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Abstract

:

Realizing the building of urban resilience and improving urban resilience has become important contents of urban development. In view of this phenomenon, relying on the framework of trio spaces, which includes physical space, societal space, and cyberspace, the evaluation index system of urban resilience is established. The evaluation model of urban resilience is constructed by using CRITIC-entropy weight and the cloud evaluation method. Four sub-provincial cities in Northeast China, Harbin, Changchun, Shenyang, and Dalian, are selected as the analysis objects, and the resilience of each city is comprehensively evaluated and spatially evaluated. From the urban resilience comprehensive evaluation, this paper found the cities with the highest resilience levels in 2014, from 2015 to 2018, and from 2019 to 2020 are Dalian, Changchun, and Shenyang, respectively. The city with the lowest resilience level is Harbin. Although there are differences in resilience evaluation values of four cities, the resilience levels of these cities are all “qualified”. From the urban resilience sub-space evaluation, this paper explored the shortcomings of the resilience of physical space, societal space, and cyberspace of each city through the comparison. Then, some suggestions about highlighting the enhancement of cyberspace resilience, emphasizing resilience-building balance, conducting resilience evaluation, and monitoring regularly, and local government policy support are proposed to help to promote urban resilience from the concept of trio spaces.
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1. Introduction


The urbanization rate of the resident population in mainland China has reached 65.22% in 2022 [1]. Although population migration to cities can provide sufficient manpower, expand the urban scale, and prosper the urban economy, cities are required to develop rapidly and sustainably to adapt to the influx of a large number of people and the rapidly increasing urbanization rate [2]. However, rapid urban development may not mean high-quality urban development, and even various potential crises in the process of rapid urban development may be encountered [3,4]. These crises do not only come from natural disasters, such as the extremely heavy rainstorms and the catastrophic hurricane events [5,6] but also come from man-made disasters, such as accidental disasters, public health events, and terrorist attacks [7,8,9]. The occurrence of these crises can disrupt the orderly operation of urban systems and, in severe cases, even destroy systems. Therefore, the idea of building “resilient” cities has emerged [10].



Resilience refers to the ability of a system to absorb and resist disturbances and maintain or restore the original system in the presence of external disturbances [11]. From this concept, it is clear that resilience is a measurable ability. If this ability is stronger, the more it can absorb and resist external disturbance and maintain or repair the original system. If the external disturbance exceeds the upper limit of the ability, it will destroy the system. Therefore, the greater the resilience is, the greater the system’s resistance to interference, and the more stable the system will be [12]. It means that “resilient” cities have a better ability to maintain system stability or rapid recovery. Therefore, academics have begun to explore how to promote “urban resilience” [13]. Urban resilience represents the ability of cities to resist, maintain and recover from various crises, and the degree of this ability determines the health, stability, and development of urban systems [14].



As a complex system, any city has a certain ability to maintain the dynamic stability of the system structure and function. It means any city has a certain degree of “resilience” [15]. The urban resilience will gradually adjust with the development of the city [16]. Urban resilience is both a comprehensive representation of the resilience degree of each subsystem in a city and a measurable urban capacity value that changes with time dimension [17]. Through evaluating urban resilience, it is possible to determine the ability of existing cities to resist crises and maintain and recover urban systems. It can also identify which parts of the urban system are not resilient enough so as to promote urban resilience [18].



This paper attempts to address how to evaluate urban resilience from the perspective of comprehensive evaluation and sub-space evaluation. Based on the sub-space evaluation results, this paper also wants to identify the reasons for the insufficient urban comprehensive resilience and propose appropriate suggestions for improving urban resilience. Therefore, this paper will propose the evaluation index system and evaluation method of urban resilience with reference to the concept of “trio spaces“, using the CRITIC-entropy method and the cloud evaluation model. Taking four sub-provincial cities in Northeast China as examples, we analyze the resilience of each city from 2014 to 2020 and propose suggestions to improve urban resilience according to the shortcomings of urban resilience building.



This paper is divided into five sections. Section 1 is the introduction of this paper. Section 2 reviews the literature on the connotation and evaluation of urban resilience. Section 3 describes the theory and method of this paper. Section 4 evaluates the urban resilience in four sub-provincial cities in Northeast China and gives the results of urban resilience comprehensive and sub-space evaluation. Section 5 discusses the results and concludes the study.




2. Literature Review


2.1. Connotation of Urban Resilience


Resilience was first applied in the fields of mechanics and materials science [19]. With the expansion of cognition of resilience, the use of “resilience” has gradually spread to psychology, sociology, urban economics, and other disciplines [20,21,22], and “urban resilience” has gradually developed [23]. Although the connotation of urban resilience may vary from multiple disciplines, the core functions of urban resilience are roughly the same. The core functions mainly include the abilities of resistance, self-recovery, and learning when facing disasters [24,25].



Resistance is the urban ability to withstand interference, which refers to the maximum degree of damage that can be endured [26]. Resistance is mainly reflected in the robustness of urban structure and basic functions. Self-recovery is the urban coping to recover to its pre-disturbance state after encountering interference and exceeding the maximum degree of damage [24]. The faster the self-recovery is, and the more the resources are, the greater the resilience of the system is. Therefore, the speed and resource adequacy of self-recovery is generally an important indicator of the degree of resilience [27,28]. Some studies about resilience explore how to ensure urban system’s recovery speed [24,27]. In fact, urban learning ability plays an important role in the recovery of urban resilience [25]. Learning ability is not only the urban ability to recover to its original state after being disturbed and destroyed but also to help the cities to achieve higher resilience. Through learning, cities can better resist similar disturbances or efficiently resolve disasters in the future [29]. Therefore, learning ability also reflects urban adaptation when facing interference. Some studies have pointed out that preparing multiple solutions could help effectively solve problems, even if one of them fails [30]. This is actually a manifestation of the redundancy of multiple solutions when cities solve problems [31]. To better determine the resistance, self-recovery, and learning ability of urban systems, some studies have begun to evaluate urban resilience to make sure the current status of urban resilience [32,33].




2.2. Evaluation of Urban Resilience


Some studies on urban resilience evaluation have focused on the establishment of evaluation index systems and the proposal of evaluation methods [34,35]. Due to the complex composition of a city, it is often necessary to establish an evaluation index system for urban resilience from different perspectives or dimensions during the evaluation process [18,32,36]. From the components of the urban system, the resilience evaluation index system was established from the dimensions of infrastructure, economy, society, and ecology [32]. From the perspective of landscape ecology, the resilience evaluation index system was established from the aspects of urban scale, density, and morphology [18]. From the perspective of an effective response to risk and disaster, the resilience evaluation index system was established from the aspects of redundancy, resourcefulness, flexibility, restructuring ability, and learning ability [28,36,37,38].



Although qualitative evaluation methods can also be used to evaluate the high, medium, and low levels of urban resilience, it is difficult to compare the resilience level of different cities within the same level [39]. Therefore, the common methods for evaluating resilience still rely mainly on quantitative evaluation methods [40,41,42]. In addition to the fuzzy comprehensive evaluation method, the multi-objective weighting function method to calculate the urban resilience indicators is used [40]. The data envelopment analysis (DEA) model is used to evaluate urban resilience [41]. The urban resilience can be evaluated by using the system dynamics model (SDM). This method could evaluate urban resilience and identify the mutual interdependences among the considered urban variables [42]. In addition, the existing study pointed out that the cloud evaluation model as a computer simulation method can be used for evaluating urban resilience in the aspect of natural disasters [34].



Overall, there are some studies on the concept of urban resilience, evaluation index system, and methods of urban resilience; however, there are still shortcomings in existing studies. First, in the process of establishing an urban resilience evaluation index system, there is a lack of a theoretical model and evaluation index system that combines urban characteristics with resilience. Second, although some studies proposed that a cloud evaluation model can be used to evaluate resilience, studies about urban resilience are still insufficient. Therefore, this paper will establish an evaluation index system of urban resilience based on the theoretical framework of trio spaces. The cloud evaluation model for urban resilience will be proposed with the CRITIC-entropy weight method. Then, an empirical study is conducted on four cities in Northeast China to explore the current situation and shortcomings of urban resilience, and some suggestions to improve urban resilience will be proposed.





3. Materials and Methods


3.1. Trio Spaces of Urban Resilience


Urban is not simply a collection of buildings but includes human activities, information flow, and other important components. Previous studies often analyzed urban resilience from the perspective of urban system composition. Urban resilience was analyzed from five sub-systems, including social system, economic system, natural system, institution system, and infrastructure system [43]. However, this system division does not take into account the communication and flow of information resources between these five sub-systems. Therefore, some studies suggest that urban issues can be analyzed from the perspective of the trio spaces of the city [44].



Urban can be seen as a “trio space” consisting of physical space, societal space, and cyberspace [45]. Physical space is a spatial form composed of physical entities, including natural environment, infrastructure, buildings, and other natural or artificial objects. Physical space is visible and accessible in the real world and is the foundation of urban construction [46]. Societal space refers to various human activities generated to achieve human interaction and accelerate the process of urbanization, including economic, cultural, educational, medical, and other human activities. Societal space is the driving force of urban development [45]. Cyberspace includes various resources such as data, information technology, and networks [47]. Cyberspace is also an important carrier for promoting the intelligence and informatization of physical space and societal space [45]. Therefore, there are both differences and similarities between trio spaces and urban systems. Physical space contains all visible and tangible substances in the urban system [46]. Societal space includes various activities of human survival and life that cannot be seen or touched. The social system, economic system, and organizational system in the urban system belong to societal space [44]. Compared to urban systems, cyberspace is internalized into other sub-systems. The trio spaces emphasize the importance of cyberspace and separate it from others. The cyberspace is also invisible and intangible, but it is not a human activity and is a variety of data and technological resources [46]. In fact, after entering the 21st century, the impact of technology has become crucial for urban development, and the importance of intelligence is also being emphasized in urban resilience. Therefore, evaluating the resilience of urban cyberspace helps to evaluate the comprehensive resilience of cities from the perspectives of information, intelligence, and data. In summary, this paper explores urban resilience from the perspective of trio spaces.



For urban resilience, any space of trio spaces that is “attacked” and damaged will lead to poor urban resilience. Therefore, trio spaces in a city need to have a certain degree of resilience. This paper does not explore urban resilience specific to a particular risk but rather explores comprehensive resilience, which refers to the overall ability of cities to resist various risks (including natural, economic, and social risks). From the concept of urban resilience and the literature review, the resilience of each sub-space should have the abilities of resistance, self-recovery, and learning, which are reflected by the characteristics of “robustness”, “efficiency”, “resourcefulness”, “redundancy”, and “adaptation” [24,28,31,48,49,50].



First, when facing crisis, cities with a certain degree of “resilience” have the ability to resist external shocks, and this characteristic can be attributed to “robustness”. If the external shocks exceed the level of “robustness” of the city, the operation of some parts of the city system will be affected to a certain extent then the city will resist internally [24]. The shorter the reaction time of this resistance is, the faster the solution to the shocks is found and implemented, the faster the recovery of the city system can be ensured. This characteristic can be summarized as “efficiency” [28]. Existence of resources that can be rapidly displaced to respond to disruptions and the risks’ effects. The more sufficient resources are, the more conducive the city system is to recovery. This characteristic can be summarized as “resourcefulness” [49,50]. In addition, cities often have alternative solutions to a crisis for better recovery. The characteristic can be attributed to “redundancy” [31]. Finally, after a crisis is largely resolved, cities can learn from their experiences to be prepared for the next crisis. The characteristic can be attributed to “adaptation” [48]. The theoretical relationship between urban resilience and trio spaces is shown in Figure 1.




3.2. Evaluation Index System Establishment


According to the theoretical relationship analysis, referring to the relevant literature and combining the suggestions of industry experts, the urban resilience evaluation index system in “physical-societal-cyber” space was finally established with 29 indicators, as shown in Table 1. This paper does not consider the impact of policy factors on urban resilience. The main reasons include the following: first, many aspects related to policy factors, such as elderly care, healthcare, economic growth, etc., have been internalized into relevant indicators, and the policy factor effect can be demonstrated through changes in relevant indicators. Second, urban resilience building in China is still in the exploratory stage. Although some cities in China have released local government documents on urban resilience building, local government documents are still mainly based on central government documents. Therefore, the urban resilience building in various regions can still be seen as guided by the central government, which means that there is not much difference in local policies for the resilience building of each city.




3.3. Evaluation Model of Urban Resilience Based on Trio Spaces


3.3.1. Determination of Indicator Weights


Considering that the weights obtained by subjective assignment methods such as AHP are highly subjective and easily affected by the limitations of the knowledge of the assignor, this paper chose the objective assignment method of CRITIC-entropy to obtain the weights. The CRITIC method calculates the weights by the important criterion of inter-layer correlation, and this method is suitable for data with certain correlations between indicators [57]. This method also considers the influence of data fluctuation on the calculation of weights. The main idea of CRITIC method is to use the contrast strength of indicators and the conflict between indicators to determine the weights [58]. The contrast strength of indicators refers to the size of the variability of the values of the same indicator, which is generally measured by the standard deviation. The conflict between indicators refers to the size of the correlation between the indicators. If there is a strong positive correlation between two indicators, it means that the conflict between the two indicators is low. The entropy method is calculated to determine the degree of variation of a certain indicator [33]. When the degree of variation of an indicator is greater, the more informative the indicator is, and the greater the indicator weight is [59]. The combination of the two methods can highlight the characteristics of the data and attenuate the extreme values of the data. In this paper, the weights are obtained by CRITIC method and entropy method, respectively, and then the final weights are obtained by averaging. Considering the existence of positive and negative indicators, this paper selected the extreme difference standardization method to process the data. The CRITIC method calculates the indicator weights, which are shown in Equations (1) and (2).
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where     C   j     represents the amount of information contained in the jth indicator;



    σ   j     represents the contrast strength, which is the standard deviation;



    r   i j     represents the correlation between indicator i and indicator j;



    w   j   C     represents the weight of indicator j obtained under the CRITIC method.



The entropy method calculates the indicator weights, which are shown in Equations (3) and (4).
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where     x   j     and       x   j    −    represent the value of the jth indicator and its mean, respectively;



    σ   j     represents the standard deviation;



k represents the translation shift, generally between [−5, 5];



    E   j     represents the standardized value after translation;



    w   j   E     represents the weight of indicator j obtained under the entropy method.



The weight of indicator j (    w   j    ) is shown in Equation (5).


    w   j   =     w   j   C   +   w   j   E     2    



(5)








3.3.2. Evaluation Model Establishment


In this paper, the cloud evaluation model is used to evaluate the urban resilience. The comprehensive evaluation can obtain a high or low level of overall urban resilience, and it can carry out the comparison of comprehensive resilience of different cities in the same year or different years of the same city. The sub-space evaluation can be further determined on the basis of the comprehensive resilience evaluation so as to clarify the reasons affecting the comprehensive urban resilience.



The principle of the cloud evaluation model is to use several cloud drops to form an uncertain cloud. The description of the cloud consists of three elements (Ex, En, He), where Ex is the expectation of cloud drops in the theoretical domain space; Ex is actually the distribution center of the cloud, and it is also the most representative value for the evaluated object [59]; En is the entropy, which is used to represent the uncertainty degree of the cloud. En has a normal distribution that represents the acceptable numerical range for observations to be evaluated. The larger the numerical range, the more uncertain the observation to be evaluated is, and the more likely it is to migrate or fluctuate within this range [60]. He is the super-entropy, which is used to represent the uncertainty degree of entropy. He generally represents the thickness of clouds, reflecting the statistical dispersion of clouds, which should not be too large [61]. During the evaluation process, this value is mainly used to form a cloud map and has little impact on the evaluation results. Therefore, for the convenience of interpreting the cloud map, He is generally taken as a suitable value [62].



The forward cloud generator and inverse cloud generator are Included in a cloud evaluation model, where the forward cloud generator generates cloud clusters from (Ex, En, He), and the inverse cloud generator extracts the core elements of clouds from the cloud clusters [63]. In the process of cloud evaluation, it is to compare the obtained result cloud with the standard cloud and finally determines the evaluation results. In the process of comparing cloud maps of results and criteria, the main observation is the central distribution position of the cloud (location of Ex) and the acceptable range (range formed by En). The position of Ex is generally to evaluate the value of an object, which can indicate its evaluation level. The range formed by En can be seen as the size of the fluctuation range of evaluated objects; that is, evaluating whether observations are susceptible to external influences and falling within what reasonable range [64]. The algorithm is shown in Equations (6)–(8).
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where     Z   +    ,     Z   −    , and     Z   a b     represent the optimal value, the lowest value, and the standardized value of the sample data, respectively; k is a constant, which is taken as 0.001 with reference to previous papers [61,62].




3.3.3. Evaluation Criteria


The evaluation set is divided into five levels, which are “very poor”, “poor”, “qualified”, “good”, and “excellent”. Among them, “very poor” and “excellent” belong to unilateral constraint, “poor”, “qualified”, and “good” belong to the bilateral constraint [65]. The evaluation criteria are shown in Table 2 and Figure 2.






4. Data Sources and Results


4.1. Study Area and Data Sources


The empirical study area of this paper is four sub-provincial cities in three Northeastern provinces of China, including the following: Harbin, Changchun, Shenyang, and Dalian (Shown in Figure 3). Since these four cities are the cities with good economic and social development in Northeast China, and most of the cities’ construction will affect the neighboring cities and counties, the resilience evaluation of the sub-provincial cities is representative.



The data sources of this paper include the following: statistical yearbooks of each city, statistical bulletins of national economic and social development, statistical analysis reports of urban rail transportation analysis in each year, and VariFlight Map statistics. Some of the missing data are obtained from the Science and Technology Bureau, Finance Bureau, and news reports of each city to ensure the completeness and credibility of the data.




4.2. Results of Urban Resilience Comprehensive Evaluation


The CRITIC-entropy value method was used to determine the weights of each indicator for the comprehensive evaluation of urban resilience of four cities in Northeast China from 2014 to 2020, which are shown in Table 3.



By further calculations, the cloud characteristics of urban resilience of four northeastern cities from 2014 to 2020 were obtained, as shown in Table 4. It is utilized to compare the resilience intensity of each city with the evaluation criteria. Taking 2014 and 2020 as examples, the urban resilience intensity of four cities is compared with the evaluation criteria, as shown in Figure 4.



From the comparison, regardless of the year, the Ex of the resilience of cloud drops in each city is concentrated near the evaluation criteria, which is (0.500, 0.039, 0.005), and the expected distribution and shape of cloud drops in the discourse space are also basically consistent. Based on Table 4, it can be seen that the highest point of Ex is basically around 0.500, indicating that the urban resilience of four cities in Northeast China basically reached the “qualified” level from 2014 to 2020. However, the range of En is around 0.320. It means the fluctuation range of urban resilience is relatively large, not only concentrated near “qualified”. Based on the difference in the highest point of Ex for each city’s resilience, it can be basically determined that the cities with the highest resilience levels in 2014, from 2015 to 2018, and from 2019 to 2020 are Dalian, Changchun, and Shenyang, respectively. The city with the lowest resilience level is Harbin. Among them, the resilience of Harbin in various years is mainly “below qualified”, and there is a trend towards a “poor” level. To verify the reliability of the research results, this paper also used the fuzzy comprehensive evaluation method to evaluate the urban resilience of four cities from 2014 to 2020. The results can be found in Appendix A. If the fuzzy comprehensive evaluation level is divided according to the average segmentation method, the resilience of Changchun, Shenyang, and Dalian are all at a “qualified” level, while the resilience level of Harbin is relatively low, with 2016 and 2019 at a “qualified” level, and other years at a “poor” level close to the “qualified” level, which is almost consistent with the cloud model evaluation results. The trends of resilience level changes obtained by using the cloud evaluation model and fuzzy comprehensive evaluation are basically consistent, indicating that cloud evaluation model can achieve effective evaluation and the results are relatively accurate. However, compared to the fuzzy comprehensive evaluation results, which can only find the level of resilience, cloud evaluation results can further find the stability of resilience based on the results of En. It can be seen that although the resilience levels of the four cities in Northeast China are all in the “qualified” category, from the values of En and the distribution of cloud drops, regardless of any year, the distribution of cloud drops spans all resilience levels. It indicates that the uncertainty of resilience development in each city is high; that is, the resilience level of each city is not stable and is easily affected by external influences and changes. Therefore, it is necessary to evaluate the resilience of sub-spaces to clarify the main reasons for the lower comprehensive resilience of cities in the trio spaces. It can lay the foundation for enhancing the urban resilience by enhancing the resilience of each sub-space.




4.3. Results of Urban Resilience Sub-Space Evaluation


Under the trio spaces perspective, to explore how to improve the urban resilience, this paper evaluates the physical space resilience, societal space resilience, and cyberspace resilience of four cities, respectively. The results are shown in Table 5.



From Table 5, it can be seen that the resilience intensity of physical space, societal space, and cyberspace in the same city all change with a time dimension, which also affects the comprehensive intensity of urban resilience.



The evaluation results of the physical space resilience intensity in Harbin are generally higher and even higher than the comprehensive evaluation results in some years. The evaluation results of the societal space resilience intensity are generally similar to the comprehensive evaluation results. However, the cyberspace resilience was lower, and it was lower than the comprehensive resilience in almost all years. Especially in 2015, 2017, and 2018, the cyberspace resilience is mainly concentrated at the “poor” level. It indicates that it is mainly the resilience of physical space and societal space that supports the comprehensive evaluation result of urban resilience in Harbin to reach the “qualified” level. The cyberspace resilience needs to be enhanced. Taking 2017 as an example, the comparison among the cyberspace resilience level, comprehensive resilience level, and evaluation criteria of Harbin is shown in Figure 5.



The physical space resilience of Changchun is basically above the “qualified” level and generally higher than the comprehensive evaluation results. The cyberspace resilience has a good development momentum, and it is also generally higher than the comprehensive evaluation results from 2016 to 2019. Taking 2017 as an example, the cyberspace resilience level, comprehensive resilience level, and evaluation criteria of Changchun are shown in Figure 6. In comparison, the evaluation results of societal space resilience are generally lower than the comprehensive evaluation results. Interestingly, however, when the cyberspace resilience intensity is higher, the societal space resilience intensity tends to decrease, which leads to the suspicion that the local government may neglect the development of societal space resilience when vigorously developing cyberspace resilience and vice versa. It may be the reason for the opposite trend of these two space resilience evaluation results.



The physical space resilience and societal space resilience of Shenyang are basically above the “qualified” level and generally higher than the comprehensive evaluation results. In comparison, the cyberspace resilience of Shenyang is the shortboard, but it is better than the cyberspace resilience of Harbin. It indicates that the development of each space resilience in Shenyang is balanced, which is also the reason why the comprehensive evaluation results of urban resilience in Shenyang are almost kept at similar levels.



The physical space resilience of Dalian is generally slightly lower than the comprehensive evaluation results, while the societal space resilience is generally slightly higher than the comprehensive evaluation results. Although the cyberspace resilience of Dalian City was above the “qualified” level in 2014–2015, it appeared to be lower in 2016–2019 and improved in 2020. Although the decrease in cyberspace resilience in Dalian did not bring more fluctuation to the comprehensive evaluation results of Dalian, it is the main reason why the comprehensive evaluation results in Dalian did not continue to improve.





5. Discussion and Conclusions


In this paper, under trio spaces, the indicator system of urban resilience evaluation is established from the robustness, efficiency, resourcefulness, redundancy, and adaptation of physical space, societal space, and cyberspace. The evaluation model of urban resilience is established by using the CRITIC-entropy value method and cloud evaluation method. Harbin, Changchun, Shenyang, and Dalian in Northeast China were taken as empirical areas, and their urban resilience was evaluated comprehensively and spatially. The results show that the comprehensive evaluation results of urban resilience of the four cities in Northeast China are at the level of “qualified”, and there is still much room for improvement. The results of the space evaluation not only explain the comprehensive evaluation results but also help this paper to propose suggestions to improve urban resilience.



First, the resilience of physical space and societal space should continue to develop steadily, while the resilience of cyberspace is still the shortcoming of most cities and should be given high priority.



From the evaluation results of sub-spaces, most cities can basically achieve a “qualified” level of resilience in physical space and societal space. Continuous and stable improvement of the resilience of the two spaces will help to improve the comprehensive resilience level. From the results, most urban resilience levels cannot be effectively improved because of the lack of cyberspace resilience building. Therefore, in the era of big data, further improving the cyberspace resilience through digital and intelligent means will help to improve the comprehensive resilience level. Although the development of big data in the world has reached a climax since 2013, and the Chinese government is also laying out the development strategy of big data. It was only after 2016 that the Chinese government began to gradually and comprehensively promote the development and application of big data [66]. Since the application and promotion of big data in various regions need time and cycles, and there is a regional imbalance in technology development. It means that the enhancement of cyberspace resilience in various regions needs a process. It is the reason for the lower cyberspace resilience compared to physical space resilience and societal space resilience in evaluating the urban resilience of these four Northeastern cities in China from 2014 to 2020.



Second, in the process of urban resilience enhancement, the common enhancement of each space resilience should be highlighted. Especially the synchronization of resilience building in societal space and cyberspace needs to be highlighted, which helps to achieve the balance of resilience building in trio spaces.



It can be seen that the key to urban resilience enhancement is to focus on the balance of resilience building of trio spaces. For example, the resilience building of societal space and cyberspace in Changchun often appears to be in a situation where they are in contrast to each other, which leads to the inability to effectively improve the comprehensive resilience level in Changchun. Therefore, in the process of building the resilience of trio spaces, it is necessary to maintain the simultaneous improvement of each space, which can promote the improvement of the comprehensive resilience level.



Third, fluctuations may occur in the process of improving the resilience of trio spaces, and it is necessary to establish an urban resilience evaluation index system and regularly monitor the urban resilience building. The problems can be found, and program adjustments can be made in time when fluctuations occur.



It is clear that the improvement of urban resilience does not happen overnight but needs to face a long-term and iterative process. For example, the cyberspace resilience of Dalian tends to fall before rising, thus affecting the improvement of the comprehensive resilience level. To stop the decline of the urban resilience level as soon as possible, a reasonable evaluation index system can be established, and the urban resilience building situation can be monitored regularly. Through evaluation and monitoring, the key problems in the trio spaces can be found in time, which is helpful to stop the damage and promote the construction of urban resilience in time.



Finally, if the local government can recognize the importance of urban resilience building, they can guide the construction by formulating local program documents. If the local government can actively absorb the experience of other cities with better resilience building, it will also help to improve the comprehensive level of urban resilience. It is worth noting that although improving urban resilience can help cities enhance their abilities to resist disasters and promote urban development, it is also necessary to highlight the degree of urban resilience and not force the resilience building beyond the law of trio space development. The best urban resilience building plan should be developed according to the development of physical space, societal space, and cyberspace in each city, and the urban resilience building should be steadily promoted.



The innovation of this paper is reflected in the following two aspects. First, this paper explores the issue of urban resilience evaluation based on the theory of trio spaces. It not only clarifies the dimensions of indicator selection more clearly, but also reveals the impact of visible physical space, invisible societal space, and cyberspace on the urban resilience. Second, compared to previous studies using a comprehensive fuzzy evaluation method, the cloud evaluation model used in this paper can also effectively evaluate the urban resilience. It can use cloud maps to intuitively reveal the trend of urban resilience level and whether it is susceptible to the external environmental influences, which is more conducive to providing suggestions on how to maintain and enhance urban resilience and avoid negative impacts of external environment. Overall, the theoretical contribution of this paper is to clarify the relationship between the concept of trio space and urban resilience, laying a theoretical foundation for the construction of an urban resilience evaluation index system. A cloud evaluation model was proposed for urban resilience, providing a model reference for future resilience evaluation. The practical contributions include clarifying the current status of urban resilience in the four cities in Northeast China and identifying the main reasons for the lower resilience. Some suggestions are proposed to enhance resilience from different space perspectives of urban resilience in this paper.



There are also some limitations. First, to ensure the aggregation of cloud drops, this paper refers to the previous literature and sets the He as 0.001. Although it has little impact on the results of urban resilience evaluation, the distribution of urban resilience cloud drops under different He can be considered in the future. Second, the results reveal more about the impact of different spaces on urban resilience but fail to clarify which factors affect the resilience of each subspace. In the future, we should combine the method of cause analysis to clarify the reasons for the impact on the sub-space resilience. This paper explores the level of comprehensive resilience rather than evaluating resilience for a particular disaster. It will also explore urban resilience in the future under the premise of more resilient goals; that is, evaluating urban resilience from different disaster dimensions.
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Table A1. Evaluation of urban resilience of four cities from 2014 to 2020 using fuzzy comprehensive evaluation method.
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	Year
	Harbin
	Changchun
	Shenyang
	Dalian





	2014
	0.482
	0.497
	0.491
	0.503



	2015
	0.476
	0.504
	0.494
	0.493



	2016
	0.485
	0.507
	0.496
	0.496



	2017
	0.479
	0.507
	0.504
	0.480



	2018
	0.473
	0.507
	0.495
	0.496



	2019
	0.485
	0.497
	0.505
	0.491



	2020
	0.475
	0.498
	0.501
	0.490
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Figure 1. Theoretical relationship. 
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Figure 2. Evaluation criteria. 
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Figure 3. Study area. 
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Figure 4. The urban resilience intensity of the four cities in (a) year 2014 and (b) year 2020 compared with the evaluation criteria. 
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Figure 5. Cyberspace resilience, comprehensive resilience, and evaluation criteria of Harbin in 2017. 
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Figure 6. Cyberspace resilience, comprehensive resilience, and evaluation criteria of Changchun in 2017. 
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Table 1. Evaluation index system of urban resilience.
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Target

	
Guideline

	
Code

	
Indicator (Units)

	
Sources






	
Physical Space

	
Robustness

	
P1

	
10,000 people have paved road (10,000 square meters)

	
[46,50,51,52]




	
P2

	
Number of days to meet air quality standards (days)




	
Efficiency

	
P3

	
Density of water supply and drainage network in the built-up area (km/km2)




	
P4

	
Centralized sewage treatment rate (%)




	
Resourcefulness

	
P5

	
Number of domestic air routes (No.)




	
P6

	
Growth rate of fixed asset investment (%)




	
Redundancy

	
P7

	
Greening coverage of built-up areas (%)




	
P8

	
The proportion of urban traffic trunk lines in the national traffic trunk lines (%)




	
Adaptation

	
P9

	
Urban construction and maintenance tax (million yuan)




	
P10

	
Electricity consumption of 10,000 Yuan GDP (kWh/Yuan)




	
Societal Space

	
Robustness

	
S1

	
Registered unemployment rate (%)

	
[17,53,54]




	
S2

	
Per capita disposable income (yuan)




	
S3

	
Number of health care institutions (pcs)




	
Efficiency

	
S4

	
Number of doctors per 10,000 people (persons)




	
S5

	
GDP growth rate (%)




	
Resourcefulness

	
S6

	
Tertiary sector to GDP (%)




	
S7

	
Growth rate of medical bed capacity (%)




	
Redundancy

	
S8

	
Urban basic pension insurance coverage rate (%)




	
S9

	
Urban basic medical insurance coverage rate (%)




	
Adaptation

	
S10

	
Public finance revenue as a percentage of GDP (%)




	
S11

	
Foreign trade dependence (%)




	
Cyberspace

	
Robustness

	
I1

	
Number of Internet broadband users per 10,000 people (households)

	
[46,55,56]




	
I2

	
Public library collection per 100 people (books)




	
Efficiency

	
I3

	
Number of cell phones per 10,000 people (units)




	
Resourcefulness

	
I4

	
Share of science and technology expenditure in fiscal expenditure (%)




	
Redundancy

	
I5

	
Research and experimental development expenditure as a proportion of GDP (%)




	
I6

	
Growth rate of technology market contract turnover (%)




	
Adaptation

	
I7

	
Number of patents applied for by 10,000 people (pieces)




	
I8

	
Number of students in general higher education schools for 10,000 people (people)








The indicators of P9, S1, and S10 are negative, and other indicators are positive.
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Table 2. Evaluation criteria of urban resilience.
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	Levels
	Zone
	Parameter Characteristics (Ex, En, He)





	Very poor
	[0.0, 0.2)
	(0.000, 0.103, 0.013)



	Poor
	(0.2, 0.4)
	(0.309, 0.064, 0.008)



	Qualified
	(0.4, 0.6)
	(0.500, 0.039, 0.005)



	Good
	(0.6, 0.8)
	(0.691, 0.064, 0.008)



	Excellent
	(0.8, 1.0]
	(1.000, 0.103, 0.013)
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Table 3. Weights of urban resilience evaluation indicators for four cities in Northeast China in 2014–2020.
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Code

	
Year




	
2014

	
2015

	
2016

	
2017

	
2018

	
2019

	
2020






	
P1

	
0.0328

	
0.0306

	
0.0375

	
0.0303

	
0.0390

	
0.0349

	
0.0404




	
P2

	
0.0274

	
0.0293

	
0.0307

	
0.0313

	
0.0306

	
0.0330

	
0.0340




	
P3

	
0.0396

	
0.0456

	
0.0296

	
0.0417

	
0.0321

	
0.0283

	
0.0368




	
P4

	
0.0268

	
0.0266

	
0.0288

	
0.0449

	
0.0291

	
0.0327

	
0.0309




	
P5

	
0.0279

	
0.0281

	
0.0313

	
0.0297

	
0.0307

	
0.0341

	
0.0397




	
P6

	
0.0405

	
0.0356

	
0.0516

	
0.0274

	
0.0244

	
0.0458

	
0.0317




	
P7

	
0.0256

	
0.0291

	
0.0272

	
0.0269

	
0.0273

	
0.0427

	
0.0252




	
P8

	
0.0272

	
0.0289

	
0.0305

	
0.0282

	
0.0243

	
0.0268

	
0.0268




	
P9

	
0.0264

	
0.0265

	
0.0263

	
0.0255

	
0.0254

	
0.0258

	
0.0243




	
P10

	
0.0528

	
0.0406

	
0.0349

	
0.0327

	
0.0412

	
0.0408

	
0.0420




	
S1

	
0.0370

	
0.0306

	
0.0321

	
0.0348

	
0.0282

	
0.0279

	
0.0292




	
S2

	
0.0283

	
0.0318

	
0.0319

	
0.0332

	
0.0314

	
0.0330

	
0.0453




	
S3

	
0.0406

	
0.0361

	
0.0282

	
0.0271

	
0.0323

	
0.0293

	
0.0354




	
S4

	
0.0262

	
0.0269

	
0.0284

	
0.0299

	
0.0287

	
0.0287

	
0.0325




	
S5

	
0.0353

	
0.0388

	
0.0338

	
0.0272

	
0.0314

	
0.0341

	
0.0473




	
S6

	
0.0422

	
0.0345

	
0.0386

	
0.0382

	
0.0368

	
0.0411

	
0.0402




	
S7

	
0.0389

	
0.0343

	
0.0323

	
0.0334

	
0.0284

	
0.0309

	
0.0302




	
S8

	
0.0330

	
0.0408

	
0.0392

	
0.0540

	
0.0544

	
0.0483

	
0.0322




	
S9

	
0.0339

	
0.0402

	
0.0473

	
0.0321

	
0.0330

	
0.0310

	
0.0314




	
S10

	
0.0327

	
0.0505

	
0.0401

	
0.0345

	
0.0346

	
0.0346

	
0.0297




	
S11

	
0.0264

	
0.0277

	
0.0269

	
0.0265

	
0.0255

	
0.0270

	
0.0256




	
I1

	
0.0447

	
0.0509

	
0.0559

	
0.0604

	
0.0643

	
0.0646

	
0.0433




	
I2

	
0.0314

	
0.0300

	
0.0333

	
0.0323

	
0.0308

	
0.0317

	
0.0332




	
I3

	
0.0267

	
0.0296

	
0.0356

	
0.0403

	
0.0483

	
0.0300

	
0.0327




	
I4

	
0.0404

	
0.0430

	
0.0339

	
0.0376

	
0.0482

	
0.0380

	
0.0263




	
I5

	
0.0382

	
0.0287

	
0.0289

	
0.0433

	
0.0284

	
0.0296

	
0.0319




	
I6

	
0.0523

	
0.0302

	
0.0291

	
0.0353

	
0.0388

	
0.0317

	
0.0328




	
I7

	
0.0298

	
0.0417

	
0.0415

	
0.0322

	
0.0378

	
0.0271

	
0.0464




	
I8

	
0.0351

	
0.0329

	
0.0346

	
0.0293

	
0.0346

	
0.0366

	
0.0428
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Table 4. Evaluation results of urban resilience of the four cities from 2014 to 2020.
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	Year
	Harbin
	Changchun
	Shenyang
	Dalian





	2014
	(0.481, 0.321, 0.001)
	(0.497, 0.319, 0.001)
	(0.491, 0.325, 0.001)
	(0.503, 0.320, 0.001)



	2015
	(0.476, 0.322, 0.001)
	(0.504, 0.321, 0.001)
	(0.494, 0.327, 0.001)
	(0.493, 0.322, 0.001)



	2016
	(0.485, 0.322, 0.001)
	(0.507, 0.322, 0.001)
	(0.496, 0.323, 0.001)
	(0.496, 0.323, 0.001)



	2017
	(0.479, 0.321, 0.001)
	(0.507, 0.319, 0.001)
	(0.504, 0.324, 0.001)
	(0.480, 0.323, 0.001)



	2018
	(0.473, 0.322, 0.001)
	(0.507, 0.320, 0.001)
	(0.495, 0.322, 0.001)
	(0.496, 0.320, 0.001)



	2019
	(0.485, 0.324, 0.001)
	(0.497, 0.318, 0.001)
	(0.505, 0.325, 0.001)
	(0.491, 0.320, 0.001)



	2020
	(0.475, 0.325, 0.001)
	(0.498, 0.323, 0.001)
	(0.501, 0.326, 0.001)
	(0.490, 0.325, 0.001)
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Table 5. Sub-space evaluation of urban resilience of four cities from 2014 to 2020.
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Year

	
City

	
Physical Space

	
Societal Space

	
Cyberspace






	
2014

	
Harbin

	
(0.472, 0.247, 0.001)

	
(0.492, 0.260, 0.001)

	
(0.409, 0.242, 0.001)




	
Changchun

	
(0.559, 0.251, 0.001)

	
(0.491, 0.267, 0.001)

	
(0.446, 0.218, 0.001)




	
Shenyang

	
(0.490, 0.248, 0.001)

	
(0.490, 0.279, 0.001)

	
(0.489, 0.232, 0.001)




	
Dalian

	
(0.461, 0.246, 0.001)

	
(0.501, 0.267, 0.001)

	
(0.538, 0.222, 0.001)




	
2015

	
Harbin

	
(0.468, 0.250, 0.001)

	
(0.470, 0.257, 0.001)

	
(0.391, 0.245, 0.001)




	
Changchun

	
(0.549, 0.254, 0.001)

	
(0.504, 0.263, 0.001)

	
(0.469, 0.218, 0.001)




	
Shenyang

	
(0.506, 0.254, 0.001)

	
(0.495, 0.276, 0.001)

	
(0.506, 0.236, 0.001)




	
Dalian

	
(0.475, 0.247, 0.001)

	
(0.503, 0.267, 0.001)

	
(0.535, 0.222, 0.001)




	
2016

	
Harbin

	
(0.541, 0.252, 0.001)

	
(0.455, 0.265, 0.001)

	
(0.429, 0.229, 0.001)




	
Changchun

	
(0.551, 0.250, 0.001)

	
(0.480, 0.265, 0.001)

	
(0.515, 0.220, 0.001)




	
Shenyang

	
(0.452, 0.254, 0.001)

	
(0.515, 0.263, 0.001)

	
(0.492, 0.231, 0.001)




	
Dalian

	
(0.483, 0.253, 0.001)

	
(0.517, 0.269, 0.001)

	
(0.488, 0.223, 0.001)




	
2017

	
Harbin

	
(0.503, 0.245, 0.001)

	
(0.469, 0.263, 0.001)

	
(0.369, 0.242, 0.001)




	
Changchun

	
(0.509, 0.256, 0.001)

	
(0.460, 0.264, 0.001)

	
(0.589, 0.225, 0.001)




	
Shenyang

	
(0.519, 0.252, 0.001)

	
(0.544, 0.267, 0.001)

	
(0.454, 0.235, 0.001)




	
Dalian

	
(0.489, 0.246, 0.001)

	
(0.498, 0.264, 0.001)

	
(0.405, 0.244, 0.001)




	
2018

	
Harbin

	
(0.507, 0.248, 0.001)

	
(0.465, 0.264, 0.001)

	
(0.391, 0.236, 0.001)




	
Changchun

	
(0.526, 0.259, 0.001)

	
(0.473, 0.256, 0.001)

	
(0.539, 0.219, 0.001)




	
Shenyang

	
(0.498, 0.251, 0.001)

	
(0.547, 0.268, 0.001)

	
(0.436, 0.235, 0.001)




	
Dalian

	
(0.505, 0.253, 0.001)

	
(0.493, 0.262, 0.001)

	
(0.479, 0.216, 0.001)




	
2019

	
Harbin

	
(0.504, 0.251, 0.001)

	
(0.475, 0.268, 0.001)

	
(0.436, 0.229, 0.001)




	
Changchun

	
(0.471, 0.249, 0.001)

	
(0.467, 0.258, 0.001)

	
(0.548, 0.214, 0.001)




	
Shenyang

	
(0.510, 0.257, 0.001)

	
(0.550, 0.274, 0.001)

	
(0.459, 0.227, 0.001)




	
Dalian

	
(0.496, 0.245, 0.001)

	
(0.497, 0.264, 0.001)

	
(0.466, 0.219, 0.001)




	
2020

	
Harbin

	
(0.480, 0.253, 0.001)

	
(0.449, 0.267, 0.001)

	
(0.452, 0.233, 0.001)




	
Changchun

	
(0.503, 0.262, 0.001)

	
(0.501, 0.254, 0.001)

	
(0.471, 0.229, 0.001)




	
Shenyang

	
(0.510, 0.258, 0.001)

	
(0.530, 0.266, 0.001)

	
(0.453, 0.238, 0.001)




	
Dalian

	
(0.463, 0.246, 0.001)

	
(0.470, 0.275, 0.001)

	
(0.525, 0.231, 0.001)
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