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Abstract: In today’s highly complex world, urban security has become a focus of attention for people
in various positions due to its enormous uncertainty. As an essential path towards urban safety,
resilient development can effectively provide emergency management capability for cities when
they are exposed to unknown risks. In this study, an evaluation-index system for urban-safety
resilience was constructed from the perspective of sustainable urban development. The urban-safety-
resilience evaluation model was established with the help of catastrophe theory to study and analyze
urban-safety resilience. The corresponding spatial-temporal-evolution analysis used the geographic
information system (GIS) and Moran index to evaluate the urban-security resilience of 10 regions
in western China. Finally, it was concluded that (1) the urban-safety resilience of most regions in
western China showed an increasing trend over time in 2017, 2019, and 2021; (2) the urban-safety
resilience of Chonggqing, Sichuan, and Shaanxi provinces is at a relatively high level compared to
the western region overall; and (3) regions such as Ningxia and Gansu are disaster-prone, and
urban infrastructure conditions are relatively backward. Therefore, urban planning and governance
should be flexibly transformed to explore and apply appropriate urban-safety-resilience models, with
sustainable development as the cornerstone.
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1. Introduction

As giant and complex systems comprising social, economic, and ecological factors [1],
cities” uncertainty and unknown risks will increase with the acceleration of the urbanization
process. The vulnerability of urban systems to unknown risk factors, such as climate
change, energy crises, natural disasters, international situations, food security, and financial
emergencies, is particularly pronounced, and this is one of the critical issues constraining
sustainable urban development [2]. In recent years, the term “urban resilience” has emerged
with particular frequency in academic and policy contexts [3]. As a new pathway for
urban development, “urban resilience” has multiple capabilities in urban systems and
their associated socio-technical and socio-ecological networks within dynamic boundaries.
These include the capacity to preserve or swiftly reinstate essential operations in response
to disruptions, the capacity to adapt to variation, and the capacity to enhance constrained
adaptive and resilient systems [4].

To achieve the transition from high-speed to high-quality urban development, the
Chinese government has focused on consolidating the concept of safe development, en-
couraging people-oriented urbanization, and building resilient cities in the 14th Five-Year
Plan and the 20th National Congress. From the perspective of enhancing urban resilience
to ensure urban safety, resilience and safety are inextricably linked; therefore, urban-safety
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resilience has received close attention as a new topic [5]. Based on the urban resilience
theory, urban-safety resilience focuses on a broader, integrated, and flexible analysis of
urban-public-safety events and has been identified as a new paradigm for urban-safety
development [6], which helps urban systems to deal with the impact of continuous dynamic
changes in internal and external risks in the face of the uncertainty of unknown risks [7]. In
addition, as a model for sustainable urban development, the strategic, forward-looking,
and integrated nature of urban-security resilience offers an additional practical quality to
mega-urban systems. Therefore, urban-security-resilience assessment will become a strate-
gic direction and new model for urban security, and an effective solution for unknown-risk
management in sustainable urban development.

The current spatial layout of China’s overall urban resilience shows a highly remark-
able east-high and west—-low divergence pattern that fits the Hu Huanyong line [8]. The
western part of China, which accounts for 70.6% of the country’s total territory, is over-
whelmingly in need of enhanced construction [9]. Moreover, the western region is in the
northwest continental disaster zone. The plateau zone and frequent natural disasters have
created sensitivity and fragility in the ecosystem of the region [10]. To investigate the cur-
rent state of urban-safety management and urban-resilience construction in western China,
this study analyzed the level and spatial and temporal evolution of urban-safety resilience
in 10 regions in western China by constructing an urban-safety-resilience evaluation-index
system and quantitatively measured the impact of urban people, urban facilities, and urban
management on urban-safety resilience. The contributions of this paper are as follows.
Firstly, this paper introduces the catastrophe-level method to analyze the macro-level indica-
tor system, which can not only be used to obtain more accurate evaluations of urban-safety
resilience, but can also provide assessment tools for urban safety and resilience develop-
ment in other regions. Secondly, this paper assesses the urban-safety resilience of 10 regions
in western China in three dimensions: personnel, facilities, and management. The findings
will help to better understand the variability in the urban-safety-resilience components
of the respective regions, as well as helping to provide recommendations for sustainable
development in these regions. Finally, in addition to evaluating urban-safety resilience, this
paper also uses Moran-index analysis to further explore the spatial and temporal evolution
of urban-safety resilience and discusses comprehensive development strategies for cities
in western regions from multiple perspectives, to provide policy recommendations for
integrated regional urban development.

The remaining sections of this paper are organized as follows. Section 2 presents a
literature review and analysis on urban resilience and urban security resilience. Section 3
explains the methodology used for the urban-security-resilience evaluation-index system
and the spatial-temporal evolution analysis. Section 4 presents the urban-security-resilience
evaluation and spatial-temporal evolution analysis for the 10 regions in western China,
and discusses the results. Section 5 presents the conclusions and recommendations.

2. Literature Review
2.1. Related Research on Urban Resilience

Urban safety is essential to maintain social stability and enhance sustainable devel-
opment in the growing urbanization process. Different scholars have defined the scope of
the research on urban safety in varying ways. Krimsky proposed that polycentric theory
can be applied to security control in most cities [11]. In contrast, Brugmann argued that
research on urban safety should start with resilience, which is the key to sustaining the
essential form of sustainable cities [12].

With the formal introduction of the urban-disaster-emergency-response system, urban
resilience has gradually become a significant research component in new urban construc-
tions. However, there are differences in its definition in academic circles at present. Jean-
Marie and other scholars believed that resilient cities mainly use their internal resources
and urban systems to resist different levels of disaster crises through technical and human
means and recover quickly after disasters [13]. Asadzadeh et al. argue that a city’s security
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resilience depends on its ability to withstand and recover from the massive damage and
unstable chaos caused by disasters [14]. However, Patricia’s notion of urban resilience
emphasizes the systematic nature of urban resilience, arguing that it should be biased
more towards temporal variables, i.e., expressing the process quantity rather than only
the outcome quantity of urban resilience. Therefore, urban-resilience management needs
to be implemented from the pre-disaster, disaster, and post-disaster perspectives, with a
complete cycle of disaster events and response processes considered accordingly [15].

The current body of urban-resilience research covers a wide range of topics, and there
are many ways to measure urban resilience. For instance, Lu Hao et al. used the BP
neural network with a genetic algorithm to build an urban-resilience-measurement model
and used the convergence model to analyze spatial-temporal evolution of the Chengdu-
Chongging urban agglomeration [16]. Ma Fei et al. used the extreme-entropy method to
calculate the resilience level of urban agglomerations in China and explored the factors
influencing the spatial-temporal evolution using gray correlation analysis [17]. Ma Xuefei
et al. assessed the factors affecting urban spatial resilience in the Harbin—-Changchun urban
agglomeration and the impact of its spatial differentiation using the Geodetector method
and obtained the spatial evolutionary characteristics of urban resilience by applying a Jenks
inter-natural fault classification [18]. Liu et al. dissected the spatial and temporal evolution
characteristics of the urban resilience in 18 cities in Henan province using the entropy
method, the Thiel index, and an exploratory spatial data analysis (ESDA), and explored
the influencing factors with a spatial econometric model [19]. Furthermore, some scholars
and experts have also investigated and studied the framework and application of urban
resilience. Many scholars’ investigations of urban-resilience frameworks can be roughly di-
vided into two categories: the first is the establishment of an urban-resilience framework in
the social, economic, engineering, policy, and organizational dimensions. For example, Shi
Yijun and other scholars determined the essential features of sophisticated urban systems
by exploring the principles of urban-system operations. They constructed a structure for
complicated urban systems with three dimensions, system environment, system elements,
and system structure, and explored various aspects of the methodology to evaluate the
resilience of urban systems. This method can be used in consultations on the development
of urban safety and resilience enhancement [20]. Rina et al. artificially measured the impact
of various natural hazards on urban resilience at the coastal scale. They measured the
layouts of urban structures in five dimensions: engineering resilience, economic resilience,
management resilience, environmental resilience, and social resilience [21]. Mahsa et al.
divided the urban-resilience framework into six domains: societal, infrastructure, economy,
environment, neighborhood capital, and institution. The performance of the community-
tracking model in terms of various aspects of the urban-resilience framework was used
to provide an additional reference for city managers on the planning and construction
of resilient cities [22]. The second type of framework aims to develop revelatory tools
using nonlinear cross-domain knowledge and geographical characteristics by combining
sensitivity and vulnerability to guide the development of multi-scale resilience-assessment-
indicator systems. Manyena clarified the correlation between the components of resilience,
integrated capacity, and the implementation procedure through a comprehensive analy-
sis of the urban-resilience framework and developed an indicator-measurement tool for
regional urban resilience [23]. Karen conducted a statistical validation to determine the
timeliness of an urban-resilience-measurement tool for flooding [24].

The notion of urban resilience has progressively appeared in national macro-policy and
local urban-development-strategy reports, along with studies related to safety-resilience
frameworks. For example, the Rockefeller Foundation developed a series of urban-safety-
resilience-indicator frameworks, mainly focusing on urban systems and services, the health
and well-being of urban residents, government leadership and strategy, and economic
and social organization [15]. The United Nations developed the Sendai Framework and
the Hyogo Framework, which are composed of four areas: understanding disaster risk,
improving disaster-risk management, strengthening disaster-risk preparedness, and build-
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ing urban resilience [25]. The new European Resilience Management Guidelines (ERMG)
encourages the participation of all urban actors in urban governance by developing urban
safety strategies. This is intended to achieve a resilient management capacity for cities and
an integrated response capacity to strengthen urban-resilience management at all stages.

2.2. Related Research on Urban-Safety Resilience

At present, urban resilience is still a common international academic concept. Urban-
safety resilience is based on urban resilience, focusing on the new situation faced by urban
safety development. Research on urban-safety resilience is still limited to the theoretical
results related to urban resilience, and there is a lack of targeted urban-safety-resilience
research. In recent years, with the deepening of urban-safety-resilience research, led by
China, scholars and experts in related fields have gradually achieved results in exploring
the application strategies and evaluation schemes of urban-safety-resilience practices.

The current research on the evaluation methods for urban-safety resilience is qualita-
tive. This qualitative research primarily focuses on establishing a theoretical evaluation
frame for urban-safety resilience and highlighting the core components of urban-safety
resilience.

In their evaluation study of urban-safety resilience, Huang Lang et al. built a specific
conceptual model of urban-system-safety resilience. They determined key considerations
in urban-system-safety resilience, such as the link between the elements of the munici-
pal system, covering characteristics and functional characteristics, etc. [26]. Based on the
context of urban-emergency and disaster prevention and safety development, scholars
such as Fang proposed four points of urban-safety resilience: social resilience, institutional
resilience, technological resilience, and project resilience [27]. Chen An et al. established
a dynamic evolution mechanism of urban-safety resilience in the context of external risk-
based perturbations, providing a new method of thinking for subsequent research on
urban-safety-resilience evaluation [28]. Fan Weicheng established a urban-safety-resilience-
system framework from the public-security perspective and argued for the strengthening
of urban-safety resilience through science and technology, culture and management, the
consolidation of the urban public-security-governance system, and the modernization
of urban governance [7]. Based on the perspective of public health security, Julia Wang
explored the disaster-response ability of China’s urban-safety-resilience construction in
terms of management mechanisms, spatial planning, culture and education, and material
security [29]. Hu et al. found that China’s urban-safety resilience suffers from a lack of
a complete organizational structure and institutional system, insufficient innovation and
digital transformation, a lack of regional differences in spatial planning, and a lack of redun-
dancy in urban infrastructure. They proposed an architectural system for the whole-cycle
resilience management of large urban systems that includes the dimensions of subject,
space, mode, and process [30]. Some scholars believed that the urban-security-resilience
framework should be further studied quantitatively using both quantitative and qualitative
indicators. That is, an evaluation model of the urban-security-resilience-index system
should be established. This research method is China’s most widely used tool for urban-
safety-resilience evaluation [31]. Guo Yuyu et al. believed that we should combine the
implication of urban-safety resilience and the characteristics of drawing power, resilience,
and adaptability and build an evaluation-index system for urban-safety resilience in four
dimensions: social resilience, economic resilience, environmental resilience, and infrastruc-
ture resilience [32]. By analyzing the concept and connotations of urban resilience, Chen
Changchun et al. established an evaluation-index system for urban-safety resilience using
the three dimensions of resilience, recovery, and adaptation during flood and rainstorm
disasters [31]. In the framework of the evaluation-index system of urban-safety resilience,
Tian Jiefang et al. used the four dimensions of urban-infrastructure subsystem, social sub-
system, organizational subsystem, and economic subsystem as a basis on which to assess
the urban-safety resilience of all subjects and dimensions in the face of various disasters [33].
In specific studies on urban-safety-resilience-index systems, scholars mainly focused on
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natural, social, economic, institutional, and infrastructural aspects. From the perspective
of nature, Zhang Hongmei et al. selected 11 indicators in terms of disasters, resources,
and socio-economics and measured the level of protection of environmental ecology in
Fuzhou [34]. Pang Sha et al. provided and selected 16 indicators from four dimensions,
ecological sensitivity, adaptive capacity, natural ecology, and human disturbance, and
adopted the comprehensive index-evaluation method to derive the corresponding values
of these indicators based on specific environmental problems. They then established the
environmental-resilience-indicator-evaluation system [35]. From the perspective of society,
scholars such as Ge Lingling used social structure, demographics, and culture as dimen-
sions to construct a social-resilience-evaluation system, focusing on social resilience [36].
From an economic perspective, Zhao Guojie et al. selected indicators from four perspec-
tives: carrying capacity, resilience, sensitivity, and stability. These were used to evaluate the
economic resilience of the coastal zone in Hebei Province [37]. Su Fei measured economic
resilience by dividing the corresponding indicators into sensitivity, exposure, and coping
capacity [38]. From the perspective of urban systems, Na Wei et al. selected indicators with
which to establish an urban-system-resilience-index systemin three dimensions: sensitivity,
loss, and stability [39]. By exploring the connotations of urban-safety resilience and the
sustainable development model, Li Bo et al. considered the issue of urban-safety resilience.
They selected 20 indicators to qualitatively and quantitatively analyze the three aspects
of sensitivity, exposure, and resilience [40]. Liu Hui et al. created an indicator-evaluation
system of firefighting resilience based on the following indicators: disaster resistance,
disaster recovery, and disaster resilience [41].

Some scholars studied different types of city in terms of their urban-safety resilience
because the scope of urban-safety resilience differs for different city types. Inspired by
the experiences of such mega-cities as New York, Tao Xidong believed that domestic
mega-cities should organize innovations in urban-resilience construction, implement a
financial investment system to support infrastructure renewal and maintenance, optimize
the design of the urban energy-supply chain and its spatial layout, and create a framework
for urban-community safety and resilience [42]. By setting up an indicator system for the
rating of urban-safety resilience in the Pearl River Delta during tropical cyclone disasters,
Du Jinying suggested the development of urban-safety resilience in the Pearl River Delta
by targeting ecological conditions, development levels, and organizational safeguards [43].
Focusing on a coastal city cluster with a high risk of rainfall and flooding, Tian Jian
et al. used multi-source data and the intelligent analysis of rain- and flooding-hazard-
identification technology to build a multi-faceted collaborative urban-safety-and-resilience
layout plan [44].

2.3. Methods, Scales, and Gaps in Current Urban-Safety Resilience

Urban resilience continues to be a major topic internationally. Furthermore, many
scholars have conducted a series of studies on the concept, definition, and evaluation of
urban resilience. Most of these scholars used methods such as conceptual definition and
connotation definition to argue that urban resilience is urban systems’ ability to prevent,
respond, and recover from disasters by working with residents, organizations, and govern-
ments [13-15]. Meanwhile, some scholars use a variety of different methods to evaluate
urban resilience and urban-security resilience, including the entropy method [16,18,32],
improved entropy method [8], TOPSIS method [45,46], and extreme-entropy method [17].
They assess the security resilience of each city from social, economic, engineering, environ-
mental, management, infrastructure, and institutional perspectives to effectively analyze
different cities and improve the construction of their urban-security resilience through ap-
propriate measures. However, the vast majority of previous research focused on assessing
urban resilience from a static perspective, with less research on the spatial and temporal
evolutionary characteristics of urban resilience. From the literature on the spatial-temporal
evolution of urban resilience [16-19], it can be concluded that the assessment of urban
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resilience from a dynamic perspective can provide a more comprehensive analysis of the
factors influencing the differences in different cities’ resilience levels.

Some countries, led by China, have conducted a series of studies on urban-safety
resilience in recent years. Most of these studies focused on the evaluation of urban-safety
resilience in mega-cities and developed economic zones, and most of the evaluated di-
mensions were reviewed in terms of economic, social, and institutional aspects. The
comprehensiveness of the coverage needs to be improved, and more potential urban-safety
resilience dimensions need to be comprehensively evaluated.

By combining studies from the literature related to urban resilience and urban-security
resilience, the following problems were found to still exist in the current research on
urban-safety resilience in China.

First, most of the studies on urban-safety resilience in China were based on examples
from developed regions, such as the eastern areas. Few explored urban-safety resilience in
China’s western or northwestern areas.

Second, the application of urban-safety resilience is comprehensive and discipline-
spanning. It is often difficult for relevant studies to effectively support the decision assess-
ment, making it difficult for urban-planning decision makers to properly understand the
relevant urban-safety-resilience evaluation results.

Third, urban-safety resilience is highly susceptible to coercive factors, systemic struc-
tural and chronic stresses, and perturbations from various natural and social perspectives.
Previous studies did not offer progress on the issue of urban-safety resilience caused by the
impact of such multiple stresses.

Therefore, based on the perspective of sustainable development, this paper evaluates
and analyzes the urban-safety resilience and spatial-temporal evolution of 10 regions in
western China from a macro perspective. In terms of evaluation objects, most scholars
choose cities and regions with high economic levels for evaluation, and relatively little
attention is paid to western China. This study makes up for the current lack of a wide range
of urban-security-resilience studies to a certain extent and uses GIS, space weights, and
Moran’s index to analyze the spatial-temporal-evolution characteristics of the regions and
to explore the changes in the evolution patterns and the correlations between patterns of
urban-security resilience in the past.

3. Methodology
3.1. Urban-Safety Resilience
3.1.1. Concept and Connotation

Since the 14th Five-Year Plan, building of resilient cities based on the concept of safety
development in China has been a new aim. Urban-safety resilience adds the concept of
urban-safety development to urban resilience. Few scholars have studied urban-safety
resilience because it has been proposed for a relatively short time. The definition and
connotations of the concept have not been unified. The definition and connotations of
urban-safety resilience are defined through two aspects: the first is based on the definition
of urban resilience, and the second is based on the connotations of urban safety.

The main studies using the first perspective are as follows. Rina et al. differentiated
urban resilience into engineering resilience, economic resilience, management resilience,
environmental resilience, and social resilience to improve the structural layouts of cities [21].
Mabhsa, on the other hand, made additional references to urban-resilience building in terms
of social resilience, infrastructure resilience, economic resilience, environmental resilience,
community-capital resilience, and physical resilience [22].

The main studies conducted from the perspective of the second category are as follows.
Against the background of urban-emergency and disaster prevention and safety develop-
ment, scholars such as Fang believed that the connotations of urban safety resilience should
include social personnel safety, engineering safety, and technical safety [27]. Fan et al. be-
lieved that urban-security resilience should be strengthened from the perspective of public
security in terms of science and technology, culture and management, and strengthening of
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the urban public-security-governance system [6]. Ge et al. believed that the connotations of
urban-security resilience should include social structure, social demographics, and social
culture [36].

Using the research reference Guide for safety resilient city evaluation [47], and system-
atizing the literature review, this paper defines urban-security resilience as cities” ability to
cope with and recover from disasters throughout the whole process, with the concept of
security development as the guiding principle and population, facilities, and management
as the basis of development. Its connotations should include the following elements.

(1) Resilience of urban-personnel safety

Urban-personnel-security resilience is the ability of the urban population to secure
basic livelihood security before and after a disaster. It is based on a people-oriented concept,
involving judgments on the primary livelihood conditions of the city. It aims to ensure
that urban populations can cope with unknown risks before facing disasters, mitigate the
damage caused when disasters occur, and recover quickly after experiencing such disasters.

(2) Resilience of urban-facility safety

Urban-facility-safety resilience refers to urban facilities” ability to maintain basic opera-
tions in response to disasters. In studies on urban-safety resilience, the urban-infrastructure
network is a prerequisite for a city’s ability to resume operations after a disaster. Its loss
of function can lead to significant social effects and economic losses [48]. The urban-
infrastructure network mainly includes the water-distribution network, power-distribution
network, transportation network, and communication-distribution network. In addition,
infrastructure that can prepare for construction works, urban-disaster-emergency predic-
tion, and emergency security also belongs to the urban-facility-safety-resilience category.
As noted by Fang et al, cities should aim to enhance their urban security and resilience,
urban-disaster-risk monitoring and early-warning systems, urban infrastructure, lifeline-
engineering security, emergency-communication-security-project construction, etc., and
strengthen their disaster-emergency response and rescue, as well as their material and
equipment security [27].

(3) Resilience of urban-management safety

Urban-management-security resilience refers to urban systems’ ability to prevent and
respond to disasters. Urban governance plays a pivotal role in urban-safety resilience [49].
The resilience of urban-management safety requires the ability to provide basic security and
emergency supplies in the event of a disaster and offer certain supplies and medical support
in the event of an unknown risk. In the security-management process, the type, frequency,
and extent of regional risks should be assessed and controlled to prevent unpredictable
damage and losses to cities from disasters.

3.1.2. Principles for Constructing the Indicator System

The reasonable degree of the index system of urban-security resilience directly affects
the objective accuracy of the evaluation results, and the construction of a reasonable index
system is a key step in the evaluation. The construction of the urban-security-resilience-
evaluation-index system follows the following principles:

(1) Objectivity

In addition to serving as a basis for evaluation, the evaluation-index system of urban-
security resilience can also be used as the basis for regional planning and urban-security-
resilience-information platforms in subsequent research. At the same time, the construction
of an urban-security-resilience-evaluation-index system should be based on profound
analysis and scientific research on the scope and characteristics of urban-security resilience
to produce a practical and scientific index system. By analyzing the connotations of urban-
security resilience, this study establishes the mechanism of urban-security resilience and
uses it as a guarantee of the objectivity of the index system.

(2) Quantitative

When selecting the indicators which can be reflected by data directly or by data
after quantification, the objectivity of the indicators should be emphasized. This paper
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uses spatial and temporal evolution analyses, and strictly considers the changes in the
indicators in each year. Since it is difficult to quantify qualitative indicators, in this research,
qualitative indicators were avoided as much as possible when constructing the indicators.

(3) Systemic

When selecting urban-safety-resilience-evaluation indicators, various factors influenc-
ing urban-safety resilience should be considered comprehensively in terms of the specific
purpose and the definition of relevant resilience levels at each stage. Moreover, when
selecting indicators, not only should the safety-resilience-related indicators of the city itself
be considered, but also the ecological, economic, and development issues of the city. At the
same time, there should be a certain logical relationship among the indicators in order to
ensure that each indicator has a specific role and to avoid duplication.

(4) Authoritativeness

With the growing demand for urban-safety-resilience development, the need to en-
hance the capacity for rapid recovery from urban disasters and risk-response capacity
has become increasingly urgent. The evaluation indexes should be authoritative. If some
data are missing, reasonable mathematical methods should be used to make reasonable
predictions.

3.1.3. Establishment of an Urban-Safety-Resilience-Index System

The evaluation system requires not only a definition of the connotations of indicators
as a theoretical basis, but also the construction of a practical set of indicators to achieve
a specific evaluation. The structure of the index system in this paper mainly combines
the definition of connotations and draws on the Guide for safety resilient city evaluation [47]
and some of the related research to assess urban-security resilience in terms of people,
facilities, and management in three areas: the security resilience of urban people mainly
reflects the preparedness of urban populations to cope with disasters. After the challenges
of COVID-19, the importance of population resilience is obvious [50], so in this paper, we
selected three Tier 2 indicators and nine Tier 3 indicators to reflect the carrying capacity
of the city and the ability to guarantee safety [16,17,51]; the security resilience of urban
facilities mainly reflects the ability of a city to maintain the normal operation of its fa-
cilities. Most of the evaluation studies in this field have taken the facility dimension as
the assessment criterion [16,33], so in this paper, we selected five Tier 2 indicators and
fifteen Tier 3 indicators to reflect the city’s supply capacity, disaster-warning capacity, and
facility-guarantee capacity [31,32]; urban-management-security resilience mainly reflects
the coordination ability of a city’s regional disaster scale and input guarantee, the ability of
the economic input to correctly respond to the risk of shock and to reduce the losses to a
certain extent [52], and the balance between urban disasters. Therefore, this paper selects
2 Tier 2 indicators and 6 Tier 3 indicators to reflect the economic strength and disaster
resistance needs of cities [16,32].

To ensure that the differences between urban and rural spaces were clearly described,
the selection of indicators in this paper took into consideration the fact that the urban
population has a high aggregation, as well as the observation that the rural population
is older than the urban population [53], which affects the degree of differentiation of
human security. Therefore, the indicators with the greatest impact on urban resilience were
chosen [54]. Urban areas are complex and giant systems compared with rural areas, and
their disaster-prevention facilities and management systems are more extensive and have a
more significant impact than those in rural areas. The indicators in this paper were chosen
to ensure the urban characteristics and achieve as much of an urban-rural distinction as
possible. The evaluation-index system in this paper is shown in Table 1. The corresponding
indicator descriptions are shown in Appendix A.
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Table 1. Evaluation-index system of urban-safety resilience.

General Goal Tier 1 Indicators

Tier 2 Indicators

Tier 3 Indicators

The resilience of
urban-personnel safety
(B1)

Basic population
attributes
(C1)

The resident-population density in built-up areas (D1)

Level of basic medical insurance for urban workers (D2)

Percentage of transient population (D3)

Social participation
preparation
(€2)

Level of urban-health-technology talent pool (D4)

Number of hospitals (D5)

Social-organization-unit level (D6)

Sense of security and
security culture

Personal-accident-insurance income (D7)

Urban commercial-insurance income (D8)

Urban-safety
resilience (A)

The resilience of
urban-facility safety
(B2)

(C3) Number of employees involved in
work-related-injury-insurance coverage (D9)
Land-development intensity (D10)
Construction The proportion of land area in security-vulnerable
(C4) areas (D11)

Number of employees in construction-industry
enterprises (D12)

Traffic facilities

(C5)

Road-network density (D13)

Level of urban traffic-lighting facilities (D14)

Lifeline project
amenities

(C6)

Cell-phone penetration rate (D15)

Number of fixed-broadband households (D16)

Level of gas-supply facilities (D17)

Monitoring and
warning facilities

(€7)

Level of seismic-monitoring facilities (D18)

The public reach of meteorological hazard monitoring
and anticipation of early alert messages (D19)

Urban intelligent-pipe-network density (D20)

Emergency-security
facilities

(C8)

Shelter area per capita (D21)

Storage area of disaster-relief-reserve institutions per
10,000 people (D22)

Number of beds in healthcare facilities for
10,000 people (D23)

Greenery coverage (D24)

The resilience of
urban-management
safety
(B3)

Risk-control level
(C9)

The hazard-related mortality rate per million
population (D25)

Annual direct financial damage resulting from
catastrophes as a percentage of area GDP (D26)

Annual percentage of people affected (D27)

Support-security input

(C10)

Public-security financial expenditure (D28)
Healthcare financial expenditure (D29)

Transportation financial expenditure (D30)

3.1.4. Study Area and Time

In this paper, to explore the level of development of safe and resilient cities in western
China, the 10 regions of Chonggqing, Sichuan, Yunnan, Guizhou, Shaanxi, Gansu, Qinghai,
Ningxia, Guangxi, and Inner Mongolia were selected according to the preferability and
feasibility of regional development and due to the unavailability of some indicator data
in Xinjiang and Tibet. At present, China’s development is still unbalanced, but there is a
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significant focus on the development of the western district at the national level. Many
financial and material resources have been invested in urban construction, and its develop-
ment potential is enormous. However, there is scant research on urban-safety resilience in
China’s western region. Therefore, in this paper, we study the security resilience of cities in
western China.

When selecting the research time, to prevent the data obtained by selecting consecutive
years from not significantly reflected the changing trends, we studied the relevant data
by selecting intervals of years, which made the changes in the data more accurate and the
changes in the trend more intuitive. Since relevant statistics for 2022 have not yet been
published, the most recent year in this study is 2021. The concept of a safe and resilient
city is relatively recent, so the primary data from three years, 2017, 2019, and 2021, were
selected for the evaluation of safe and resilient city development in western China based
on careful consideration and reasonable verification.

3.2. Catastrophe-Progression Method

The main evaluation methods included the ANP network, fuzzy comprehensive eval-
uation, hierarchical analysis, and catastrophe progression. To distinguish the advantages
and disadvantages of each evaluation approach and the suitability of each method for this
study, the primary evaluation methods’” advantages, weaknesses, and applicability are

summarized in Table 2.

Table 2. Comparison of evaluation methods.

Evaluation Methodology

Advantages

Disadvantages

Scope of Application

Fuzzy integrated
evaluation

Explicit and systematic results
that translate qualitative metrics
into quantitative metrics

Insufficient use of the
volatility of the change in its
evaluation results when the
affiliation degree changes,
mainly because of the
considerable subjectivity in
the evaluation process

The nature of the influential
parameters and the difficulty
in quantifying the assessment
of the activity

Hierarchical analysis

Translation of qualitative metrics
into quantitative metrics

Failure to consider the
interplay between different
levels of decision-making or
the same level

No cross-talk between factors
and between levels

ANP-network analysis

Superior flexibility, considering
both the factors and the
dependencies between the
superordinate factors of

each factor

More cumbersome to use in
complex decision-making
processes

Less computationally
intensive and relatively
deterministic risk-evaluation
problem

Object element model

Flexible indicators, simple
process, more systematic and
refined results

The hand must be a relatively
definite value

Multiple phases of evaluation
of numerous evaluation
objects identified by indicators

Monte Carlo

Errors and problems are
independent of the number of
dimensions;

problems with statistical
properties can be solved directly;
Issues of a continuous nature do
not need to discretize

Inability to fully reflect the
interactions between project
risk factors

Deterministic problems need
to transform into stochastic
problems

Evaluation questions are
relatively simple and defined

Catastrophe progression

It can be used to analyze indicator
systems with complex influencing
factors that produce unclear
catastrophe points;

Not overly dependent on weights

Due to its model
characteristics, the definition
of the risk level interval is
more complicated

Study of systems with
complex internal structures or
unknown mechanisms of
interaction of internal factors
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The catastrophe theory has the following main advantages. () The catastrophe-level
method is systematic and can better cover all aspects of urban-safety-resilience evaluation.
@ The catastrophe-level method is organized and can better protect all aspects of urban-
safety-resilience evaluation. 3 A good evaluation of complex structures can lead to a more
accurate evaluation of the more complex evaluation-index system of urban-safety resilience.
(®» With significant hysteresis, the catastrophe-level method can allow the more precise
evaluation of changing trends in urban-safety resilience. Therefore, this paper mainly uses
the catastrophe theory for urban-safety-resilience evaluation.

Catastrophe theory, as a general theoretical approach that acts specifically to represent
changes in the state of a system, usually simulates changes in the system’s state in various
periods with the help of constructive function models [55]. The function model in the
catastrophe theory is a latent feature, which reflects the system’s state. The possible
positions corresponding to different models represent very different meanings.

Before applying the catastrophe theory, an evaluation pattern needs to be constructed
based on the catastrophe-progression approach for the urban-safety-and-resilience-index
system, as follows.

(1) Data Sources

In this study, to strictly ensure that original data sources could be supported for an
evaluation of urban-safety resilience in western China, raw data were collected from the
National Bureau of Statistics, Chongqing Municipal Bureau of Statistics, Sichuan Provincial
Bureau of Statistics, Yunnan Provincial Bureau of Statistics, Guizhou Provincial Bureau
of Statistics, Shaanxi Provincial Bureau of Statistics, Gansu Provincial Bureau of Statis-
tics, Qinghai Provincial Bureau of Statistics, Ningxia Hui Autonomous Region Bureau
of Statistics, Guangxi Zhuang Autonomous Region Bureau of Statistics, Inner Mongolia
Autonomous Region Bureau of Statistics, China Urban Construction Statistics Yearbook,
and health statistics yearbooks of each province, as well as other official channels. After the
data for 2017, 2019, and 2021 were obtained, they were collected and organized, leading to
the initial data shown in Appendix B.

(2) Data Processing

Before calculating the data related to the indicator system of urban-safety resilience
constructed in the paper, the data were normalized and transformed into the same range by
dimensionless transformation because of their different units, different numerical sizes, and
significant differences in the forward and backward directions. In dimensionless conversion,
the range-transform method is generally used to process all data into dimensionless and
comparable values in the interval of [0, 1] [56].

The range-transform method can divide data into three categories, according to the
positive and negative nature of their indicators:

Positive indicators correspond to the formula:

x], _ x],min
Yi= xmax _ x],min @
Inverse indicators have the corresponding formula:
xMax _ g
L ] ]
Yi = x,MaAx _ y.min )
] ]
Interval optimal indicators have the corresponding formula:
_ X min .
1— —%, (" < xj<a)
yj= 1,(a < xj < b) 3)

x]-—b . max
1—m,(b<x]§x] )
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max__the maximum value of the index data;

Equation: x;—the raw index data; x;
xjmi"—the minimum value of the indicator data; y]-—the transformed indicator value. The
optimal interval for the indicator data is [g, b].

(3) Model Selection

After completing the dimensionless calculation of the raw data of indicators, the
catastrophe-level values of needles at different levels were calculated by the matching
catastrophe model corresponding to the normalization formula. Net, the catastrophe-
level values of hands at each station were calculated upward and individually based on
the framework of the indicator system. Finally, the catastrophe-level values of the total
urban-safety resilience were obtained.

Since the normalization formula needed to be selected following the principle of
matching the number of control variables and state variables with the corresponding
normalization formula, several correspondence methods covered in this paper are shown
in Table 3.

Table 3. This paper involves the normalization formula and the corresponding table of state variables
and control variables.

Catastrophe Type Status Variable Control Variable Potential Function Normalized Formula

cusp catastrophe 1 2 F(x) = x* + ax® + bx X = a,x, = Vb
z‘;zlslg‘ggig 1 3 F(x) = 2% +ax® + bx® + cx Ya :;?C/Eéngc: Vb,
C;‘;;iggle 1 4 F(x) = x® + ax* + bx® + cx? + dx };Z z g; i: z \3\5/[%
cata?tll:ct)phe 1 5 F(x) = x7 +ax® + bx* + cx® + dx? + ex Ya :x?i/i’x\g/;, xi/b;,xg Ve

Specifically, x is the state variable, a, b, ¢, d, and e are the control variables, and F(x)
is the system state and the potential energy condition of the whole system when the state
variable is x. The control variable is determined by the number of similar indicators, and
the normalized formula is determined by the weighting of the indicators.

After determining the corresponding model by the number of control variables and
their state variables, the specific correlation formula was determined by ranking the weights
of indicators within the same level and determining the correlations between the indicators.
The weighted ranking is shown in Table 4.

Table 4. Ranking of the weighting of urban-safety and -resilience indicators.

Upper-Level Indicators

Indicator Ranking of the Same

Indicators Higher-Level Indicators

The resident population’s density in built-up areas

(DY) ’
Basic population attributes Level of basic medical insurance for urban workers
(C1) (D2) 1
Percentage of transient population (D3) 2
Level of urban-health-technology talent pool (D4) 1
Social—particip(zzl;tizgn preparation Number of hospitals (D5) 3
Social-organization-unit level (D6) 2
Personal-accident-insurance income (D7) 3
Sense of security and security culture Urban-commercial-insurance income (D8) 1
©3) Number of employees involved in 5

work-related-injury-insurance coverage (D9)
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Table 4.

Cont.

Upper-Level Indicators

Indicators

Indicator Ranking of the Same
Higher-Level Indicators

Land-development intensity (D10) 2
Construction The proportion of land area in security-vulnerable 1
(C4) areas (D11)
Number of employees in construction-industry
. 3
enterprises (D12)
Traffic facilities Road-network density (D13) 1
(C5) Level of urban-traffic-lighting facilities (D14) 2
Cell-phone penetration rate (D15) 3
Llfehne—pr?g:eg)t amenities Number of fixed-broadband households (D16) 2
Level of gas-supply facilities (D17) 1
Level of seismic-monitoring facilities (D18) 3
Monitoring and warning facilities The public reach of meteorological hazard
(C7) monitoring and anticipation of early alert messages 2
(D19)
Urban intelligent-pipe-network density (D20) 1
Shelter area per capita (D21) 1
Storage area of disaster-relief-reserve institutions per 2
Emergency security facilities 10,000 people (D22)
(8) Number of beds in healthcare facilities for 10,000
3
people (D23)
Greenery coverage (D24) 4
The hazard-related mortality rate per million 3
population (D25)
Risk-control level - - - -
(C9) Annual direct financial damage resulting from 5
catastrophes as a percentage of area GDP (D26)
Annual percentage of people affected (D27) 1
o Public-security financial expenditure (D28) 1
Support-s(e:clurlty Input Healthcare financial expenditure (D29)
0
(C10) Transportation financial expenditure (D30) 2
Basic population attributes 1
(C1)
The resilience of urban-personnel Social-participation preparation 3
safety (B1) (C2)
Sense of security and security culture
2
(C3)
Construction 3
(C4)
Traffic facilities 2
(C5)
The resilience of urban-facility safety Lifeline-project amenities 1
(B2) (Co)
Monitoring and warning facilities 4
(C7)
Emergency security facilities 5

(C8)
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Table 4. Cont.

Indicator Ranking of the Same

Upper-Level Indicators Indicators Higher-Level Indicators
Risk-control level 2
The resilience of urban-management (C9)
safety (B3) Support-security input 1
(C10)
The resilience of urban-personnel safety (B1) 2
Urban-safety resilience (A) The resilience of urban-facility safety (B2) 1
The resilience of urban-management safety (B3) 3

According to the different catastrophe-level algorithms, there are two types of rela-
tionship between indicators of the same class in terms of correlation: “complementary”
and “non-complementary.” Through consultations with experts, this paper establishes
the internal connections and structural integrity of the indicator-evaluation system for
urban-safety resilience. The relationships between the indicators in the same layer are
shown in Table 5.

Table 5. Internal-relationship table of indicators at the same level.

Indicator Levels Hierarchical Internal Metrics Internal Relations
Tier 1 Indicators B1, B2, B3 Complementary
C1,C2,C3 Complementary
Tier 2 indicators C4,C5,C6,C7,C8 Non-complementary
9, C10 Complementary
D1, D2, D3 Complementary
D4, D5, D6 Complementary
D7, D8, D9 Complementary
D10, D11, D12 Non-complementary
. L D13, D14 Complementar
Tier 3 indicators D15, D16, D17 Non-coiplement}éry
D18, D19, D20 Complementary
D21, D22, D23, D24 Complementary
D25, D26, D27 Non-complementary
D28, D29, D30 Complementary

Based on the normalized formula, indicator weights, and indicator-relationship princi-
ples, the overall urban-safety-resilience model is shown in Figure 1.

The total catastrophe level was obtained by calculating each indicator from the bottom
to the top.

(3) Interval division

After the catastrophe model obtained the evaluation results, the results needed to be
refined by an interval segmentation of the model. Compared with the mean segmentation,
uniform distribution, and quantile methods, the K-means clustering algorithm can better
obtain the rank variability in evaluation results and is unaffected by the absolute aggrega-
tion effect. In contrast, the high aggregation of the catastrophe model’s evaluation results
means that the K-means clustering algorithm can be used as the interval-division method
for catastrophe models.

The main steps in the K-means clustering algorithm are as follows: ascertain the
number of cluster centroids K, group the K-cluster centers and calculate the distance
between each factor to obtain the cluster-center-class group with the shortest distance; next,
obtain the corresponding K-class groups through classification and, finally, iterate and loop
this process until the termination condition is satisfied [57].
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Figure 1. Catastrophe model of urban-safety resilience.
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According to the K-means clustering algorithm, it is assumed that there is a gradient
category of urban-safety-and-resilience-evaluation results, and its criterion function is:

k N; 2
J=Y L Xi—z| X €5 4)

where | is the sum of the squares of the distances from the sample points of each evaluation
result in the cluster to the center of the class, S; is the set of sample points for each evaluation
result, Zj is the set of sample points for each evaluation result, the center point of the S is
and N; is the sample size of the set of sample points for each evaluation result.

The algorithm aims to find the minimum value of the criterion function and the
square’s minimum value. The J; of the distance from each evaluation-result sample point
to the center of the class. This can be used to solve the following equation:

i _
7 - 0 ®)

The meaning of the letters in the formula is the same as in Formula (4).

Substituting Formula (5) into Formula (6):

9
3Z;

N; 0
Y X =z = ﬁ(xi ~Z)'(Xi—Z)=0 (6)
]
The letters in the formula mean the same as in Formula (4).
The solution of Formula (6) yields the centroid. The Z; of the sample-point set S; of
the evaluation results is as follows:
1

N;
Zj:ﬁ]‘ izllxi,XiES]' (7)

The letters in the formula mean the same as in Formula (4) [58].
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The above is the theoretical solution model, which is challenging to operate in the
actual solution, so the exact resolution is mainly calculated using an iterative operation. The
main steps are as follows: D) K samples are arbitrarily selected as clustering centers; 2 the
distance between the samples, and each cluster center is calculated; 3 the average value of
the samples of each category is determined as the new cluster center; (3 if the cluster center
does not change after an iteration or reaches the maximum iteration number, the process
concludes with the cluster center. Otherwise, it is necessary to return to step @ [59].

The iterative algorithm above can divide the city-safety-and-resilience-evaluation
results into zones and form an echelon of the development levels in the western region.

3.3. Spatial Statistical Theory

(1) Geographic Information System (GIS)

According to a broad definition, a GIS is an information system used to process
geographic and spatial data [60]. Data collection, processing, storage, and analysis are
usually performed with geographic data as the core [61]. So far, GIS has been adopted in
various domains, and it has become a standard tool for analyzing problems with spatial
attributes. This paper constructs geographic layers by placing the evaluation results as
elements in layers.

(2) Space weights

In this paper, the correlation between levels of urban-safety resilience is mainly estab-
lished using the spatial analysis software, GeoDa. A