacity of emergency alternative es; under evaluation indicators ei;, which
is expressed as IFF = (i i’;)m xn, Where i fllj = < Mg Vi > is an intuitionistic fuzzy
number, i={1,..m},j={1,..n}, k={1,..q} Vif,-’j and Vif,-’j-’] reslf])ectively, represent the degree
of membership of ea; under ei; as “good” and “bad”.

(ii) Linguistic variables.

Linguistic variables are employed to represent expert ee;’s evaluation of the ERC
of ea; under eij, which is denoted as LVk = (lvé‘j)mxn. Linguistic variables are de-
fined on a linguistic term set S = {sg,s1,...,Sg}, where ¢ is an even number, and lvifj
can be a single linguistic term lv;‘j = sy or a linguistic term interval Zvi-‘]- = [(Zvi-‘]-)’,
(lvz-‘j)*'] = [sx,syl,x < y. Both of these two forms can be uniformly expressed as
Lvk = (lvifj)mxn = [(lvifj)_, (lvfj)*] = [sx,sy],x < y. For instance, with regard to
S = {so : bad,s; : medium,s, : good}, lvif]. = [s1,s2] represents the upper-moderate
performance of the ERC evaluation of ea; under ei;.

The ultimate goal of the ERC assessment problem is to evaluate and rank the emer-
gency options based on their performance in emergency response capacity and finally
select the most advantageous plan for emergency response.



Mathematics 2025, 13, 1772

9 of 24

3.3. Summary of Mathematical Notation

To enhance readability and facilitate understanding of the mathematical formulations
in subsequent sections, Table 3 presents a summary of the key notation used throughout
this paper.

Table 3. Summary of key notation used in the ERC assessment model.

Notation Description

EA = {eay,eap,--- ,ean} Set of emergency alternatives to be evaluated

EE = {eey,eer, - -+ ,eeq} Set of evaluation experts

WEE = {Wee,, Weey, + -+, Wee, }  Weight vector of experts

El = {eiy,eip, - -+ ,eiy} Set of evaluation indicators

WEr = {Wei,, Weiy, -+ ,Wei, }  Weight vector of indicators

i fllj = < Hipe, Vigk > Intuitionistic fuzzy evaluation of alternative ea; under

Yl g

indicator ei; by expert eey

Hifks Vg Membership and non-membership degrees in IF evaluation

gl gl

lvi-‘j = [(lvf]) -, (lv;‘j)ﬂ Linguistic variable evaluation of alternative ea; under
indicator ei; by expert eey

S = {s0,51, S8} Set of linguistic terms with ¢ as even number

MIXEDK = (mixedf.‘].)m X Mixed evaluation matrix from expert ee

iul vé‘j Intuitionistic uncertain linguistic variable representation

a€[0,1] Attitude parameter of decision-makers in aggregation

Dir, Drv, Diury Deviation of expert evaluations in different environments

E(eij), E(eij), E*(eij) Entropy functions for indicator weight determination

With this notation defined, we can now proceed to present the ERC assessment
modeling process.

3.4. The Prototype of the ERC Assessment

The proposed decision-making model for the assessment of ERC is more clearly
described by a flowchart, as shown in Figure 2. When the ERC evaluation begins, a decision-
making expert group is first established to further build an evaluation indicator system
and then complete the collection of evaluation information. Regardless of the decision
environments (IF/LV /mixed IF-LV), a decision matrix is constructed based on the obtained
evaluation information. Of course, if it is a mixed environment, it is necessary to unify the
IF and LV into the IULV representation. Then, the OWA-based soft likelihood function is
used to calculate the weight of different experts, and then the evaluation information of the
experts is combined. Based on the fused decision matrix, the weight of the indicators is
calculated, and then the information under different indicators is combined. Additionally,
the alternatives are sorted by their scoring function. Finally, the best emergency alternative
is recommended according to the ERC evaluation.

3.5. ERC Assessment Modeling Process in IF and LV Environments

STEP 1: Obtain ERC assessment matrices.

The formed expert group in the emergency field will evaluate the emergency response
capacity of each alternative based on their own judgment. The evaluation information
is based on intuitionistic fuzzy numbers or linguistic variables, which are represented as
decision matrices [Fk = (i fl-’;)mxn and LVk = (lv{-‘j)mxn, respectively.

STEP 2: Calculate the weight of different experts.

In view of the different backgrounds and professional abilities of experts, in order
to minimize the difference between group evaluation information, i.e., to enhance the
consistency of experts’ evaluation, this study constructs an optimal method for determining
the weight of experts in ERC evaluation based on the minimization of dispersion [60].
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Figure 2. The flowchart of the integrated decision-making model for the assessment of ERC.

(i) In intuitionistic fuzzy environments,

q m n
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mxn

)

q
tij = Z Weey Tk
k=1 1
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9
Z Wee, = 1
k=1

where Dir indicates the deviation of all experts” evaluation information, w,,, indicates
the weight of expert eey, 7j; indicates the group ERC assessment on ea; under ei;, and
Tifk denotes the defuzzified version of i fll;, meaning a scoring function, defined as
i
Ti l]; = }li z}j _Vifi];(l - #’ff; _Vif,‘}}) [61]
(ii) In linguistic information environments,

1 q m n _
min Diy = X ];week Z L (lglvf.‘j 7gi]‘|)
= i=1j=1
5=
8ij = Weey 8k,
1 = k UI] (2)
5.t.S Wee, € [0,1]

q
Z Wee, = 1
k=1
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where Dy indicates the deviation of all experts” evaluation information, wee, indicates the
weight of expert ee;, g;j indicates the group ERC assessment on ea; under ei;, and glvg de-
notes the scoring function of lviFj, defined as 8ok = (y + x) /209, where lvi.‘j = [sx,8y),x <.

STEP 3: Aggregate evaluation information from multiple experts.

In this step, several aggregation operators based on soft likelihood functions [62-64]
are presented to the combination of experts’ evaluation information in intuitionistic fuzzy
and linguistic environments, respectively.

(i) In intuitionistic fuzzy environments.

The ERC assessment from expert ee, for alternative es; against indicator ei; is
£
multiple experts is defined by the OWA-based soft likelihood function as

iff = < 1 £ v; 7 >, and the aggregation operator of the evaluation information of

. .1 . D .
ify=iff@iff @ @if]
k Sk*l . k

9 1] 1-a ij —a q l] 7] 1-a 1] 1 4
= O o« — T Y — 3
< LD e g Lg% = g T > ®

k=1

< PifyVify =

where S;; = ZZ:l Wee, and Sk Zt 1Wee s, O is an index function, and 0’ i indicates
%ij
the index of the tth largest importance weight of Wgg. Let Sloj = 0. Then A and ¢ are

two index functions, and p + and v indicate the indices of the tth largest elements

if,." if;)"
of {y, flr oo M fz} and {v; 11 i v, f,.‘;.}' o ]6 [0,1] is a parameter representing the attitude
characteristic of decision-makers. The smaller « means that decision-makers are pessimistic,
and vice versa [65].
(ii) In linguistic information environments.
Based on the above intuitionistic fuzzy aggregation operator and the literature [64],
the aggregation operator in the linguistic environment can be defined as

lvljflv @lv P - @lv?.
;i — Sk E (lo)+

:wiw%¥—<”rﬁﬁﬁ ﬂfwilis%—w—lfﬂn—i—] @)
Sij Sij ol S A Sij Sij =1 U

where [v;; = [(lvj;)~, (lv;;) "] represents the aggregation result of the evaluation informa-
tion from g experts.

STEP 4: Calculate the weight of ERC evaluation indicators.

This paper determines the weight of indicators based on the idea of entropy. According
to the information entropy theory, entropy is inversely proportional to importance, which
leads to the following calculation of weights in two decision-making environments.

(i) In intuitionistic fuzzy environments.

The weight of ERC evaluation indicator ei; can be calculated as

1-— E(eij) (5)
Wy = —
G n - Y1 E(eij)
in which E(-) is the entropy function of an intuitionistic fuzzy set, denoted as
1 o min(pig, Vir,) + (1= pig, — Vir)
81] % 2 ] ] ] ] (6)

i=1 ma'x(‘ulfl']'/ lfl]) (1 - ]’llf,] - Vlfl])
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The weight vector of ERC evaluation indicators can be obtained by normalization,
expressed as Wej = (Wei,, Wiy, * *+ , Weiy,) L -
(ii) In linguistic information environments.
The weight of ¢i; can be defined as
Wei; = % @)
n—Yiq E(eij)

in which E(-) is the entropy function of the interval number, denoted as [64]

1

Blei) = 5 350 = 20(00) - 32+ (0)* - %) ®

SN

The weight vector of ERC evaluation indicators can be obtained by normalization,
expressed as W = (Weiy s Weiy, - - - , Wei )T

STEP 5: Sort emergency alternatives according to ERC.

Combining the aggregation operators in STEP 3 and the ERC indicator weight in
STEP 4, the aggregation methods of indicators in two decision environments can be
given, respectively, and then the ranking of emergency alternatives can be determined by
scoring function.

(i) In intuitionistic fuzzy environments.

The ERC assessment information of alternative ea; against indicator ei; is obtained
asifij = < Hifyr Vif, > and the weight of ERC evaluation indicator ei; is Wei;, SO the
aggregated information of alternative ea; can be calculated by using Equation (3) as if; =<
Wi, Vif, >. Further, the scoring function of if; can be obtained as r;;, = p;f, — vifl.(l —
Hif, — Vif,). By comparing the value of 7, the strengths and weaknesses of the emergency
alternative in terms of ERC performance can be determined, and the final decision can be
made.

(ii) In linguistic information environments.

The linguistic ERC assessment of alternative eq; against indicator ei; has been ob-
tained as [v;; = [(lv;;)~, (lv;j) "], and the weight of ERC evaluation indicator ei; is Wei;,
so the aggregated information of alternative ea; can be calculated by using Equation (4)
as lv; = [(Iv;)~, (Iv;) "] = [sx,sy]. Further, the scoring function of [v; can be obtained as
710, = (y + x)/2. Similarly, the performance of the emergency response capacity of each
alternative in the linguistic environment can also be determined by comparing the value of
7. Finally, the optimal alternative can be selected naturally.

3.6. ERC Assessment in a Mixed IF-LV Environment

In order to make ERC assessment a more flexible information expression, this paper
adopts three decision information input methods. In addition to the intuitionistic fuzzy and
linguistic environments introduced above, it also allows the use of IF-LV hybrid methods
to input data in the evaluation. In what follows, the mixed form of ERC evaluation method
is highlighted. To facilitate ERC evaluation, two information expression methods (i.e., IF
and LV) are provided to experts, which can be switched arbitrarily in the decision-making
process. The evaluation of the performance of expert e for alternative ea; against ei; is
expressed as MI XEDk = (mixedi-‘j)mxn, including IF and LV.

In order to effectively deal with the mixed matrix, this paper introduces the concept of
intuitionistic uncertain linguistic variables (IULV) [66]. It consists of two parts, i.e., uncertain
linguistic variables and an intuitionistic fuzzy set. The former is employed to express the
decision-maker’s judgment on the evaluation object, and the latter expresses the confidence
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of the judgment. In this study, the mixed decision matrix is transformed into the IULV
representation, showing both intuitionistic fuzzy information and linguistic variables.

Let a linguistic term set be S = {sg,s1,...,5¢}; an uncertain linguistic variable can
be represented as s = [sy, sy], which means that the degree of satisfaction of the eval-
uated target is [sy,s,]. Let the confidence of the evaluation be expressed as an intu-
itionistic fuzzy number < pz, vz >, then the intuitionistic uncertain linguistic variable
is defined as (5, < ugz vz >). Next, the methods of converting IF and LV to IULV are
introduced, respectively.

(i) For intuitionistic fuzzy information.

Suppose the ERC assessment from expert e for alternative ea; against indicator ei; is
i f[; = < Mg Vigk > In this paper, IF is considered as a special case of IULV, i.e,, IF is a
special IULV,/SO ail IEN can be written in the form of IULV as

iff = < g Vg > = iulvf; = ([sg, s9], < Higho Vgt >) 9)

The above definition means that if the evaluation information is given in the form
of IF, its default linguistic variable is [sy, sg], which means that the evaluation result of
the target is [sg, 9], and the confidence is < y; o Vit > For instance, the linguistic term

i Hij

setis S = {sg : bad,s; : medium,s, : good}, and the ERC evaluation is expressed as
i fl]; = < 0.8,0.1 > in the form of IF, which means that expert e¢j judges that the emergency
alternative es; performs well against the indicator ei; with a degree of membership of 0.8
and a degree of non-membership of 0.1. Therefore, it is converted to IULV and expressed
as ([Sz, Sz], < 0.8,0.1 >).

(ii) For linguistic variables.

Let the ERC assessment from expert ee for alternative ea; against indicator ei; be
vk = [(Iv5)~, (Iv5)*]. LV is also considered as a special case of IULV, then LV can be

ij ij ij
written in the form of IULV as

ok = [(105) 7, (105) ] = dulogy = ([(10f), (195) "], < 1,0 >) (10)

The above definition means that if the evaluation information is given in the form of
IV, the default confidence is < 1,0 >. For instance, the linguistic term set is S, and the ERC
evaluation is expressed as [s1, s3] in the form of LV, which means that expert eey judges that
the performance of emergency alternative es; against the indicator ei; is upper-middle with
absolute confidence, so it is converted to IULV and expressed as ([s1,s2], < 1,0 >).

In the mixed IF-LV environment, the first step is to complete the transforma-
tion of the decision matrix and unify the IF and LV information into the form of
IULV: iulvifj = ([(lvﬁ?j)’, (lv@)*], < Hifhs Vigh >). The second step is to calculate the weight

of experts based on the matrix (iulvi.‘].)mxn and build the following model:

m n

q ~
Z Weey Z Z(|hiulvk - hij|)

k=1 i=1j=1 i

1
mXxn

min DIULV =

- q
hif = 2 weekhiulv’.‘.
k=1 g

8.t Wee, € [0,1]

q
2 Wee, = 1
k=1

(11)
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where Djyy indicates the deviation, wee, indicates the weight of expert eey, ﬁij indicates
the group ERC assessment on ea; under eij, and h;,; « denotes the scoring function of iul viFj,
ij

oK)~ 4+ (1ok)*
defined as /1, = % X (i +1 = v;0) % o) )" 61,
ij ij ij

The third step is to aggregate the evaluation information of different experts. Based
on Equations (3) and (4), the aggregation operator of IULV is obtained as

iulv;j = iulv}j &) iulvlzj O D iulv?j

ii LS 1 if ij o\ l=e ij — Cij1=a
D ()OI () = (D) [ g >

if ij t=1 (12)

ij i =1 if,"

where Sl-]- = ZZ=1 Wee, and Slkj = Z’;Zl Wee 4, O is an index function, and ‘Tz‘tj indicates the
ij
index of the tth largest importance weight of Wgg. Let 88. = 0. Then A, ¢, p, and ¢ are four
AL £
index functions, and (Iv; j]] )=, (1 v;’;” )T, u ,andv o indicate the indices of the tth largest
if, if!
ij if
1\— q\— 1 q
elements of {(lv;;)~, ..., (Ivj;) "}, {(lvij)+,..., (lvij)+}, {yifl_lj,..., Vifg}’ and {Vifi}"“' Uifiq;}‘ ®
means the attitude of decision-makers.
The fourth step is to determine the weight of the ERC evaluation indicators. Based on

the idea of information entropy, the weight of the indicator ei; can be obtained as

W — 1- E*(ei]‘) (13)
Y n =Ty E*(ei))

where E*(+) is the entropy function of the intuitionistic fuzzy set or linguistic variable.

When the independent variable is IF, E*(-) is the intuitionistic fuzzy entropy, which is

calculated using Equation (6); when the independent variable is LV, E*(-) is the linguistic

variable entropy, which is calculated using Equation (8).

The fifth step is to sort the emergency alternatives according to ERC, which is di-
vided into the following steps: (1) based on the IULV’s aggregation operator proposed in
Equation (12), the performance of the alternative ea; under different indicators is combined
into iulv; = iulvy © iulvy © - - - ® iulvy, = ([(lv;)~, (lv;) %], < pig, vig, >); (2) the scoring
function of iulv; can be calculated as h;,;,, = % X (pif, +1 = vjp) X W; (3) the
ranking of the emergency alternatives is obtained by comparing the scoring functions.

4. Application of the Constructed ERC Evaluation Model in EM

In order to reflect the role of the proposed ERC evaluation model in emergency
management (EM), this paper examines an emergency management problem in Shenzhen
City, China, as a case to demonstrate the usage and advantages of the constructed model.

In recent years, under the background of global climate change, extreme typhoons
and rainstorms, especially short-term heavy rainfall in Shenzhen City, have been increasing
in frequency, and the risk of disasters is rising. It is difficult to eliminate the risk of floods
by relying on traditional strategies. Under this situation, the Emergency Management
Bureau (EMB) of Shenzhen City has actively changed its defense concept, made every
effort to prevent and defuse major natural disaster risks, formulated a strategy for building
a three-dimensional typhoon and storm prevention system, and explored new paths for
flood prevention in megacities.
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Shenzhen City received a typhoon forecast, and in order to effectively deal with possi-
ble flood disasters, three emergency plans were formulated, denoted as EA = {eay, eay, eas }.
In order to select the optimal emergency plan, each alternative was evaluated from the
perspective of emergency response capacity, and the decision-making process was carried
out according to the ERC evaluation model proposed in this paper.

The selection of experts and the data collection procedure were carefully designed
to ensure comprehensive evaluation. Three domain experts were selected representing
different perspectives of emergency management: a senior official with over 10 years
of leadership experience in local emergency management (ee;), a technical specialist
with expertise in meteorological monitoring and early warning systems (ee;), and a
professor from a top-tier Chinese university with a research background in disaster
management (ee3).

The data collection process followed a systematic approach that included initial brief-
ings to familiarize experts with emergency plans and evaluation indicators, independent
assessment sessions where each expert evaluated alternatives using their preferred informa-
tion expression form, clarification interviews to ensure consistent understanding of criteria,
and a final validation workshop for discussing significant discrepancies. Throughout this
process, expert judgments remained independent to preserve diverse perspectives while en-
suring they were well-informed and properly captured in the evaluation model. The weight
determination method in Equations (1) and (2) further accounted for differences in expert
reliability, which effectively addressed concerns about the limited number of experts.

According to the process shown in Figure 2, three domain experts were selected
firstly by the EMB, denoted as EE = {eey, eep, ee3}, to evaluate the ERC of the alterna-
tives. Then the ERC evaluation indicator system constructed in Section 3.1 was adopted,
and 18 evaluation indicators were obtained, which are denoted EI = {eiy, eip, - - - ,eiig}.
What follows is divided into three decision environments to demonstrate the proposed
ERC evaluation model, i.e., to collect the evaluation information of experts under three
information expressions.

The ERC evaluation information in the IF environment is shown in Table 4. First,
the dispersion minimization method in Equation (1) was used to calculate the weight of
each expert, which was obtained as Wg; = {Wee; = 0.34, Wee, = 0.19, Wee, = 0.47}. Then,
the OWA-based soft likelihood function was employed to combine the decision matrices
of experts. The results are shown in Table 5, and the indicator weights shown in Table 6
were further obtained. By fusing the indicator information, the comprehensive evaluation
of the emergency alternatives was obtained, which is expressed as if; = < 0.37,0.22 >,
if= <057,010>,ifs = < 0.28,0.23 >. Further, we calculated the scoring functions of
each alternative and their rankings, as shown in Table 7.
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Table 4. ERC evaluation information under IF, LV, and IULV environments.

DMs ~Emergency ; - £ ; ; - - LV. - : - el - ;
Alternative eiy eiy ei3 eilg eiq eip ei3 eilg ei1 eip ei3 eilg
eay <05,04> <0503> < 06,03 > < 06,04 > 3,54 S4,54 3,55 S2,83 ([s6,86],< 0.5,0.4 >) ([s6,86],< 05,03 >)  ([se,56], < 0.6,0.3 >) ([s6,56], < 0.6,0.4 >)
ee| ea <07,02> <0901> <0701> < 0.6,0.1 > S5, 86 S4,56 S5, 85 S5, 86 ([s6,56],< 0.7,0.2 >) ([s6,%6],< 09,01 >)  ([s6,86],< 0.7,0.1 >) ([s6,56), < 0.6,0.1 >)
eas <03,06> <0205> <0703> <0.3,04 > 51,82 $2,83 50,83 51,83 ([s6,56),<0.3,0.6 >)  ([s6,86],<0.2,05>)  ([s6,56],< 0.7,0.3 >) ([s6,56), < 0.3,0.4 >)
eay <07,03> <0801> <0503> < 05,05 > 52,84 3,83 53,84 54,84 ([s6,56],< 0.7,0.3 >) ([s6,56],< 0.8,0.1 >)  ([s6,86], < 0.5,0.3 >) ([s6,6), < 0.5,0.5 >)
ee) eay <08,01> <0703> <06,03> <0.7,02> 54,85 53,86 54,86 S5, 86 ([s6,56],< 0.8,0.1 >) ([s6,56],< 07,03 >)  ([s6,56], < 0.6,0.3 >) ([s6,86), < 0.7,0.2 >)
eas <04,03> <0505> <06,04> <03,04 > 50,81 3,83 S9,5) 52,83 ([s6,56),< 04,03 >) ([s6,56),< 05,05 >)  ([s6,56), < 0.6,0.4 >) ([s6,56), < 0.3,0.4 >)
eay <06,02> <0504> <06,03> <04,0.6 > 3,83 $2,54 3,54 3,54 ([s3,83], < 1,0 >) ([s2,84], < 1,0 >) ([s3,84], < 1,0 >) ([s3,84], < 1,0 >)
ee3 eay <0.3,0.2 > <0.7,0.2 > <08,0.1 > <0.8,0.2 > S4, 85 $3,S5 S4,84 S4, 85 [s4,85],< 1,0 >) s3,55],< 1,0 >) ([s4,84], < 1,0 >) ([s4,85),<1,0>)
eaz <0.6,0.3 > <0.5,0.5 > <0.5,0.4 > <0.3,0.5 > 3,83 S9,83 s1,82 S0, 81 [s4,84),<1,0>) ([s2,83), < 1,0 >) ([s1,82),<1,0>) ([s0,81), < 1,0>)
Table 5. The aggregated ERC evaluation information.
Indicators
Environment Emergeqcy - - - - -
Alternative eiy eip ei3 eiy eilg
eaq < 042,017 > < 0.44,0.16 > < 0.36,0.13 > < 0.29,0.26 > < 0.32,0.32 >
IF edap < 0.46,0.08 > < 0.63,0.12 > < 054,011 > < 0.54,0.11 > < 0.54,0.08 >
eas < 0.28,0.26 > < 0.24,0.28 > <042,0.19 > < 0.26,0.24 > < 0.13,0.25 >
eay [51.34, 52.26] [51.79,52.26] [51.49,53.16] [s1.79,52.26] [s1.79,52.00]
Lv ez [$3.16/54.79] [1.99,85.41] [$1.49,54.30] [s3.16/54.82] [$3.58,55.41]
eas [s0.93,51.08] 51.18,51.49 [s0.62,51.18] 51.08,51.34 [s0.62,51.19]
) eay ([5456/ S4A5(,},< 0.61,0.14 >) ([54'03, 55.04],< 0.66,0.09 >) ([5456/ S5A04],< 0.57,0.10 >) ([54.56154.56}/< 0.54,0.10 >) ([5456/ S5A04],< 0.57,0.19 >)
Mixed IF — LV eay ([S5_04,S5}52},< 0.74,0.06 >) ([5456/ S5_52],< 0.79,0.09 >) ([55‘04, S5‘04],< 0.65,0.09 >) ([85'52,56},< 0.74,0.03 >) ([55.04, S5‘52],< 0.65,0.06 >)
eas ([54.56r 54.56}/< 0.43,0.21 >) ([54.081 S4.56]r< 0.45,0.20 >) ([5346/ 54408]r< 0.65,0.14 >) ([54_08, 54.08}r< 0.52,0.14 >) ([53.12, 5346]r< 0.40,0.15 >)
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For the LV environment, the evaluation process is the same as that of the IF environ-
ment except that the relevant calculation is switched to the method corresponding to the
LV. Using Equation (2) to calculate the weight of experts is as follows: W& = {w,e, = 0.29,
Wee, = 0.12,w,, = 0.59}. The expert fusion results are shown in Table 5, the indi-
cator weights are shown in Table 6, the indicator fusion results are [v; = [s149,5253),
lvy = [s336,55), lv3 = [s151.4s8), and the final ranking is shown in Table 7.

In addition, in order to demonstrate the ERC evaluation process in the mixed
IF — LV environment, this study selected the IF evaluation information of experts ee;
and ee; and the LV evaluation information of expert ee3 to form the mixed evalua-
tion information and used the method proposed in Section 3.6 to convert the mixed
information into IULV representations, as shown in Table 4. Based on Equation (11),
the expert weight was obtained as W]i:-”gv = {Wee; = 0.29,Wee, = 0.23,Wee, = 0.48},
and the aggregated matrix was further obtained as shown in Table 5. The indicator
weights are shown in Table 6, and the indicator fusion results are iulvy = ([s453, 55,
< 0.57,0.15 >), iulvy, = ([55.28,55.71],< 0.71,0.07 >), iulvy = ([54,54.39],< 0.50,0.16 >).
The final ranking is shown in Table 7.

Table 6. The weight of indicators in three decision environments.

Weiy Wei, Weiy Weiy Weis Weig Wei, e Weig
IF 0.0524 0.0683 0.0729 0.0389 0.0430 0.0835 0.0793 ce 0.0451
LV 0.0586 0.0583 0.0593 0.0527 0.0483 0.0492 0.0600 s 0.0641
Mixed IF — LV 0.0544 0.0552 0.0537 0.0563 0.0596 0.0548 0.0636 e 0.0471

Table 7. ERC evaluation table for emergency management.

Emergency Alternative

Decision Environment - - - Ranking
(451 (4] ets

IF 0.2858 0.5467 0.1699 eap > eda > eds

LV 0.3523 0.6969 0.2067 eay > eaj > eas

Mixed IF — LV 0.5609 0.7517 0.4649 eap > ea; > eas

5. Results and Analysis

The conclusion can be drawn from Table 7. The same conclusion is obtained in the
three decision-making environments, that is, the order of emergency alternatives from the
perspective of ERC is eap - eaj - eas. It can also be seen from the obtained results that in
the three decision-making environments, the three emergency alternatives are also relatively
distinct in terms of score values, which is important for decisive ranking. In order to verify
the accuracy of the results obtained by the ERC evaluation model, this study continued to
track the emergency management problems in the case analysis and found that the second
emergency alternative was finally used in the rainstorm disaster in Shenzhen City, which
can explain the accuracy of the results obtained in this study.

In order to realize the aggregation of evaluation information, this study proposes the
OWA-based soft likelihood function aggregation methods (Equations (3), (4) and (12)). In
the two-step information fusion (expert matrix fusion and indicator fusion), a parameter
« is involved, which represents the attitude of DMs. The larger the value of «, the more
optimistic the attitude of DMs, and vice versa. It refers to the fact that the value of « is set
to 0.5 in the case study of this paper, indicating an emotionally neutral attitude of DMs.
In order to study the influence of & on the evaluation results, a sensitivity analysis of « is
carried out below, and the results are shown in Figures 3-5.

The effect of parameter « on the final score of emergency alternatives during the expert
evaluation information fusion process is shown in Figure 3, and the « value in the indicator
fusion stage is set to 0.5. As can be seen from the figure, as « increases, the DMs become
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more optimistic, and the overall score of emergency alternatives is on the rise, but under
different « values, the order of eip > eij >~ ei3 is still maintained. In Figure 4, the parameter
of the first-stage fusion is kept at 0.5, and the « in the second-stage fusion is changed. It is
observed that the larger the «, the higher the score, and there is still a trend of eiy > ei; > eis.
In Figure 5, the values of « for two fusion stages are changed simultaneously, where the
first stage is denoted as a; and the second stage is denoted as a;;, and the results shown
in the figure are consistent with the above analysis. It can be concluded from the three
sets of sensitivity analysis that the value of « is proportional to the final scoring function
and hardly affects the ranking results, but in the application of rank evaluation, the attitude
characteristics of DMs will have an impact on the evaluation results; this research will be
carried out in depth in the future.
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Figure 3. Sensitivity analysis of parameter « in expert evaluation matrix fusion.
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Figure 4. Sensitivity analysis of parameter « in indicator fusion.

In order to further highlight the advantages of the method presented in this paper, a
comparative analysis is carried out from two perspectives, qualitative and quantitative.
In terms of qualitative analysis, a variety of ERC evaluation methods based on MADM
are selected for comparison, mainly from seven aspects, namely, information expression,
aggregation method, indicator system, expert participation, uncertainty, fuzziness, and
alternative decision-making environment. Table 8 shows the results of the qualitative
comparison. From a horizontal perspective, only the method proposed in this paper
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satisfies all the criteria. From a vertical perspective, our method includes several decision-
making environments such as intuitionistic fuzzy set, linguistic variables, and mixed mode,
which means it handles the uncertainty and fuzziness in ERC evaluation more effectively.
In addition, it is worth noting that our method constructs a comprehensive indicator system
and explores the key points of ERC evaluation from a new perspective. Finally, the cases
in this paper are taken from real-world problems, and relevant experts were invited to
participate, which ultimately verifies the consistency of the evaluation results based on
our method with the real situation. Through this comparison, it can be concluded that the
method proposed in this paper is relatively superior overall.

Figure 5. Sensitivity analysis of parameter « in two fusion steps.

Table 8. Qualitative comparison of ERC assessment approaches.

. Are There
t Information Agoregation Indicator L€ There Dealing Consider Alternative
Method E : gareg System? Experts with Fuzziness? Decision
Xpression Method YSYeME - nvolved?  Uncertainty? % " Environments?
Interval 2-tuple
[56] [2L1 interval weigl}ited x X v v x
aggregation operators
[42] 2FLA 2-tuple linguistic v v v v X
weighted average operator
[53] CN AHP v X X v X
[58] CN PROMETHEE method v X X X X
[57] CN TOPSIS method X X X X X
[67] HFLS TOPSIS-EW X X v v X
Cloud generalized
[68] ¢b informaticg);n aggregation v X v v x
operators

Our method IFS&LV OWA-based soft v v v v v

likelihood functions

T I2LI: interval 2-tuple linguistic information, 2FLA: 2-tuple fuzzy linguistic approach, HFLS: hesitant fuzzy
linguistic set, CN: clear number, CD: cloud drop, IFS: intuitionistic fuzzy set, LV: linguistic variables.

In the quantitative comparison, the important difference between the comparison
methods and our method lies in different information expression. In order to enable
different methods to use the data in this paper, an adaptation description of information
type is carried out first. From our data to the two-tuple fuzzy linguistic approach, the data
in Table 4 are clarified based on the scoring function of the linguistic variable and then
converted into the two-tuple fuzzy linguistic approach using the conversion method in the
literature [42]. Two-tuple fuzzy linguistic information is a special case of interval two-tuple
linguistic information, and the above method can be used. The data in Table 4 can be
directly converted into hesitant fuzzy linguistic sets, for example, [s3,s5] = {s3,54,55}.
For clear numbers, the scoring function can be used directly for conversion. The results
of the quantitative comparison are shown in Table 9. The key technologies used by each
comparison method and the evaluation results are presented. It can be seen that the
ranking of the three alternative emergency plans is consistent across all methods, which
demonstrates the effectiveness of the method proposed in this paper.
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Table 9. Quantitative comparison of ERC assessment approaches.

Literature Key Technologies Decision Result
A multi-criteria comprehensive evaluation approach is proposed
[56] for assessing ERC with interval 2-tuple linguistic information eay > eday > eds
[42] ERC is evaluated by fuzzy AHP and 2-tuple fuzzy linguistic approach ear = eay >~ eaz
53] The fuzzy comprehensive evaluation method is chosen to evaluate ety > eay > eds
- emergency rescue capability
A multi-criteria decision-making approach is proposed to evaluate
[58] ERC by taking into account the interactions synergy eay > eay >~ eaz
A questionnaire-TOPSIS innovative algorithm is proposed to evaluate
[571 coﬁege students’ ERC eay = eay = o3
[67] A fuzzy TOPSIS-EW method with multi-granularity linguistic o o
information is proposed for evaluating emergency logistics performance caz > e - o3
Our method An integrated decision-making model for the assessment of ERC is proposed eay = eay > eds

6. Conclusions

The purpose of this paper is to study the evaluation method of emergency response
capacity, and to this end, an integrated decision-making model is proposed. The specific
contributions are as follows:

(1) From the perspective of the disaster management cycle, an indicator system for
evaluating emergency response capacity is constructed. Compared with previous studies,
the indicator system is more complete and comprehensive.

(2) Considering three decision-making environments, namely, IF, LV, and mixed
IF — LV, a comprehensive decision-making model for ERC evaluation is constructed. This
model allows decision-makers to choose appropriate information expression methods
according to personal preferences and usage habits, making the evaluation process more
efficient and flexible.

(3) In the decision model, the expression and calculation of the mixed evaluation
information is completed, including the unified conversion of IF and LV information into
the IULV form, and the aggregation operators of the OWA-based soft likelihood function
are proposed.

(4) An emergency plan selection case is extracted from the emergency management
project of Shenzhen City, China, and the constructed ERC evaluation model is verified.
Through the analysis of the evaluation results and related comparisons, it is demonstrated
that the methods in this paper can comprehensively and accurately evaluate the emergency
management problems from the perspective of ERC.

The evaluation indicator system constructed in this study provides an effective basis
for the evaluation of emergency response capacity. The three decision-making environments
considered in this paper are in line with human thinking habits and provide a flexible way
for decision-makers to make assessments. The ERC evaluation process proposed in this
study provides a scientific decision-making reference for multi-expert and multi-attribute
emergency plan selection.

The limitations of this study and plans for future improvements are described below:

(1) Information loss in representation conversion: In the process of converting IF
and LV evaluation information into IULV representation, there is an inevitable loss of
information fidelity. The current conversion mechanisms prioritize computational efficiency
but may sacrifice some nuance in expert evaluations. Future research should focus on
developing more sophisticated transformation algorithms that can better preserve the
original assessment intentions while maintaining computational feasibility.

(2) Indicator system refinement needs: While our ERC evaluation indicator system
is constructed based on extensive literature review and expert consultation, it still re-
quires further validation across diverse emergency scenarios. The weighting and impor-
tance of different indicators may vary significantly depending on the type of emergency
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(natural disaster vs. public health crisis vs. technological accident), geographic context,
and social-economic conditions. Future work should involve more domain experts from
various emergency management fields to further subdivide, validate, and contextualize the
indicator system.

(3) Limited empirical validation: Although we validated our model with a case study
from Shenzhen City, the generalizability of our findings to other urban contexts, particularly
to rural areas or regions with different emergency management infrastructures, remains to
be established. The decision-making model would benefit from broader empirical testing
across diverse emergency scenarios and geographical contexts to refine its parameters and
enhance its robustness.

(4) Computational complexity considerations: The integrated decision-making ap-
proach, particularly in the mixed IF-LV environment, introduces significant computational
complexity that may limit real-time application during actual emergencies. Future re-
search should explore algorithmic optimizations and simplified versions of the model
that could be deployed in time-sensitive emergency situations without substantial loss of
evaluation accuracy.
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