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Natural disasters and man-made incidents have many negative impacts on major cities, including casualties, economic losses,
disruption of social order, and environmental contamination. Cities need to be resilient in order to protect people’s lives and
property. Although research on urban resilience has been rapidly emerging in recent years, there are still some research gaps. ,e
interplay of attributes for assessing urban resilience has not been explored, and the Multiple Attribute Decision Making- (MADM-)
based framework for evaluating urban resilience is rarely studied. ,erefore, this study proposes a novel model to evaluate urban
resilience, the Z number-based Decision-Making Trial, and Evaluation Laboratory (Z-DEMATEL), to identify the mutual influential
relationships and the weights of the attributes. In addition, the Z number-based Reference Ideal Method (Z-RIM) is used to
determine the resilience capacity of cities and to suggest improvements for decision makers to develop appropriate strategies. In this
study, we not only use trapezoidal fuzzy numbers to reflect the uncertainty of information but also measure the reliability/confidence
of experts in the assessment. ,e integrated methodology is presented for the first time in this study, and we use the firmness data of
six major metropolitan cities in Taiwan as an example of model demonstration.,e results of the study show that population density,
value of business activity, healthcare facilities, electricity supply, and number of business registrations are the most important
attributes influencing the resilience of cities. Taipei City and Taichung City are the two major cities with better resilience in Taiwan
based on the analysis of this study.

1. Introduction

Many disasters caused by extreme weather and human
factors negatively affect human life, and this situation is
becoming more and more frequent and serious. Cities need
to not only build a defensive system that can withstand
disasters, but also protect the lives and property of their
residents. Cities need to be sufficiently defensible, resilient,
and able to adapt to numerous disturbances [1]. In recent
years, research on urban resilience has been rapidly
emerging, and the number of topics related to the terms
“urban resilience,” “resilient city,” and “resilient cities” is
growing every year [2]. ,e definition of “resilience” has
always been a controversial issue, leading to conceptual and
definitional differences in many studies. How to measure

“resilience” is of interest to researchers [2–4], and Meerow
et al. [5] provide a clear definition of urban resilience
through an extensive literature review. Urban resilience is
the ability of an urban system and all its constituent or-
ganizations (including cross-functional departments, soci-
eties, and technologies) to maintain or rapidly recover
required functions in the face of turbulence, to adapt to
change, and to rapidly transform the system’s current limits
or future adaptive capacity [5, 6]. Ribeiro and Pena Jardim
Gonçalves [7] argue that enhancing the adaptive capacity of
cities is one of the most important needs of urban com-
munities, especially those areas that are often at risk. Al-
though natural or man-made disasters are always tragic,
postdisaster recovery can provide a rare opportunity for
societies to rebuild, address serious structural problems, and
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prevent affected people from suffering the same hardships
again, thereby increasing the resilience of local communities.
,e strength of urban resilience determines the social and
economic resilience of cities and the speed of recovery [3].

In recent years, there has been a growing body of re-
search on urban resilience assessment. Researchers’ research
topics cover communities and cities and even extend to
different levels such as cross-regional level. ,e research
methods involve both mathematical and spatial analysis
methods [8]. For example, Cariolet et al. [9] use maps and
geographic information systems (GIS) to assist in mapping
urban resilience. McClymont et al. [10] developed a mul-
tiobjective optimization system for urban resilience and
green infrastructure systems, using policy, performance,
connectivity, and socializing as the four main dimensions of
the system. Meerow and Newell [2] further define and
discuss urban resilience through an extensive literature
review and compilation. However, most scholars have fo-
cused on urban performance in response to individual di-
sasters (e.g., earthquakes, floods, epidemics, and
transportation disasters) [11], but participation in com-
prehensive urban resilience assessment is still limited.
Furthermore, it is necessary to consider the mutual influ-
ences of various factors/attributes in the overall assessment
of urban resilience [8].

In this study, we discuss the following four key urban
resilience assessment questions: (i) Which attributes are
suitable for assessing urban resilience? (ii) What are the
mutually influential relationships of attributes? And what is
their importance? (iii) How can an assessment model be
constructed to measure the resilience of a city? (iv) Finally,
how can poorly resilient cities be improved?,ese questions
constitute our research motivation. ,e four points make up
a typical MADM problem, and the MADM approach has
excellent analytical performance in complex evaluation
environments. It does not require the assumptions of normal
distribution and independence that traditional statistics
require for its use [12, 13]. ,e process performed by
MADM includes identifying assessment attributes, calcu-
lating attribute weights, and integrating the performance of
the evaluated items [14]. ,e urban resilience evaluation
framework relies on the judgment of multiple experts. Only
a few studies have used the MADM concept for urban
resilience assessment [15]. In addition, most of the studies
using qualitative surveys lack the exploration of the inter-
action of factors affecting urban resilience. Urban com-
munities can be viewed as complex and dynamic
interactions of physical, facility, social, economic, and en-
vironmental systems. People living in cities move, work, and
engage in activities among communities regularly. ,ere-
fore, the resilience of a neighborhood cannot be considered
completely independent of the resilience of its surrounding
neighborhoods [3].

In the past decades, MADM techniques have been
playing an important role in decision-making issues in many
research areas, such as supplier selection [16], renewable
power sources evaluation [17], sustainable sports tourism
planning [18], and risk assessment [19]. When evaluating
alternatives based on criteria/attributes/indicators, experts/

decision makers usually refer to extreme values of attributes
(the-larger-the-better and the-smaller-the-better character-
istics) in many MADM methods, such as COmplex PRo-
portional ASsessment (COPRAS), Technique for Order
Preference by Similarity to an Ideal Solution (TOPSIS),
VIseKriterijumska Optimizacija I Kompromisno Resenje
(VIKOR), ELimination Et Choice Translating REality
(ELECTRE), and Preference Ranking Organization
METHod for Enrichment Evaluation (PROMETHEE). In
these methods, TOPSIS and VIKOR use the same principles
to determine positive and negative ideal solutions based on
the extreme values of the attributes [20]. However, in the real
world, many attributes do not belong to the-larger-the-
better or the-smaller-the-better characteristics, or there are
ranges of preferences for these attributes rather than simply
extreme values, e.g., temperature and humidity for human
habitation, optimal age for athletes, human blood pressure
and heart rate, and height of ideal partners. Obviously, the
optimal values of these attributes are not extreme, and they
should be of the nominal-the-best characteristic; in addition,
these values should have a specific interval range. In these
cases, the expert cannot make the most appropriate decision
based on extreme values. Moreover, when the number of
alternatives increases or decreases, it may affect the ranking
results of these traditional MADM methods, most often by
reversing the ranking [21]. Cables et al. [22] proposed the
Reference Ideal Method (RIM) to overcome these problems.
,e RIM provides a reasonable way of calculating the at-
tributes of the nominal-the-best characteristic, which can set
the ideal solution considered by the experts as the reference
ideal solution and set the reference ideal solution as an
interval value to avoid the problem of ranking reversal of
evaluated items.

However, in the current complex and uncertain deci-
sion-making environment, expert judgments and opinions
are difficult to interpret using crisp values [23]. Furthermore,
when experts are faced with problems that they cannot fully
grasp, the confidence level of their assessments may not be
100%. Many researchers have proposed various fuzzy the-
ories to describe the ambiguities and uncertainty of the
information expressed by experts. Common fuzzy theories
include general fuzzy set theory, intuitionistic fuzzy set
theory, hesitation fuzzy set theory, Fermatean fuzzy set
theory, and Pythagorean fuzzy set theory. However, little
attention has been paid to the reliability or confidence of the
messages of these theories. A theory called Z-number theory,
proposed by Zadeh [24], takes into account these limitations
by using two sets of fuzzy numbers to evaluate the events and
to measure the reliability of the evaluated values. Z-number
has been widely used in various decision-making problems
based on uncertain environments. For example, Peng et al.
[25] used Z-TOPSIS to select the most suitable location for
an inland nuclear power station in Hunan Province, China.
Hsu et al. [26] proposed a modified Z-number-based De-
cision-Making Trial and Evaluation Laboratory (Z-
DEMATEL) to explore the interrelationship and priority of
Taiwan’s medical industry development trends. Garg et al.
[27] developed granulized Z-VIKOR to provide a novel
failure mode and effect analysis model in the field of risk
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management. Although MADMmethods combined with Z-
number overcome the problem of reliability measurement in
expert assessment, they only consider the maximum or
minimum value of the attribute when evaluating the attri-
bute and do not reasonably address the attribute of the
nominal-the-best characteristic. In addition, the evaluated
items do not necessarily have to meet the extreme values for
some attributes of the-larger-the-better or the-smaller-the-
better characteristic, they only have to reach a certain range
to be accepted. In fact, it is costly to achieve the attribute
extremes.

,erefore, in order to fill this research gap, this paper
proposes a novel MADM model that combines
Z-DEMATEL and Z-RIM to evaluate urban resilience. ,e
proposed modified Z-DEMATEL extends the study of Hsu
et al. [26] by using trapezoidal fuzzy numbers instead of
the general triangular fuzzy numbers in assessing the
mutually influential relationships between attributes.
Compared to triangular fuzzy numbers, trapezoidal fuzzy
numbers may cover a wider range of ambiguities. ,e
improved Z-DEMATEL determines which attributes are
the main factors affecting the resilience system and gen-
erates an influential network relationship map (INRM).
Besides, the improved Z-RIM extends the concept of
TOPSIS by using ideal and nonideal solutions to map the
relative position of each evaluation item when deter-
mining the variation in each alternative relative to the
normalized reference ideal. ,e improved Z-RIM not only
overcomes the limitations of Z-VIKOR and Z-TOPSIS in
practical applications, but also facilitates the examination
of which attributes of the evaluated items are under-
performing [22]. ,e proposed model is valid and reliable
for assessing urban resilience. ,is study provides infor-
mation on which attributes are the main factors affecting
the resilience of cities, and the government and relevant
ministries can focus on these attributes to develop relevant
regulations. ,e results of the RIM can be also used to
observe which attributes are underperforming in their
current state, and decision makers can develop im-
provement strategies to enhance city resilience based on
these underperforming attributes.

,e MADM model proposed in this study provides a
novel soft calculation method for urban resilience assess-
ment. As far as we know, the proposed model is novel, and
no other studies have proposed this integration method. In
addition, both the conventional DEMATEL and RIM have
been improved in this study. ,e characteristics, innova-
tions, and contributions of this work are summarized as
follows.

(i) ,is paper introduces an effective integrated model,
which provides a reference for the government and
relevant ministries to evaluate urban resilience.

(ii) ,is study uses Z-number to measure the reliability
of experts in the evaluation. Both Z-DEMATEL and

Z-RIMmethods reflect the decision-making process
in an uncertain environment.

(iii) Experts could understand the causal relationship
between the attributes more clearly through the
INRM constructed by Z-DEMATEL. In addition,
underperforming attributes can be observed
through Z-RIM. ,erefore, decision makers can
formulate strategies for improving urban resilience.

(iv) In this study, six major metropolitan cities in Tai-
wan are taken as examples to demonstrate the
feasibility of the model.

,e other sections are arranged as follows: Section 2
introduces the description of the evaluation framework and
attributes. Section 3 explains the concept and calculation of
trapezoidal fuzzy numbers and Z-number theory. Section 4
introduces the proposed MADM model, including calcu-
lation procedures describing Z-DEMATEL and Z-RIM.
Section 5 uses survey data from six major cities in Taiwan as
a practical application case to prove the feasibility and
practicability of the proposed model. Section 6 discusses and
describes the implications for management and finally gives
conclusions and future research directions.

2. Description of the Evaluation Framework
and Attributes

,is section reviews the literature related to urban resilience.
Many researchers have developed some indicators, frame-
works, and conceptual models to quantify resilience analysis
[3, 28–35]. Our first task is to establish a suitable evaluation
framework to measure the resilience of cities and then, by
collecting and sorting out relevant data sets, to create an
urban resilience knowledge system. We identify and select
widely available data sources.

Very few scholars have explored the research on urban
resilience assessment related to Taiwan. In particular, the
evaluation framework constructed with the MADM concept
has not yet been fully studied. ,is study establishes the
initial evaluation attributes suitable for assessing urban
resilience in Taiwan based on relevant academic literature
and opinions from disaster prevention-related ministries
(including police and firefighting units, relevant depart-
ments of universities, and research institutions) and then
selects relatively important attributes to be included in the
evaluation system to reflect the characteristics and conno-
tations of urban resilience. ,e main framework consists of
four dimensions, namely, social infrastructure and com-
munity connectivity (SI), contingency capacity (CC), eco-
nomic strength (ES), and environmental conditions (GC).
Each of these dimensions can be divided into several at-
tributes, and a total of 24 attributes are used to build the
evaluation framework, as shown in Table 1. ,e proposed
city resilience attributes can be used to examine the resil-
ience of the evaluated cities.
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Table 1: ,e evaluation framework.

Dimensions Attributes Description References

Social infrastructure and
community connectivity
(SI)

Population density in
urban area (SI1)

Planned population per unit of land area in the
urban planning area (unit: people/square

kilometer)

Monteiro et al. [28]; Borsekova
et al. [29]; Kontokosta and
Malik [3]; Zheng et al. [30]

Population over 65
years old (SI2)

Number of people aged 65 or older registered in the
household register (unit: number of persons)

Monteiro et al. [28];
Kontokosta and Malik [3];

Zheng et al. [30]
Population under 5
years old (SI3)

Number of people under the age of 5 registered in
the household register (unit: number of persons)

Kontokosta and Malik [3];
Zheng et al. [30]

Population of disabled
people (SI4)

,e number of people with disability cards or
certificates (unit: number of persons)

Kontokosta and Malik [3];
Zheng et al. [30]

Population with
Bachelor’s degree (SI5)

Percentage of the population aged 15 or above with
college education to the population aged 15 or

above (unit: %)
Kontokosta and Malik [3]

Number of families
with low income (SI6)

,e number of people whose average household
income is below the minimum cost of living

standard (unit: number of persons)
Monteiro et al. [28]

Number of single-
person households

(SI7)

,e number of people living alone who need care
(the aged living alone booked for caring persons)

(unit: number of persons)
Kontokosta and Malik [3]

Contingency capacity
(CC)

Number of healthcare
services (CC1)

Medical institutions including public and
nonpublic hospitals and clinics (unit: number of

institutions)

Zheng et al. [30]; Ghouchani
et al. [34]

Number of emergency
shelters (CC2)

,e number of emergency shelters in the city that
can accommodate people (unit: number of shelters) Chen et al. [32]

Integrity of evacuation
roads and rotes (CC3)

,e length of roads including national highways,
provincial highways, county roads, rural roads,
special highways, and urban roads; the length of
urban roads refers to the length of roads with a road
width of 6meters or more in the urban planning

area of each county and city (unit: km)

Monteiro et al. [28]; Zheng et al.
[30]

Stability of electricity
supply (CC4)

It refers to the number of households other than
lighting customers of Taipower, including the
number of households supplied by packaged

electricity and electricity consumption (low voltage,
high voltage, and extra-high voltage) (unit: number

of households)

Almeida et al. [33]

Stability of water
supply (CC5)

,e ratio of the actual number of water users to the
population of the administrative area (unit: %) Almeida et al. [33]

Ratio of police officers
to population (CC6)

Ratio of local police officers to the population (unit:
%) Ghouchani et al. [34]

Ratio of firefighters to
population (CC7)

Ratio of local firefighters ∗ 100,000 to the
population (unit: %) Ghouchani et al. [34]
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3. Preliminaries

In this section, the basic concepts and calculation logic of
trapezoidal fuzzy numbers and Z-number are introduced.

3.1. %e Definition and Operation Laws of Trapezoidal Fuzzy
Number. In the real world, most qualitative evaluations
involve ambiguity and uncertainty due to the presence of
many unknown and unidentified information in the deci-
sion-making process. Moreover, in an uncertain environ-
ment, ambiguity and subjective judgment can greatly affect
the decision-making process. To alleviate this problem,
researchers have proposed the fuzzy theory to express the
information uncertainty encountered in decision making
[36]. Often, linguistic variables are used to describe infor-
mation about an expert’s evaluation, which is a convenient
way for humans to express their evaluation ideas. Linguistic
variables are effective in converting qualitative content into
fuzzy forms of quantitative data [37]. Many studies use
trapezoidal fuzzy numbers for modeling fuzzy information.
A trapezoidal fuzzy number can be symmetric or

asymmetric, and it covers a wider range of uncertainty than
the conventional triangular fuzzy number [38].

A fuzzy set E on a universe discourse X can be written as
a pair of (x, μE), where μE: X ∈ [0, 1] is the membership
function.,e fuzzy number 􏽥E on the real set S can be defined
as a trapezoidal fuzzy number; the membership function
μ􏽥E(x) is shown in the following equation:

μ􏽥E(x) �

0 x< e1,

x − e1( 􏼁

e2 − e1( 􏼁
e1 ≤x< e2,

1 e2 ≤x< e3,

e4 − x( 􏼁

e4 − e3( 􏼁
e3 ≤x< e4,

0 x> e4.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Table 1: Continued.

Dimensions Attributes Description References

Economic strength (ES)

Unemployed
population (ES1)

,e percentage of the unemployed population in
the labor force (unit: %) Kontokosta and Malik [3]

Gini index for income
inequality (ES2)

Gini index or Gini concentration coefficient is a
measure of the ratio of the area contained between
the Lorenz distribution curve and the perfect parity
line to the area of the entire triangle below the
perfect parity line and is sometimes called the
concentration ratio or the inequality coefficient
(unit: from 0 to 1; the larger the coefficient, the
higher the degree of inequality in distribution; the
smaller the coefficient, the lower the degree of

inequality)

Kontokosta and Malik [3]

Outcome of business
activities (ES3)

,e sales amount declared or approved by
companies registered as for-profit businesses under
regulations (unit: thousand New Taiwan dollars)

Okada [35]

Number of existing
businesses in urban

area (ES4)

,e number of companies registered (unit: number
of companies) Okada [35]

Disposable income on
average households

(ES5)

Average disposable income per household (unit:
New Taiwan dollars)

Zheng et al. [30]; Okada [35];
Ghouchani et al. [34]

Environmental
conditions (GC)

Coverage of flood zone
(GC1)

,e maximum possible flooding area in the
jurisdiction is calculated by 650mm of rain per

hour for 24 consecutive hours (unit: meter square)

Borsekova et al. [29]; Caldarice
et al. [31]

Coverage of
earthquake fault zone

(GC2)

,e length of the fault zone in the jurisdiction (unit:
meters) Borsekova et al. [29]

Number of fires per
10,000 households

(GC3)

,e average number of fires per 10,000 households
in a certain period (unit: number of times) Caldarice et al. [31]

Density of buildings
(GC4)

Number of buildings per square kilometer (unit:
total number of buildings per square kilometer)

Monteiro et al. [28];
Kontokosta and Malik [3];

Ghouchani et al. [34]
Number of buildings
over 30 years old (GC5)

Number of buildings more than 30 years old (unit:
number of buildings) Monteiro et al. [28]
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A trapezoidal fuzzy number can be denoted as
􏽥E � (e1, e2, e3, e4), where e1< e2< e3< e4. Suppose there are
two trapezoidal fuzzy numbers 􏽥P � (p1, p2, p3, p4) and
􏽥Q � (q1, q2, q3, q4), and θ is a positive constant number.
,en, the operation of the trapezoidal fuzzy number can be
defined as follows [20]:

(i) Addition:
􏽥P + 􏽥Q � p1 + q1, p2 + q2, p3 + q3, p4 + q4( 􏼁. (2)

(ii) Subtraction:
􏽥P − 􏽥Q � p1 − q4, p2 − q3, p3 − q2, p4 − q1( 􏼁. (3)

(iii) Division:

􏽥P÷ 􏽥Q �
p1

q4
,
p2

q3
,
p3

q2
,
p4

q1
􏼠 􏼡. (4)

(iv) Multiplication:
􏽥P × 􏽥Q � p1q1, p2q2, p3q3, p4q4( 􏼁. (5)

(v) Multiplication by a positive constant number:

θ × 􏽥P � θp1, θp2, θp3, θp4( 􏼁. (6)

3.2. %e Transformation Rules of Z-Number. Zadeh [24]
proposed a variation of fuzzy numbers called Z-number,
which adds “reliability/confidence” as a parameter in fuzzy

operations. A Z-number covers two kinds of fuzzy infor-
mation: one is the judgment of the experts/decision makers
(􏽥E), and the other is the reliability of the judgment (􏽥R). ,e
Z-number can be recorded as Z � 〈􏽥E, 􏽥R〉, where 􏽥E is the
trapezoidal fuzzy number of the judgment value and 􏽥R is a
measure of the reliability of the fuzzy number 􏽥E, and they
can be expressed as 􏽥E � (e, μ􏽥E)|x ∈ [0, 1] and
􏽥R � (x, μ􏽥R)|x ∈ [0, 1]. In this paper, 􏽥E and 􏽥R are the
trapezoidal fuzzy number and triangular fuzzy number,
respectively. ,e reliability of the Z-number 􏽥R can be
converted into a reliability weight α by the following
equation:

α �
􏽒

xμ􏽥R dx

􏽒
μ􏽥R dx

. (7)

Next, the reliability weights α obtained according to (7)
are integrated into the judgment value 􏽥E, and the weighted
Z-number is as in the following equation:

Z
α

� x, μ􏽥E
α􏼐 􏼑

􏼌􏼌􏼌􏼌μ􏽥E
α(x) � αμ􏽥E(x), x ∈

��
α

√
x􏽮 􏽯. (8)

A simple example is used to illustrate the procedure of Z-
number calculation. Assuming a Z-number with the judg-
ment value 􏽥E � (0.3, 0.45, 0.55, 0.7) and reliability
􏽥R � (0.1, 0.3, 0.5), it forms Z � 〈(0.3, 0.45, 0.55, 0.7),

(0.1, 0.3, 0.5)〉. According to (7), the reliability weight α is
calculated as follows:

α �
􏽒

xμ􏽥Rdx

􏽒
μ􏽥Rdx

�
􏽒
0.3
0.1 x(x − 0.1/0.3 − 0.1)dx + 􏽒

0.5
0.3 x(0.5 − x/0.5 − 0.3)dx

􏽒
0.3
0.1(x − 0.1/0.3 − 0.1)dx + 􏽒

0.5
0.3(0.5 − x/0.5 − 0.3)dx

� 0.3003. (9)

,en, integrate αwith the judgment value 􏽥E, and Zα is as
follows:

Z
α

� (0.3, 0.45, 0.55, 0.7)|α � 0.3003{ }. (10)

,e Z-number is converted to a regular fuzzy numberZ′.
Z′ � (

������
0.3003

√
· 0.3,

������
0.3003

√
· 0.45,

������
0.3003

√
· 0.55,������

0.3003
√

· 0.7) � (0.1644, 0.2466, 0.3014, 0.3836). In this
paper, the linguistic variables to measure the reliability of
experts’ judgment are based on the research of Hsu et al.
[26], as shown in Table 2. More Z-number calculation ex-
amples can be found in Zadeh [24] and Dong et al. [20].

4. The Proposed MADM Model

,is section introduces the proposed MADM model. First,
the influence weights for evaluating the attributes are ob-
tained through Z-DEMATEL. ,en, the results of the
Z-DEMATEL analysis are incorporated into the Z-RIM
algorithm to calculate the performance of the alternative
solutions.

4.1. Z-DEMATEL. DEMATEL is a technology that defines
the mutually influential relationships between attributes. It
can construct a structured INRM to help decision makers

understand the complex relationships of the system, to
identify which factors are the main factors that affect others
and which are the factors that are affected [26]. In an en-
vironment full of uncertainty, it is difficult to use crisp values
to reflect the true judgments and ideas of experts. Although
many fuzzy theory methods incorporate DEMATEL to
overcome the problem of uncertainty evaluation, there is a
lack of reliability measurement for these evaluation values.
In this study, Z-number is introduced into DEMATEL; not
only can we know the reliability of experts in the evaluation
process, but also we can use trapezoidal fuzzy numbers to
evaluate the uncertainty of the influential relationships of
attributes. ,e detailed steps of the modified Z-DEMATEL
technique are as follows.

Step 1. Identify a set of attributes suitable for the
evaluation issue.
,e potential evaluation attributes are compiled
through literature review, and then a decision-making
team is formed by experts to screen the attributes to
create an appropriate set of evaluation attributes aj,
j� 1, 2, . . ., n.
Step 2. Construct the average direct relation matrix 􏽥A.
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,ere are n attributes that need to be evaluated for
influence. Each expert evaluates the direct influence
degree of the jth attribute on the j’th attribute according
to the evaluation level of Table 3; j� j’� 1, 2, . . ., n.Next,
the confidence level in the evaluation is measured
according to the reliability level in Table 2.

According to the judgment of expert k (k� 1, 2,. . ., K),
the direct relation matrix 􏽥D

(k) can be constructed. ,e
arithmetic mean is used to integrate an average direct
relation matrix 􏽥D

(k), as shown in the following
equation:

􏽥D
(k)

� 〈􏽥dE

jj′ ,
􏽥d

R

jj′〉􏼔 􏼕
(k)

n×n
�

〈􏽥dE

11,
􏽥d

R

11〉 〈􏽥d
E

12,
􏽥d

R

12〉 · · · 〈􏽥dE

1n, 􏽥d
R

1n〉

〈􏽥dE

21,
􏽥d

R

21〉 〈􏽥d
E

22,
􏽥d

R

22〉 · · · 〈􏽥dE

2n, 􏽥d
R

2n〉

⋮ ⋮ ⋱ ⋮

〈􏽥dE

n1,
􏽥d

R

n1〉 〈􏽥d
E

n2,
􏽥d

R

n2〉 · · · 〈􏽥dE

nn, 􏽥d
R

nn〉
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(k)

n×n

, j � j′ � 1, 2, · · · , n; k � 1, 2, . . . , K, (11)

where 􏽥d
E

jj′ � (dE,L

jj′ , dE,M1
jj′ , dE,M2

jj′ , dE,U

jj′ ) and
􏽥d

R

jj′ � (dR,L

jj′ , dR,M

jj′ , dR,U

jj′ ). Here, DEMATEL requires the

diagonal elements in the matrix 􏽥D
(k) to be 0; that is,

􏽥d
E

jj � 0 (when j� j’).
According to the Z-number operation described in
Section 3.2, the direct relation matrix 􏽥D

(k) is

transformed into the matrix 􏽥Q
(k) as shown in (12). αjj′

is the reliability weight of the evaluation attribute j to
the attribute j’. ,e matrix 􏽥Q

(k) of the k experts is
integrated into the average direct relation matrix 􏽥A by
the arithmetic mean, as shown in equation (13).

􏽥Q
(k)

� 􏽥qjj′􏽨 􏽩
(k)

n×n
�

􏽥d
E

11 · α11 􏽥d
E

12 · α12 · · · 􏽥d
E

1n · α1n

􏽥d
E

21 · α21 􏽥d
E

22 · α22 · · · 􏽥d
E

2n · α2n

⋮ ⋮ ⋱ ⋮

􏽥d
E

n1 · αn1
􏽥d

E

n2 · αn2 · · · 􏽥d
E

nn · αnn
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(k)

n×n

, j � j′ � 1, 2, · · · , n; k � 1, 2, . . . , K, (12)

􏽥A �
1
K

􏽥qjj′􏽨 􏽩
(1)

+ 􏽥qjj′􏽨 􏽩
(2)

+ · · · + 􏽥qjj′􏽨 􏽩
(K)

􏼔 􏼕 � 􏽥ajj′􏽨 􏽩
n×n

�

a11 a12 · · · a1n

a21 a22 · · · a2n

⋮ ⋮ ⋱ ⋮
an1 an2 · · · ann

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

n×n

, j � j′ � 1, 2, · · · , n; k � 1, 2, . . . , K,

(13)

where 􏽥ajj′ � (aL
jj′ , aM1

jj′ , aM2
jj′ , aL

jj′).
Step 3. Obtain the normalized direct relation matrix 􏽥X

through normalization.

Equation (14) is used for normalization calculation to
obtain the normalized direct relation matrix 􏽥X.

􏽥X � ε · 􏽥Q, (14)

Table 2: ,e evaluation scale of reliability in expert judgment and
the corresponding membership function [26].

Linguistic variable (abbreviation) Membership function
Very low (VL) (0, 0, 0.3)
Low (L) (0.1, 0.3, 0.5)
Medium (M) (0.3, 0.5, 0.7)
High (H) (0.5, 0.7, 0.9)
Very high (VH) (0.7, 1, 1)

Table 3: Influence evaluation scale and correspondingmembership
function [39].

Linguistic variable (abbreviation) Membership function
No influence (N) (0, 0, 0, 0)
Negligible influence (E) (0, 0, 0.05, 0.2)
Low influence (L) (0.05, 0.2, 0.3, 0.45)
Medium influence (M) (0.3, 0.45, 0.55, 0.7)
High influence (H) (0.55, 0.7, 0.8, 0.95)
Very high influence (VH) (0.8, 0.95, 1, 1)
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where
ε � min[(1/maxj 􏽐

n
j′�1 ajj′), (1/maxj′ 􏽐

n
j�1 ajj′)],

j� j’� 1, 2, . . ., n.
Step 4. Construct the total influence matrix 􏽥T.
,e total influence matrix 􏽥T, (15), uses (16) to aggregate
all the direct and indirect influence relationships of the
normalized direct relation matrix 􏽥X. ,e accumulation
from the first power to the infinite power of matrix 􏽥X

can reflect all potential influence relationships. Because
the operating procedure of (16) is cumbersome, a faster
solution can be derived from equation (17).

􏽥T � 􏽥tjj′􏽨 􏽩
n×n

�

􏽥t11 􏽥t12 · · · 􏽥t1n

􏽥t21 􏽥t22 · · · 􏽥t2n

⋮ ⋮ ⋱ ⋮
􏽥tn1 􏽥tn2 ⋮ 􏽥tnn
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n×n

, j � j′ � 1, 2, · · · , n,

(15)

where 􏽥tjj′ � (tL
jj′ , tM1

jj′ , tM2
jj′ , tU

jj′).

􏽥T � 􏽥X + 􏽥X
2

+ · · · + 􏽥X
∞

, (16)

􏽥T � 􏽥X + 􏽥X
2

+ · · · + 􏽥X
∞

� 􏽥X I + 􏽥X + 􏽥X
2

+ · · · + 􏽥X
∞−1

􏼐 􏼑

� 􏽥X I − 􏽥X
∞

􏼐 􏼑(I − 􏽥X)
− 1

� 􏽥X(I − 􏽥X)
−1

,

(17)

where 􏽥X
∞

� [0]n×n and I are unit matrices. ,e su-
perscript “-1” indicates the inverse matrix.
Step 5. Plot INRM to identify the mutually influential
relationships between attributes.
Each column and each row of the total influence matrix
􏽥T is summed up to obtain (18) and (19). 􏽥rj is the in-
fluence of attribute j on other attributes, and 􏽥sj is the
influence on attribute j by other attributes.

􏽥r � 􏽥rj􏽨 􏽩
n×1 � 􏽥r1, 􏽥r2, . . . , 􏽥rn( 􏼁, (18)

􏽥s � 􏽥sj′􏽨 􏽩1×n
� 􏽥s1, 􏽥s2, . . . , 􏽥sn( 􏼁

T
, (19)

where [􏽥rj]n×1 � [􏽐
n
j′�1

􏽥tjj′]n×1, [􏽥sj′]1×n � [􏽐
n
j�1 􏽥tjj′]1×n

� [􏽥sj]
T

n×1, 􏽥rj � (rL
j , rM1

j , rM2
j , rU

j ), and
􏽥sj � (sL

j , sM1
j , sM2

j , sU
j ). ,e superscript “T” represents

the matrix transposition.
􏽥rj + 􏽥sj is the index of the strength of influences given
and received, which is called the total influence. On the
other hand, 􏽥rj − 􏽥sj represents the net influence. ,e
larger 􏽥rj + 􏽥sj, the greater the influence of the attribute j
on the evaluation system. If 􏽥rj − 􏽥sj > 0, this means that
attribute j has a more significant influence on other
attributes, which is called a causal factor; conversely, if

􏽥rj − 􏽥sj < 0, this means that attribute j is more influenced
by other attributes, which is called an affected factor. In
this paper, the centroid method is used to defuzzify the
fuzzy values (e.g., 􏽥φ � (φL,φM1,φM2,φU)) to obtain the
crisp value (φ) as shown in the following equation [20].

φ �
φL

+ 2φM1
+ 2φM2

+ φU
􏼐 􏼑

6
. (20)

Next, 􏽥rj and 􏽥sj are obtained as rj and sj, respectively, by the
defuzzification procedure of (20). ,e relative coordinate
positions of each attribute are clearly plotted using rj + sj

as the horizontal axis and rj − sj as the vertical axis. ,e
matrix 􏽥T is used to identify the influence between each
attribute, and the arrows (indicating the direction of in-
fluence) are drawn to generate a systematic INRM.
Step 6. Obtain the influence weights of the attributes.
Here, rj + sj reflects the total influence of the attribute
on the evaluation system, so the influence weight of the
attribute, wj � w1, w2, . . . , wn􏼈 􏼉, can be constructed by
(21). Here, the total weight is required to be 1.

wj �
rj + sj􏼐 􏼑

􏽐
n
j�1 rj + sj􏼐 􏼑

. (21)

4.2. Z-RIM. Z-number is introduced into the traditional
RIMmethod, and a practical MADMmethod is proposed to
rank the alternatives, called Z-RIM. ,e proposed Z-RIM
method can handle the uncertainty of the performance rank
given by the decision maker. At the same time, the ranking
reversal problem can be effectively avoided. ,e main steps
of the proposed Z-RIM method are as follows.

Step 1. Set the Z-RIM parameter.
First, the required execution parameters of Z-RIM are
established, and the following parameters are set for
each attribute aj [22]:

(i) ,e value range of the attribute aj: [ωL,ωU]

(ii) ,e reference ideal (RI) of the attribute aj: [τL, τU]

(iii) ,e weight of the attribute aj: wj

Step 2. Obtain the evaluation matrix 􏽥Y.
Assuming that there are m evaluated items
Vi � V1, V2, . . . , Vm􏼈 􏼉 and n attributes
aj � a1, a2, . . . , an􏼈 􏼉, each performance value of eval-
uated item Vi under attribute aj is investigated. In this
paper, the data are collected based on the public in-
formation provided by the police and fire agencies of
the Ministry of Internal Affairs. Some of the attribute
data are ambiguous in nature, so Z-numbers are added
to reflect their uncertainty. After converting the Z-
numbers in Section 3.2, the evaluation matrix 􏽥Y is
shown in the following equation:
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􏽥Y � 􏽥yij􏽨 􏽩
m×n

�

􏽥y11 􏽥y12 · · · 􏽥y1n

􏽥y21 􏽥y22 · · · 􏽥y2n

⋮ ⋮ ⋱ ⋮

􏽥ym1 􏽥ym2 ⋮ 􏽥ymn
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m×n

, i � 1, 2, · · · , m; j � 1, 2, · · · , n, (22)

where 􏽥yij � (yL
ij, yM1

ij , yM2
ij , yU

ij).
Step 3. Calculate the normalized evaluation matrix F.
It is calculated by referring to the fuzzy RIM nor-
malization program proposed by Cables et al. [40] to

obtain the normalized evaluation matrix F, as shown in
the following equation:

F � fij􏽨 􏽩
m×n

�

f11 f12 · · · f1n

f21 f22 · · · f2n

⋮ ⋮ ⋱ ⋮

fm1 fm2 ⋮ fmn
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

m×n

, i � 1, 2, · · · , m; j � 1, 2, · · · , n, (23)

where fij is the crisp value obtained by normalization.
Fuzzy numbers are converted to crisp numbers in the
normalization process.
Step 4. Construct the weighted normalized evaluation
matrix G.

Taking into account the different importance of each
attribute, the attribute weights wj obtained from
Z-DEMATEL are multiplied with matrix F to obtain
the weighted normalized evaluationmatrixG, as shown
in the following equation:

G � gij􏽨 􏽩
m×n

�

f11 · w1 f12 · w2 · · · f1n · wn

f21 · w1 f22 · w2 · · · f2n · wn

⋮ ⋮ ⋱ ⋮

fm1 · w1 fm2 · w2 ⋮ fmn · wn
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m×n

, i � 1, 2, · · · , m; j � 1, 2, · · · , n, (24)

Step 5. Calculate the distance to the ideal and nonideal
evaluated items.
,e definition of Euclidean distance is used to calculate
the distance to the ideal and nonideal evaluated items,
as shown in the following equations:

e
+
i �

������������

􏽘

n

j�1
gij − wj􏼐 􏼑

2

􏽶
􏽴

, i � 1, 2, . . . , m; j � 1, 2, . . . , n, (25)

e
−
i �

��������

􏽘
n

j�1
gij􏼐 􏼑

2

􏽶
􏽴

i � 1, 2, . . . , m; j � 1, 2, . . . , n, (26)

Step 6. Calculate the relative index to the reference ideal
of each evaluated item.
,e ranking index of the evaluated item can be cal-
culated as (27). ,e closer Ii is to 1, the closer it is to the
reference ideal. On the contrary, the closer Ii is to 0, the

closer the performance is to be extremely poor.

Ii �
e

−
i

e
+
i + e

−
i

, i � 1, 2, · · · , m. (27)

5. Illustration of a Real Case
5.1. Problem Description. Taiwan is located in the eastern
part of Asia, at the intersection of Northeast Asia and
Southeast Asia. Due to the unique geographical location of
Taiwan, natural disasters occur frequently. Typhoons gen-
erated from tropical cyclones bring instantaneous rainfall,
resulting in heavy rains, floods, and landslides. Taiwan is
located at the junction of plates (in the Pacific Rim seismic
zone), so earthquakes occur frequently, with an average of
over 100 felt earthquakes per year. Besides, Taiwan’s high
population density makes some human-induced disasters
also prone to high casualties [41]. ,erefore, it is an urgent
task to evaluate the resilience of Taiwan’s major urban areas.
,is study focuses on four questions: What are the inter-
dependencies of urban resilience attributes? What are their
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weights? How resilient are these cities? And how can the
resilience of cities be improved and strengthened? ,e
answers to these questions will help the government to
develop strategies to improve the disaster preparedness of
Taiwan. We extensively invite experts on urban resilience
and disaster prevention in Taiwan to join the research group.
A total of 13 experts were surveyed for this study, including
those from police and firefighting units, relevant depart-
ments of universities, and research institutions. ,ese ex-
perts have sufficient expertise and years of experience in
urban resilience. ,ey have worked on the topic for more
than 10 years. In addition, these experts have contributed to
the promotion of critical infrastructure protection policies in
Taiwan. Table 4 shows the organization, working experience,
and academic qualifications of the experts.

,is study analyzed the evaluated projects according to
Section 2 evaluation framework. According to the definition
of municipality promulgated by the Executive Yuan of
Taiwan, cities belonging to municipalities directly under the
Central Government are included in the evaluation items,
including Taipei City (V1), New Taipei City (V2), Taoyuan
City (V3), Taichung City (V4), Tainan City (V5), and
Kaohsiung City (V6), commonly known as the “six direct-
controlled municipalities”. Direct-controlled municipalities
are the first-level administrative divisions of Taiwan and are
directly under the jurisdiction of the Executive Yuan.
According to the Local Government Act, municipalities are
established in areas with a population of over 1.25 million
and special needs in political, economic, cultural, and
metropolitan development.

5.2. Using Z-DEMATEL to Generate Attribute Weights and
Identify %eir Causal Relationships. In Section 4.1, the cal-
culation process of Z-DEMATEL is described, and the data
from the 13 experts’ surveys are executed according to the
process to identify which attributes are influential. ,e level
of consensus among experts can be examined by the average
sample gap index ((n(n − 1))−1 × 􏽐

n
j�1 􏽐

n
j′�1 (|d

E,(k)

jj′ −

d
E,(k−1)

jj′ |/dE,(k)

jj′ ) × 100%), where n is the sample size, k is the
number of experts, and dE

jj′ is the evaluation value in the

matrix 􏽥D
(k). ,e average gap of 13 experts calculated by the

index is 4.7%, which means that there is a 95.3% confidence
level that these experts have a consensus of about 95%.
Tables 5 and 6 present the average direct relation matrix 􏽥A

and the normalized direct relation matrix 􏽥X, respectively.
,e diagonal elements of the matrix are all 0. In addition, all
elements are Z-numbers, and the total influence relationship
of the attributes can be seen in the total influence matrix 􏽥T

(Table 7), where the elements of the matrix encompass the
direct and indirect influences of the attributes.

Table 8 shows the analysis results of Z-DEMATEL, in-
cluding the attributes’ total influence (rj+ sj) and net in-
fluence (rj − sj). ,e greater the net influence, the greater the
influence of the attribute on other attributes. rj+ sj can in-
dicate the total influence in the overall evaluation system to
express the importance ratio (the weights of the attributes).
,e top five attributes’ weights generated by Z-DEMATEL
are ranked as SI1≻ES3≻CC1≻GC4≻ES4.

Moreover, with rj+ sj as the horizontal axis and rj − sj as
the vertical axis, the INRM of the attributes is plotted, as
shown in Figure 1. In Figure 1, the attributes on the upper
right indicate high total and net influences, being the main
causes. On the other hand, the attributes on the lower left
indicate lower total and net influences, being the effects [18].
Obviously, the cause attributes are SI1, ES3, GC4, ES4, ES5,
and GC5. In addition, CC3, CC2, SI2, CC6, GC3, SI4, SI7,
and SI3 are factors that are more likely to be influenced by
other attributes.,emanagement implications derived from
the Z-DEMATEL analysis are discussed in Section 6.

5.3. Applying Z-RIM to Integrate the Resilience Performance of
the Six Major Cities. ,e performance values of the six
evaluated objects (six major cities in Taiwan) in the proposed
evaluation framework were investigated as shown in
Tables 9–12. ,ese data were collected from publicly
available data provided by the relevant government agencies
in Taiwan, and the parameters required by Z-RIM were set
by 13 experts. Most of the attributes are quantitative data
from the actual survey and are therefore of the crisp type. For
example, the survey value of V1 under the SI1 attribute is
9731.6 (person/km2). Nevertheless, GC1 and GC2 are un-
certain data and thus are Z-numbers. For example, the
Z-numbers of V1 under the GC1 attribute are (16937697,

Table 4: ,e background of 13 experts.

Expert no. Institution Years of working experience Degree
Expert 1 University More than 10 years Ph.D.
Expert 2 Firefighting department More than 10 years Master
Expert 3 University More than 10 years Ph.D.
Expert 4 University More than 10 years Ph.D.
Expert 5 University More than 10 years Ph.D.
Expert 6 University More than 10 years Ph.D.
Expert 7 Firefighting department More than 10 years Bachelor
Expert 8 Police department More than 10 years Ph.D.
Expert 9 City government More than 10 years Master
Expert 10 Firefighting department More than 10 years Bachelor
Expert 11 Firefighting department More than 10 years Master
Expert 12 Police department More than 10 years Master
Expert 13 University More than 10 years Ph.D.
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Table 5: ,e average direct relation matrix 􏽥A.

SI1 SI2 SI3 . . . GC5
SI1 (0.00, 0.00, 0.00, 0.00) (0.19, 0.32, 0.40, 0.53) (0.27, 0.40, 0.48, 0.58) . . . (0.35, 0.47, 0.54, 0.64)
SI2 (0.22, 0.34, 0.43, 0.55) (0.00, 0.00, 0.00, 0.00) (0.14, 0.23, 0.30, 0.43) . . . (0.22, 0.32, 0.39, 0.49)
SI3 (0.31, 0.43, 0.50, 0.60) (0.15, 0.22, 0.29, 0.41) (0.00, 0.00, 0.00, 0.00) . . . (0.10, 0.17, 0.23, 0.35)
⋮ ⋮ ⋮ ⋮ ⋱ ⋮
GC5 (0.31, 0.43, 0.50, 0.60) (0.27, 0.38, 0.45, 0.56) (0.17, 0.25, 0.32, 0.44) . . . (0.00, 0.00, 0.00, 0.00)

Table 6: ,e normalized direct relation matrix 􏽥X.

SI1 SI2 SI3 . . . GC5
SI1 (0.00, 0.00, 0.00, 0.00) (0.01, 0.02, 0.03, 0.04) (0.02, 0.03, 0.03, 0.04) . . . (0.02, 0.03, 0.04, 0.04)
SI2 (0.01, 0.02, 0.03, 0.04) (0.00, 0.00, 0.00, 0.00) (0.01, 0.02, 0.02, 0.03) . . . (0.02, 0.02, 0.03, 0.03)
SI3 (0.02, 0.03, 0.03, 0.04) (0.01, 0.02, 0.02, 0.03) (0.00, 0.00, 0.00, 0.00) . . . (0.01, 0.01, 0.02, 0.02)
⋮ ⋮ ⋮ ⋮ ⋱ ⋮
GC5 (0.02, 0.03, 0.03, 0.04) (0.02, 0.03, 0.03, 0.04) (0.01, 0.02, 0.02, 0.03) . . . (0.00, 0.00, 0.00, 0.00)

Table 7: ,e total influence matrix 􏽥T.

SI1 SI2 SI3 . . . GC5
SI1 (0.02, 0.05, 0.09, 0.24) (0.03, 0.06, 0.10, 0.24) (0.03, 0.06, 0.10, 0.23) . . . (0.04, 0.07, 0.10, 0.23)
SI2 (0.03, 0.06, 0.09, 0.23) (0.01, 0.03, 0.05, 0.16) (0.02, 0.04, 0.07, 0.18) . . . (0.02, 0.04, 0.07, 0.18)
SI3 (0.03, 0.06, 0.08, 0.20) (0.02, 0.04, 0.06, 0.16) (0.01, 0.02, 0.04, 0.13) . . . (0.01, 0.03, 0.05, 0.15)
⋮ ⋮ ⋮ ⋮ ⋱ ⋮
GC5 (0.04, 0.07, 0.10, 0.24) (0.03, 0.06, 0.09, 0.21) (0.02, 0.04, 0.07, 0.19) . . . (0.01, 0.03, 0.05, 0.16)

Table 8: Z-DEMATEL results.

􏽥rj 􏽥sj rj sj rj+ sj rj − sj Weight Rank

SI1 (0.93, 1.65, 2.48, 5.75) (0.91, 1.62, 2.44, 5.68) 2.490 2.451 4.941 0.039 0.053 1
SI2 (0.56, 1.10, 1.77, 4.57) (0.65, 1.23, 1.94, 4.85) 1.812 1.973 3.785 -0.160 0.041 12
SI3 (0.42, 0.84, 1.41, 3.86) (0.56, 1.08, 1.74, 4.46) 1.463 1.778 3.240 -0.315 0.035 24
SI4 (0.50, 0.99, 1.62, 4.31) (0.54, 1.05, 1.70, 4.41) 1.669 1.739 3.408 -0.069 0.037 19
SI5 (0.62, 1.16, 1.84, 4.67) (0.45, 0.93, 1.55, 4.16) 1.880 1.596 3.477 0.284 0.037 18
SI6 (0.59, 1.13, 1.81, 4.64) (0.58, 1.13, 1.82, 4.67) 1.853 1.859 3.712 -0.005 0.040 15
SI7 (0.45, 0.94, 1.57, 4.20) (0.54, 1.07, 1.74, 4.51) 1.613 1.780 3.393 -0.167 0.037 20
CC1 (0.77, 1.39, 2.14, 5.16) (0.84, 1.50, 2.28, 5.43) 2.168 2.305 4.474 -0.137 0.048 3
CC2 (0.58, 1.06, 1.69, 4.37) (0.78, 1.41, 2.17, 5.24) 1.743 2.194 3.937 -0.451 0.042 11
CC3 (0.63, 1.15, 1.81, 4.58) (0.80, 1.41, 2.16, 5.17) 1.857 2.186 4.043 -0.329 0.043 10
CC4 (0.72, 1.31, 2.04, 4.97) (0.82, 1.44, 2.18, 5.15) 2.066 2.199 4.264 -0.133 0.046 6
CC5 (0.70, 1.28, 1.98, 4.87) (0.83, 1.44, 2.19, 5.18) 2.013 2.212 4.225 -0.199 0.045 7
CC6 (0.59, 1.09, 1.73, 4.40) (0.66, 1.23, 1.95, 4.88) 1.774 1.983 3.757 -0.208 0.040 14
CC7 (0.72, 1.27, 1.96, 4.76) (0.73, 1.33, 2.07, 5.08) 1.991 2.101 4.092 -0.110 0.044 9
ES1 (0.51, 1.00, 1.63, 4.30) (0.51, 1.00, 1.64, 4.32) 1.675 1.686 3.361 -0.010 0.036 21
ES2 (0.52, 1.04, 1.70, 4.48) (0.52, 1.04, 1.70, 4.45) 1.747 1.744 3.490 0.003 0.038 17
ES3 (0.84, 1.52, 2.34, 5.58) (0.76, 1.40, 2.16, 5.24) 2.355 2.186 4.541 0.169 0.049 2
ES4 (0.80, 1.46, 2.25, 5.40) (0.68, 1.28, 2.01, 4.97) 2.271 2.039 4.310 0.232 0.046 5
ES5 (0.74, 1.37, 2.13, 5.21) (0.64, 1.23, 1.96, 4.90) 2.157 1.987 4.144 0.170 0.045 8
GC1 (0.68, 1.23, 1.92, 4.78) (0.40, 0.77, 1.29, 3.63) 1.961 1.360 3.321 0.600 0.036 22
GC2 (0.66, 1.20, 1.87, 4.65) (0.42, 0.80, 1.32, 3.66) 1.911 1.388 3.299 0.524 0.035 23
GC3 (0.57, 1.07, 1.72, 4.43) (0.60, 1.12, 1.78, 4.57) 1.763 1.829 3.592 -0.067 0.039 16
GC4 (0.79, 1.44, 2.22, 5.33) (0.77, 1.37, 2.12, 5.15) 2.243 2.150 4.393 0.092 0.047 4
GC5 (0.67, 1.25, 1.97, 4.93) (0.55, 1.07, 1.72, 4.43) 2.007 1.760 3.767 0.247 0.041 13
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Figure 1: INRM.

Table 9: Data and parameters of Z-RIM implementation for six major cities (dimension 1: SI1 to SI7).

SI1 SI2 SI3 SI4 SI5 (%) SI6 SI7
V1 9731.6 578511 153472 121171 74.9 44984 5507
V2 3067.6 477944 187532 169935 46.4 40305 3922
V3 5050.2 272348 139225 85291 43.7 23822 2297
V4 4239.3 362249 160968 125999 47.8 44049 3074
V5 2957.8 295947 88143 98640 41.9 18964 2278
V6 5923.1 438452 128678 143508 46.2 36844 4900
ωL 2957.8 272348 88143 85291 41.9 18964 2278
ωU 9731.6 578511 187532 169935 74.9 44984 5507
τL 2957.8 272348 88143 85291 68.7 18964 2278
τU 4214.2 330597 104942 100529 74.9 24419 2954

Table 10: Data and parameters of Z-RIM implementation for six major cities (dimension 2: CC1 to CC7).

CC1 CC2 CC3 CC4 CC5 (%) CC6 CC7
V1 3662 209987 1232 23391 99.8 280.1 67.1
V2 3371 449659 3667 36315 97.9 186.9 55.9
V3 1612 63538 3301 17146 95.7 172.1 67.7
V4 3507 387532 4334 29198 96.0 227.3 55.7
V5 1955 278234 4584 30274 99.1 213.2 60.4
V6 3047 263715 4889 33978 96.2 249.4 56.3
ωL 1612 63538 1232 17146 95.7 172.1 55.7
ωU 3662 449659 4889 36315 99.8 280.1 67.7
τL 3221 381744 4224 17146 98.9 260.2 64.9
τU 3662 449659 4889 20680 99.8 280.1 67.7
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Table 11: Data and parameters of Z-RIM implementation for six major cities (dimension 3: ES1 to ES5).

ES1 (%) ES2 ES3 ES4 ES5
V1 3.70 0.29 13529701956 235828 1422400
V2 3.80 0.28 5027810552 228575 1102332
V3 3.80 0.32 3918229936 118827 1147356
V4 3.70 0.31 4288428451 197491 1082584
V5 3.70 0.34 2355635718 114058 904114
V6 3.70 0.35 4686304754 167495 1014869
ωL 3.70 0.28 2355635718 114058 904114
ωU 3.80 0.35 13529701956 235828 1422400
τL 3.70 0.28 11540860551 209393 1335450
τU 3.73 0.30 13529701956 235828 1422400

Table 12: Data and parameters of Z-RIM implementation for six major cities (dimension 4: GC1 to GC5).

GC1 GC2 GC3 GC4 GC5
V1 (16937697, 16985131, 17032565, 17079999) (34068, 34542, 35016, 35491) 20.3 12185.4 543661
V2 (31645608, 31693042, 31740477, 31787911) (112237, 112711, 113186, 113660) 13.5 2523.7 620749
V3 (71301063, 71348498, 71395932, 71443366) (68841, 69316, 69790, 70264) 19.6 2218.0 245462
V4 (72795467, 72842901, 72890336, 72937770) (116981, 117455, 117929, 118404) 31.9 1158.1 325935
V5 (282820089, 282867523, 282914958, 282962392) (79582, 80056, 80531, 81005) 32.2 623.8 291395
V6 (145625637, 145673072, 145720506, 145767940) (125370, 125844, 126318, 126793) 25.0 883.9 453675
ωL (16937697, 16985131, 17032565, 17079999) (34068, 34542, 35016, 35491) 13.5 623.8 245462
ωU (282820089, 282867523, 282914958, 282962392) (125370, 125844, 126318, 126793) 32.2 12185.4 620749
τL (16937697, 16985131, 17032565, 17079999) (34068, 34542, 35016, 35491) 13.5 623.8 245462
τU (66215423, 66262858, 66310292, 66357726) (51613, 52087, 52562, 53036) 17.2 2840.8 320403

Table 13: Results of Z-RIM calculations.

e+
i e−

i Ii Rank

V1 0.1167 0.1577 0.5746 1
V2 0.1273 0.1390 0.5220 5
V3 0.1231 0.1461 0.5428 4
V4 0.1111 0.1490 0.5727 2
V5 0.1235 0.1474 0.5441 3
V6 0.1223 0.1212 0.4978 6

Table 14: ,e calculation results of multiple models.

Z-SAW Z-SWASPAS Z-COPRAS Z-TOPSIS Z-VIKOR Z-RIM
V1 1 1 1 1 1 1
V2 5 5 5 5 5 5
V3 3 3 3 4 4 4
V4 2 2 2 2 2 2
V5 4 4 4 3 3 3
V6 6 6 6 6 6 6

Table 15: ,e results of the nine runs’ sensitivity analysis.

Original Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
,e weight of SI1 0.116 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
V1 1 1 1 1 1 1 1 1 1 1
V2 5 5 5 5 5 5 5 5 5 5
V3 4 4 4 4 4 4 4 4 4 4
V4 2 2 2 2 2 2 2 2 2 2
V5 3 3 3 3 3 3 3 3 3 3
V6 6 6 6 6 6 6 6 6 6 6
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16985131, 17032565, 17079999). ,e overall performance
(ranking index) of the evaluated objects was obtained by
following the Z-RIM execution steps described in Section
4.2.

,e degree of separation of the evaluated objects from
the ideal and nonideal solutions can be determined. What is
certain is that the evaluated objects with better performance
will be closer to the ideal solution, while the objects with
poor performance will be far away from the ideal solution.
On the contrary, the evaluated items with better perfor-
mance will be far away from the nonideal solution. Table 13
shows the calculation results of Z-RIM. ,e performance of
the evaluated objects is V1≻V4≻V5≻V3≻V2≻V6 in order.

6. Discussion and Conclusions

,e analysis of urban resilience is an important and urgent
task. Advanced countries have invested huge amounts of
money in this issue to strengthen the resilience of cities. In
order to improve the level of urban resilience, many re-
searchers have proposed advanced methodologies to effec-
tively assess urban resilience and provide feasible
improvement strategies as a reference [3, 5, 6]. Based on the
literature review, previous studies rarely used MADM
models to explore the mutual influences and weights of
urban resilience attributes. In addition, an urban resilience
evaluation framework suitable for Taiwan has not yet been
fully established.,is paper proposes a novel MADMmodel
to bring a more complete evaluation framework and analysis
method to the problem of urban resilience measurement.
Firstly, through a large number of literature reviews and
expert interviews, 4 dimensions and 24 attributes were
determined to establish an evaluation framework. Secondly,
this paper uses Z-DEMATEL to obtain the mutually in-
fluential relationships and weights of attributes and then
generates an INRM so that decision makers can easily
identify the key influencing factors in the evaluation system.
,e Z-DEMATEL proposed in this paper is an extension of
the research of Hsu et al. [26]. It uses trapezoidal fuzzy
numbers to envelop a wider range of uncertainty and ef-
fectively measures the confidence of experts in the evalua-
tion. Finally, we also improved the conventional RIM [22],
combined with Z-numbers to form the Z-RIM, and further
optimized the practicability of the conventional RIM in a
fuzzy environment.

Based on the Z-DEMATEL results in Table 8, in terms of
total influence (rj+ sj), the top five are “population density in
the urban area (SI1) (4.941),” “outcome of business activities
(ES3) (4.541),” “number of healthcare services (CC1)
(4.474),” “density of buildings (GC4) (4.393),” and “number
of existing businesses in the area (ES4) (4.310)”. Besides, the
total weight of these five attributes is approximately 0.25
(0.053 + 0.049 + 0.048 + 0.047 + 0.046), which accounts for
about a quarter of the overall evaluation system. ,e INRM
shows that “population density in the urban area (SI1),”
“outcome of business activities (ES3),” “density of buildings

(GC4),” “number of existing businesses in the area (ES4),”
“disposable income on average households (ES5),” and
“number of buildings over 30 years old (GC5)” are the main
factors affecting the relationship system. ,e results of
Z-DEMATEL analysis echo the research of Monteiro et al.
[28], Borsekova et al. [29], Kontokosta and Malik [3], and
Zheng et al. [30]. ,is study focuses on the results of
Z-DEMATEL analysis. Several feasible improvement mea-
sures for resilience are proposed and described as follows.

(i) ,e population density in urban areas: Many
resilience-related documents mention the impact
of population density and population composition
on urban resilience, and most of them focus on the
vulnerable population, such as the elderly, the
young, and the disadvantaged. ,ese populations
have higher vulnerability and lower resilience in
the face of natural disasters [42–45]. In terms of
improvement measures, the possibility of urban
migration can be considered. Taipei is the capital of
Taiwan, and capitals are often the economic, po-
litical, and cultural centers of countries. However,
as the scale of capital cities continues to expand,
many city capacity problems will arise, for ex-
ample, huge problems such as traffic congestion,
environmental pollution, overconcentration of
population, and disaster multiplication. Relocating
the capital city, or moving part of the government
to a different city, can solve the problems of uneven
economic development and urban disaster multi-
plication in a country and strengthen the resilience
of the city, which is a better policy choice.,ere are
many successful cases in the world, such as the
Seoul metropolitan area, which has nearly 50% of
the country’s population, and the problems of
metropolitan areas are getting more and more
serious, such as high housing prices, traffic con-
gestion, and environmental pollution. In order to
solve the urban development problem, Korea
decentralized Seoul’s urban capacity and relocated
the capital to become the first choice to decen-
tralize Seoul’s politics and economy. ,erefore, the
National Assembly passed the New Administrative
Capital Special Act in December 2003 to provide
legal protection for the relocation of Korea’s
capital.

(ii) ,e outcome of business activities and the number
of existing businesses in the urban area: ,e output
value of urban industrial activities and the number
of industrial companies in the urban area are im-
portant indicators to measure urban resilience.
Different industries have different influences on
disaster resilience. For example, agriculture may be
less resilient than the commercial and industrial
sectors because of its lower value and less attention
received [43]. For example, the key focus of Taipei
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City is the development of high-tech industries such
as communications, electronics, information,
computers, and machinery, located mainly in the
Neihu and Nangang districts of Taipei City, which
are in line with the current key construction of
Taipei’s urban development and the creation of
high-tech industrial clusters. ,e impact of large-
scale disasters on the industry is relatively large for
sure. In particular, earthquakes and floods in Tai-
wan have a significant impact on urban resilience.
,e stability of electricity is also an important de-
terminant of industrial development and urban
resilience. ,erefore, it is recommended that the
government should pay attention to the industrial
development characteristics of a city, such as Taipei
City as a high-tech development city, and also pay
attention to the industrial clustering effect, the more
industrial clusters, what is more favorable to the
development of industries, what is more favorable
to the city income, and what is more favorable to the
city resilience.

(iii) Density of buildings/number of buildings over 30
years old: ,e distribution of buildings affects the
impact level of earthquakes and relevant disasters
(e.g., floods), as well as the response and recovery
ability during and after disasters. In general, the
higher the number of buildings and age of buildings,
the lower the urban resilience; on the contrary,
stronger buildings are expected to have a positive
relationship with urban resilience [46]. Strategies for
improvement include accelerating urban renewal
and introducing disaster-resistant urban building
plans, such as the design of sponge cities and seismic
retrofitting of 30-year-old houses, to strengthen ur-
ban resilience and disaster resistance.

(iv) Number of healthcare services: In the event of a
disaster, many casualties may occur, and the
distribution of healthcare facilities is important in
measuring the disaster response capability of a
region. In terms of disaster prevention and relief
facilities, in addition to the number and distri-
bution of medical institutions, it is also necessary
to consider the distribution of fire and police
agencies and the number of disaster response sites.
,e more these facilities are adequate, the more
the public resources and space are available to
flexibly deal with or recover from disaster-related
impacts and therefore have a higher degree of
urban resilience.

(v) Disposable income on average households: When a
disaster occurs, having more disposable income
allows people to purchase different disaster pre-
vention and relief equipment or to have more
flexibility in disaster avoidance and relief, to reduce

the occurrence of damage and to have more re-
sources to rebuild after the disaster. ,e higher the
disposable income, the higher the resilience.

It is feasible and effective to use MADM methodologies
to discuss the comprehensive assessment of alternatives
[47–49]. ,e results of the Z-DEMATEL analysis were
shared and fed back to all experts, who indicated that the
information assisted them in their decision making in the
strategic alliance. In addition, the results of the Z-RIM
analysis show that Taipei City (V1) and Taichung City (V4)
are relatively more resilient in terms of urban capacity. We
use index Ii as attributes to determine the resilience of the
cities. I1 to I5 are all greater than 0.5, which means that the
resilience of the five cities is above the average of the as-
sessment system; only I6 of V6 is 0.4978, which is less than
0.5. ,erefore, appropriate improvement strategies should
be given to Kaohsiung City (V6). Kaohsiung City has a
diverse landscape and is a large industrial city in southern
Taiwan and therefore faces complex and diverse types of
disasters. Every year, Kaohsiung is threatened by typhoons,
earthquakes, and factory explosions. Highly developed ur-
ban areas need to be protected from flooding, hillside areas
have the potential for landslides and collapses, and ocean-
front areas need to be protected from tsunamis. In addition
to natural disasters, there are also threats from man-made
fires, gas, firecrackers, and dangerous waters. In terms of
improving policies, the Kaohsiung government should
conduct disaster potential surveys, use and update disaster
risk maps, deepen local disaster prevention and relief ca-
pabilities, establish various promotion mechanisms for di-
saster prevention, conduct education and training, improve
the capabilities of relevant disaster prevention and relief
personnel, and enhance the local government’s ability to
promote disaster prevention and relief work. Furthermore,
Kaohsiung should also strengthen the chain of industrial
activities, including introducing foreign investment,
strengthening the formation of industrial clusters (such as
science parks), and strengthening the stability of water and
electricity infrastructure. Moreover, the care and immediate
evacuation of vulnerable and low resilience populations
(such as the elderly, the young, and the disabled) will help to
improve the resilience of the city.

,is study performed a model comparison, including
Z-SAW (Simple Additive Weighting), Z-WASPAS
(Weighted Aggregated Sum Product ASsessment), Z-CO-
PRAS, Z-TOPSIS, Z-VIKOR, and Z-RIM methods. ,e
calculation results of multiple models are shown in Table 14.
Obviously, the three methods Z-TOPSIS, Z-VIKOR, and
Z-RIM have the same sorting result because they are all
based on the concept of compromise sorting. However,
Z-RIM considers more potential management information
than Z-TOPSIS and Z-VIKOR. In addition, we also per-
formed a sensitivity analysis to check the robustness of the
proposed model. ,e weight of the SI1 (the most important
attribute) was changed from 0.1 to 0.9, and the other
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attributes were weighted proportionally. Table 15 shows the
ranking results of the nine runs. It can be confirmed that the
sensitivity of the proposed model will not be affected by the
single attribute weight.

Our proposed MADM model provides a systematic
analysis process to provide a complete resilience evalua-
tion for the six major cities in Taiwan. In summary, this
study provides an effective tool for cities on the issue of
resilience evaluation. ,is effective soft calculation
method can be combined with expert/decision maker’s
judgment to propose more realistic management impli-
cations. ,e methodology of this study has not yet been
developed in the academic community. We prove the
validity and reliability of the proposed model. Several
advantages of the model integrating Z-DEMATEL and
Z-RIM are as follows: (i) Z-number takes into account the
uncertainty and reliability in expert judgment; (ii)
Z-DEMATEL explores the mutually influential relation-
ships of urban resilience attributes and generates influence
weights for the attributes; (iii) Z-RIM overcomes the
shortcomings of conventional TOPSIS, which can be
applied to the-larger-the-better, the-smaller-the-better,
and the-nominal-the-best attributes; (iv) it helps decision
makers to be more systematic in the decision-making
process. Moreover, the proposed model is suitable for
various evaluation and selection problems based on
multiple criteria, especially under uncertain information
environment, for example, site selection, corporate per-
formance evaluation, and talent recruitment.

Although the study makes an important contribution to
solving the problem of urban resilience, it still has some
limitations.,e proposed model uses the arithmetic mean to
integrate the survey data provided by multiple experts,
which makes it impossible to detect any anomalies in the
data. In the future, it can be combined with the rough set
theory to overcome the aforementioned problem. Fur-
thermore, the concept of aspiration level is not introduced in
Z-RIM, so it is impossible to determine the gap between the
evaluated items and the aspiration level. At present, the
experts suggested evaluating the six major cities in Taiwan.
In the future, the model can be applied to evaluate more
cities.
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V. Vasilienė-Vasiliauskienė, “Comprehensive assessment of
distance learning modules by fuzzy AHP-TOPSIS method,”
Mathematics, vol. 9, no. 4, p. 409, 2021.

[48] S. Ashraf and S. Abdullah, “Spherical aggregation operators
and their application in multiattribute group decision-mak-
ing,” International Journal of Intelligent Systems, vol. 34, no. 3,
pp. 493–523, 2019.
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