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Abstract

:

With the flourishing development of the urban metro system, the topology of important nodes changes as the metro network structure evolves further. The identical important node has distinct impacts on various metro networks’ resilience. At present, the dynamic influences of important station evolution on the resilience of metro networks remain to be studied further. Taking Shenzhen Metro Network (SZMN) as an example, the dynamic influences of the structure evolution of important nodes on the resilience of the metro network were investigated in this study. Firstly, the dynamic evolution characteristics of complex network topology and node centralities in metro systems were mined. Then, combined with the node interruption simulation and the resilience loss triangle theory, the resilience levels of distinct metro networks facing the failure of the same critical node were statistically assessed. Additionally, suggestions for optimal network recovery strategies for diverse cases were made. Finally, based on the evaluation results of node importance and network resilience, the dynamic influences of the topological evolution of important nodes on the resilience of metro networks were thoroughly discussed. The study’s findings help us comprehend the metro network’s development features better and can assist the metro management department in making knowledgeable decisions and taking appropriate action in an emergency. This study has theoretical and practical significance for the resilient operation and sustainable planning of urban metro network systems.
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1. Introduction


The urban metro network system is vigorously built and has been developed all over the world. As a vital component of urban infrastructure, the metro network plays an indispensable role in the whole public transportation system [1,2,3,4,5]. According to the overview of urban rail transit lines in mainland China in 2022 released by the China Association of Metros, by the end of 2022, a total of 55 cities in mainland China have put 10,291.95 km of rail transit lines into operation, of which the metro system constitutes 8012.85 km, accounting for 77.85% [6]. The urban rail transit system in China is currently in the era of line interconnection, intelligentization, and network-based operation, which is quite convenient for our daily travel.



The metro system can be regarded as a complex network composed of numerous nodes and edges [7,8]. The metro topology is continuously changing as a result of the ongoing construction and operation of new lines, and the metro network is becoming more sophisticated and complex. The topological characteristics of metro networks and the importance of nodes also vary in line with the rapid development of metro network-based operations. In the current research on the development and evolution of metro networks, most academics have proposed various quantitative indicators to mine and evaluate the development characteristics of metro systems based on complex network and graph theory. Yu et al. [9] established a nine-metric scheme to quantify the service performance of an urban metro network based on a complex network and revealed metro development in 42 cities of the Chinese mainland from their accessibility, recovery, and service capability. Song et al. [10] evaluated the influence of metro networks from 2012 to 2020 based on the connectivity, accessibility, and polycentricity of urban spatial structures using an urban spatial gravity model and social network analysis. Pei et al. [11] investigated the dynamical evolution of the structural efficiency of metro systems for 14 large cities in mainland China and found that the evolution of metro networks is the improvement of the relative ratio of average nodal efficiency in the core compared to global efficiency. Meng et al. [12] revealed the dynamic evolution mechanism of the urban metro system’s complex topology and node importance combined with complex network theory. Ma et al. [13] adopted the principal component analysis and Gaussian mixture model to reveal the spatio-temporal complexity of the Xi’an rail transit network’s evolution process based on temporal topological data. He et al. [14] created a data-driven approach to investigate the transit percolation process that characterizes the evolution of metro network connection as it involves individual cognition.



The metro system is becoming increasingly complex as metro network-based operating picks up speed, and many lines and stations are connected to and have an impact on one another. At the same time, in the process of network-based operation, the system may encounter various threats of emergencies (such as heavy passenger volumes, typhoons, extreme rainstorms, earthquakes, equipment malfunctions, terrorist attacks, etc.). These threats can cause cascading failure at different levels of station, line, or network [15], which seriously affects the timeliness and security of passenger travel. For instance, there is a typical case of Zhengzhou Metro, which was flooded by an extreme rainstorm on 20 July 2017. This catastrophe resulted in the closure of lines and stations, network paralysis, serious casualties, and property damage. When the urban metro network is confronted with unexpected or deliberate disturbance, the vulnerability [16,17,18] of the system will be increased. To reduce this vulnerability, the metro network system needs to possess a strong recovery capability, i.e., resilience [19,20,21]. Resilience is the capacity of a system to absorb, resist, and quickly recover from external risks. The focus of resilience theory is on a system’s capacity for learning and adapting across its entire life cycle. A system’s resilience level can be assessed by measuring how its performance has changed before and after a disturbance.



At present, resilience theory is a hot topic in the field of transportation (such as road [22,23,24], railway [25,26,27], aviation [28,29], navigation [30,31], etc.). The research on resilience in urban metro network systems mainly involves relevant theoretical analyses and evaluation techniques. Among them, the resilience evaluation methods of the metro network systems are being concerned and explored by many scholars, which can be classified as attribute-driven, data-driven, scenario-driven, etc. Specifically, a quantitative evaluation model of metro resilience can be constructed based on the resilience-related attributes (such as robustness, vulnerability, absorptivity, resistance, recovery, etc.) and metro transportation data. On the other hand, combined with specific disturbance scenarios (such as epidemic diseases, meteorological disasters, intentional attacks, etc.), we can identify the variables influencing the resilience of metro systems so as to put forward the corresponding resilience indicators to gauge the recovery level of a metro system.



Some study findings have been made for the metro network’s resilience assessment. Zhang et al. [32] studied the characteristics (vulnerability, robustness, rapidity, and degree to return) of the metro system’s responses to the disturbance with a multivariate multiple regression model and quantitatively evaluated COVID-19-caused resilience performance of metro rails using the metro transit data from the United States. By taking into account general station interruption, interchange station interruption, and traffic tunnel failure, Qi et al. [19] proposed a quantitative resilience assessment model of metro networks and examined the corresponding recovery strategies. Considering three dimensions of resistance, recovery, and adaptation and combined with ordered binary comparison, entropy weight, and cloud model, Jiao et al. [33] developed a model for evaluating metro stations’ resilience levels against rainstorm disasters and used Chongqing metro system as a case study. Taking both budget limitations and repair time uncertainty into account, Zhang et al. [34] proposed a resilience-based optimization model for choosing an optimal restoration sequence scheme, maximizing the global average efficiency, under the condition that the network accessibility meets given resilience requirements. To model the causal relationships to quantify the importance of different risks to the overall resilience criteria, Yin et al. [35] proposed a hybrid knowledge-based and data-driven approach for the quantitative analysis of resilience.



The existing research shows that we can understand the development characteristics of metro networks and offer rational recommendations for the optimization and sustainability of metro network topology based on its dynamic evolution. Furthermore, the resilience assessment of the metro network can be used to understand how well the system performs and its ability to resist and recover in the case of emergencies. Overall, the study of metro network evolution and metro resilience evaluation has made some progress in relevant areas. As the metro network continues to develop, the topological structure of the nodes will have a variety of effects on the network’s resilience. The structural improvements to the important stations, in particular, will be crucial to the network’s overall system performance [8,36]. Therefore, it is very important to master the evolution characteristics of the metro network topology, especially the structural changes of those key hubs, for the improvement of the resilience of the entire metro system. However, most of the current studies focus on the evolution characteristics of metro networks or the evaluation of metro resilience, but the dynamic influences of important stations’ evolution on the resilience of metro networks are still less explored. Clarifying the influences of the topological evolution of important nodes on the resilience of metro networks is helpful in understanding the relationship between node topology evolution and dynamic changes of network resilience so as to facilitate the metro management department to strengthen the regular safety and emergency management of important stations, which is of great significance for the sustainable operation of the metro system.



In view of this, the SZMN system is chosen for this study as the research object. Firstly, using complex network theory, the metro network’s evolution features and the centralities of important nodes were mined. Then, based on the cascading failure simulation and the proposed resilience evaluation model, the resilience level of different metro networks under the complete failure of important nodes was quantitatively calculated, and corresponding recovery strategies were discussed. Finally, combined with the evaluation results of comprehensive node importance and network resilience, the influences of the important node evolution on the resilience of the metro network were analyzed. The study’s findings are useful for understanding the evolution law of the metro network structure and the stations’ importance degree differences in the metro system for the planning and management departments. In addition, it is beneficial to develop rapid and effective responses when dealing with unexpected emergencies and then improve the safety management level and emergency capability of the entire metro network system. This study can provide theoretical support and technical assistance for the resilient and sustainable operation of the metro system.



The remainder of this paper is organized as follows: In Section 2, the methodology is proposed in detail. In Section 3, the research object is described. In Section 4, the numerical analysis results are presented. Finally, the conclusions and future works are provided in Section 5.




2. Methodology


2.1. Complex Network Modeling and Node Centrality Measurement


Complex network theory and graph theory have been widely used and recognized in exploring the complexity of metro network systems [37]. The topological structure of a metro network can be modeled using a variety of techniques [38]. Considering the similarity between real metro network and topological space model, the classical Space L modeling method was utilized in this study for complex topology. The metro network system   G =   N , E     consists of the node set   N   and the edge set   E  , where   N =     v   i   , i = 1 , 2 , ⋯ , N     and   E =     e   i j   , i , j = 1 , 2 , ⋯ , N , i ≠ j    .     e   i j   =     v   i   ,   v   j       represents a connection consisting of two adjacent nodes     i , j     in metro network. In Space L model, if two nodes   i , j   are adjacent, an adjacency matrix   A =     a   i j       is generated and     α   i j     = 1. Otherwise,     α   i j     = 0.



After the complex topology modeling of metro network system, we can analyze the roles and functions of different nodes in the network. In the unweighted complex network, a node’s role refers to the degree of its association with other nodes, namely the node’s accessibility. The centrality of a node can be used to gauge how accessible it is. For instance, as the most direct metric of centrality, DC (Degree Centrality) [39] refers to the number of edges connected to a node, which can measure the importance of the network well. BC (Betweenness Centrality) and CC (Closeness Centrality) [40] utilize the structural information of the whole network to identify influential nodes by measuring the number of shortest paths through a node and the distance to other nodes in the network, respectively. Moreover, EC (Eigenvector Centrality) [39] considers the importance of a node’s neighbors, while PR (PageRank) [41] calculates the order of nodes according to the structure of the incoming link. The above common calculations of node centrality are implemented according to the methods in previous studies [12,19].




2.2. Node Interruption Simulation


When studying the resilience of metro networks, it is necessary to analyze the situations of nodes or links in the network being hit by unexpected events so as to determine how well they perform after an attack. When the metro network encounters an intentional or random interruption, the mode of removing nodes is often used to simulate the interruption [16,42,43]. It should be noted that the interruption of a node in this study is complete and thorough, meaning that after the node is removed from the intricate metro network, it is unavailable to other nearby nodes.



Additionally, there are two categories of stations (nodes) in the metro network: general stations and transfer stations. The transfer station can be two-line, three-line, or four-line. Any sort of station that is disrupted immediately loses all connection to its surrounding stations. Here, the general station, two-line transfer station, and four-line transfer station are selected for case study. Figure 1 shows the different types of station interruption, where L − 1/2/3/4 lines are represented by different colors and stations are coded by numbers. Station No.2 is a general station in the network (a), a two-line transfer station in the network (c), and a four-line transfer station in the network (e). After a complete failure, station No.2 exists in isolation in the network.




2.3. Resilience Evaluation Modeling


The resilience of the metro network system means that the system has the ability to maintain a certain degree of absorption, recovery, and adaptation after it is disturbed by an unexpected event. In particular, the system’s performance will suddenly deteriorate and then gradually recover to its normal level after the necessary response steps have been carried out. In this process, the system’s performance   Q   t     will have a changing trend with time   t   (as shown in Figure 2). Combined with the complex network theory, the performance of the metro network system in this study mainly refers to the network connectivity, which can be quantitatively measured by the network efficiency   E f f  .



As shown in Figure 2, the initial performance of the metro network is     Q   0     (i.e.,     E f f   0    ). After the attack occurs at     t   0    , the performance suddenly drops down to     Q   1     when the metro network system is the most vulnerable. With the implementation of emergency measures, the system performance starts to recover gradually. After the time     t   h    , the performance of the metro network completely recovers to the initial state. Combined with the definition of metro network resilience, it can be derived that the resilience   R e   is the orange-shaded part, which can be calculated quantitatively by Equation (1). For the definite integral     ∫    t   0       t   1      Q   t   d t    , the trapezoidal summation method is used to approximate the area of the shaded part considering that the data involved in this study are discrete. In addition, there is resilience loss throughout the interruption–response–recovery process, which is represented by the resilience loss triangle shaded in green, which can be quantified by Equation (2).


  R e =     ∫    t   0       t   1      Q   t   d t       t   h     Q   0     =     ∫    t   0       t   1      E f f   t   d t         t   1   −   t   0       E f f   0      



(1)






    R e   l o s s   =   ∫    t   0       t   1          Q   0   − Q   t     d t    



(2)









3. Research Object


Shenzhen Metro (SZM) was selected as the research object in this study. SZM opened its first line in 2004, and by the end of 2022, it had formed the Shenzhen Metro network (SZMN) with 16 lines, 369 stations, and a total length of 547.38 Km in operation. In 2016, SZM opened line-11 (L-11) on 28 June and line-7/9 (L-7/9) on 28 October. Therefore, the SZMN of 2016 can evolve into three networks according to the time: N1 (from 1 January 2016 to 27 June 2016), N2 (from 28 June 2016 to 27 October 2016), and N3 (from 28 October 2016 to 31 December 2016).



For all stations in N3, it can be coded No.1 from Luhu Station in L-1. If there is a transfer station, its code with a smaller line number is the criterion. For example, Laojie Station in L-1 is coded as   I D = 3  , and it is still No.3 in L-3; thus, we can number all stations in SZMN. All stations in N1 and N2 can be coded based on station IDs in N3 (as shown in Figure 3). Correspondingly, N1 has 5 lines and 118 stations, N2 has 6 lines and 132 stations, and N3 has 8 lines and 166 stations. Among them, Chegongmiao Station (CGM) evolved from a general station on N1 to a two-line transfer station on N2 and a four-line transfer station on N3. Node No. 2 in Figure 1 depicts the topological structure of the CGM in the SZMN. This study focused on analyzing the topological characteristics and structural importance of CGM stations in different networks as well as the influences on network resilience over the evolution of time.




4. Numerical Analysis Results


4.1. Dynamic Evolution Characteristics of Important Node Centrality


In complex networks, some topological indexes can be used to measure the structural characteristics of the network from different perspectives. In addition to the number of nodes and edges (  N   and   E  ), the common indexes include the average shortest path length (  A P L  ), network diameter (  D  ) and density (  ρ  ), the network assortativity (  σ  ), the local efficiency (  δ  ) and the global efficiency (  θ  ) of the network, etc. Combined with the above topological indicators in complex networks, the topological structure characteristics of the three networks can be obtained (as shown in Table 1).



It is clear that from N1 to N2 and N3, the number of nodes and connected edges rapidly increased. The   A P L   gradually decreased over time, indicating that the network was increasingly developed, and the travel cost was gradually declining. Moreover, opening new lines in 2016 did not change the diameter   D   of SZMN. The network density   ρ   decreased inch by inch, and the connection between nodes became closer and closer. The assortativity of SZMN diminished from positive to negative, indicating that the high-degree nodes in a network tend to connect those nodes with a low degree, and the SZMN became disassortative over time. Furthermore, the local network efficiency   δ   reduced gradually, indicating that SZMN’s ability to resist random attacks diminished; that is, the robustness of SZMN needs to be further improved. With the development of the network, the global efficiency   θ   progressively enlarged, the information transmission ability was gradually enhanced, and the network became more and more accessible.



The centrality (  D C  /  E C  /  B C  /  C C  /  P R  ) characteristics of CGM station (  I D = 11  ) in three networks are shown in Figure 4. The five centrality indices progressively increase as the network develops. From the horizontal comparison,   E C   and   B C   occupy the higher proportion among the centralities. Compared with other nodes, CGM stations play an increasingly important role in the network, which is closely related to the evolution of its topological structure.




4.2. Resilience Evaluation of Metro Network under Important Node Failure


4.2.1. Network Characteristics under Important Node Failure


The metro network resilience evaluation model proposed in this study is based on the condition of a node or link failure. The same node has various effects on network resilience in the process of space-time evolution. To explore this issue, the resilience of three networks facing the failure of a CGM station is quantitatively assessed and discussed.



Based on Section 2.2, CGM stations are removed from N1, N2, and N3 to simulate a complete interruption of the metro station. The topological structure features of the networks after removing the CGM station are re-measured, and the related results are shown in Table 2. Compared with the normal network in Table 1, both   A P L   and   D   rise, and the network travel expense increases. Network density   ρ   and local efficiency   δ   vary slightly. The global efficiency   θ   of the three networks descends, and   θ   in N2 and N3 decrease by 0.0122 and 0.0128, respectively.



After the removal of CGM, the network indexes of N3 change greatly; that is, the CGM station has the greatest impact on N3, indicating that the network function of CGM in N3 must be taken seriously. Among the three networks, CGM has the weakest effects on N1.




4.2.2. Resilience Evaluation and Recovery Strategy


As time goes on, CGM’s station structure shifts from a general station to a four-line transfer station, which also has different influences on network topology and resilience. In combination with Section 2.2 and Section 2.3, after the CGM station is attacked deliberately, the network resilience in three cases is statistically quantified, and corresponding recovery strategies are discussed.



Case 1: General station in N1



As shown in Figure 5, the network efficiency of the N1 network system under the normal operation is     E f f   0   1   = 0.1239  ; that is, the initial network performance is     Q   0   1   =   E f f   0   1   = 0.1239  . In this case, the CGM station (  I D = 11  ) is a non-transfer station, that is, a general station adjacent to two nodes (  I D = 10   and   I D = 12  ). The network performance after removing the CGM station is     Q   1   1   =   E f f   1   1   = 0.1204  . The recovery process for the N1 network performance only has one method because CGM is a non-transfer station, as shown in Figure 5c. According to the proposed resilience evaluation model, the network performance after full recovery is     Q   2   1   =   Q   0   1    . Based on Equations (1) and (2), the trapezoidal summation method is used to calculate the network resilience     R e   1     and resilience loss     R e   l o s s   1    , respectively.


    R e   1   =     ∫    t   0       t   1      Q   t   d t       t   h     Q   0   1     =     Q   1   1   +   Q   2   1     2   Q   0   1     = 0.9857  



(3)






    R e   l o s s   1   =   ∫    t   0       t   1          Q   0   1   − Q   t     d t   = 0.0018  



(4)







Case 2: Two-line transfer station in N2



When the network evolved from N1 to N2, L-11 is opened. Then, the CGM station (  I D = 11  ) became a transfer station connecting L-1 and L-11 and it was adjacent to four nodes (  I D = 10 ,   12 ,   50,137  ). Figure 6 shows the whole process of the CGM station in the N2 network from its initial state to complete interruption and finally full recovery, where (c) and (d) represent     A   2   2   = 2   recovery strategies; that is, first L-1, then L-11 (the black arrow), and first L-11, then L-1 (the red arrow), respectively. The network performance of N2 is     Q   0   2   =   E f f   0   2   = 0.1279   when in normal condition and     Q   1   2   = 0.1157   when in failure condition. Then, network performances under the (c) and (d) recovery strategy are, respectively,         Q   2   2       1 − 11   = 0.1200   and         Q   2   2       11 − 1   = 0.1256  . Finally, the network goes back to the original normal state, which is represented by     Q   3   2   =   Q   0   2    . Thus, the changing trend of N2 network performance over time after CGM station failure can be obtained, as shown in Figure 7.



Similarly, the network resilience and resilience loss under the two recovery strategies can be calculated, and the results are         R e   2       1 − 11   = 0.9451  ,         R e   2       11 − 1   = 0.9670  ,         R e   l o s s   2       1 − 11   = 0.0141 ,   and         R e   l o s s   2       11 − 1   = 0.0085  . In comparison, the strategy of recovering L-11 first is most effective because it increases network resilience level and decreases resilience loss.


        R e   2       1 − 11   =     ∫    t   0       t   1      Q   t   d t       t   h     Q   0   2     =     Q   1   2   + 2       Q   2   2       1 − 11   +   Q   3   2     2   ∗   2   Q   0   2     = 0.9451  



(5)






        R e   2       11 − 1   =     ∫    t   0       t   1      Q   t   d t       t   h     Q   0   2     =     Q   1   2   + 2       Q   2   2       11 − 1   +   Q   3   2     2   ∗   2   Q   0   2     = 0.9670  



(6)






        R e   l o s s   2       1 − 11   =   ∫    t   0       t   1          Q   0   2   − Q   t     d t   =   4   Q   0   2   −     Q   1   2   + 2       Q   2   2       1 − 11   +   Q   3   2       2   = 0.0141  



(7)






        R e   l o s s   2       11 − 1   =   ∫    t   0       t   1          Q   0   2   − Q   t     d t   =   4   Q   0   2   −     Q   1   2   +       2 Q   2   2       11 − 1   +   Q   3   2       2   = 0.0085  



(8)







Case 3: Four-line transfer station in N3



After opening L-7/9, the SZMN developed from N2 to N3, and the CGM station became a four-line transfer station which was adjacent to eight nodes (  I D = 10 ,   12 ,   50 ,   137 ,   140 ,   141 ,   125 ,   126  ). As shown in Figure 8, different colors represents different lines, the network began to recover after CGM was completely interrupted and some measures were implemented. The four lines of L-1/7/9/11 can be arranged in sequence, and there are     A   4   4   = 24   recovery schemes existed. Here, the recovery sequence of L-1/7/9/11 is taken, and the corresponding schematic diagram is shown in the red dotted frame of Figure 8c–e. Next, we also take this sequence as an example to apply the proposed resilience evaluation model.



The network performance of N3 is     Q   0   3   = 0.1323   in the normal condition and     Q   1   3   = 0.1180   under the full interruption. When L-1 is regained, the network performance is     Q   2   3   = 0.1215  . Then, it is     Q   3   3   = 0.1292   after recovering L-7 and     Q   4   3   = 0.1322   after recovering L-9. Finally, the network performance is     Q   5   3   =   Q   0   3   = 0.1323   when L-11 is also performing well, and the network N3 restores completely to the normal state. Thus, we can calculate that the network resilience and resilience loss are         R e   3       1 − 7 − 9 − 11   = 0.9451   and         R e   l o s s   3       1 − 7 − 9 − 11   = 0.0211  , respectively.



In a similar manner, the network resilience and resilience loss for 24 recovery strategies can be derived, and the results are shown in Table 3 and Table 4. Comparing these results, we can see that the optimal recovery strategy is L-11-7-1-9, where there is the maximum resilience of     R e   m a x   3   = 0.9738   and the minimum resilience loss of     R e   l o s s m i n   3   = 0.0139  . For the worst recovery strategy of L-7-1-9-11, there exists the minimum resilience level of     R e   m i n   3   = 0.9359   and the maximum resilience loss of     R e   l o s s m a x   3   = 0.0339  . Like Figure 7, we can obtain the performance trends of metro network system under the optimal and worst resilience recovery strategies (as shown by the red and black arrows in Figure 9). The metro management department can implement the necessary optimal management measures to increase network resilience and reduce loss based on the optimal recovery strategy.


        R e   3       1 − 7 − 9 − 11   =     ∫    t   0       t   1      Q   t   d t       t   h     Q   0   3     =     Q   1   3   + 2     Q   2   3   +   Q   3   3   +   Q   4   3     +   Q   5   3     2   ∗   4   Q   0   3     = 0.9602  



(9)






           R e   l o s s   3       1 − 7 − 9 − 11       =   ∫    t   0       t   1          Q   0   3   − Q   t     d t          =   8   Q   0   3   −     Q   1   3   + 2     Q   2   3   +   Q   3   3   +   Q   4   3     +   Q   5   3       2   = 0.0211     



(10)









4.3. Influences of Important Node Evolution on Metro Network’s Resilience


The topological structure and network resilience of the three networks (N1, N2, and N3) in the development of the metro system are objectively studied and assessed in Section 4.1 and Section 4.2. The CGM station contributes significantly to the growth of the network in this process. In the following, the comprehensive importance of CGM stations in the three networks is measured. The WTOPSIS algorithm we proposed earlier in the literature [36], namely, the combination of coefficient of variation and TPOSIS algorithm, is adopted in this study to obtain the nodes’ comprehensive importance in the metro network. Based on the five indexes of node centralities (  D C  /  E C  /  B C  /  C C  /  P R  ) and the WTOPSIS algorithm, the comprehensive importance value   C   of all nodes in three networks can be calculated and ranked. Table 5 shows that the important values of CGM station in three networks are         C   1       i = 11   = 0.1434  ,         C   2       i = 11   = 0.5831   and         C   3       i = 11   = 0.9997  , respectively. It indicates that the CGM station is becoming more and more important in the SZMN.



According to Section 4.2, there are     A   2   2   = 2   recovery strategies for N2 and     A   4   4   = 24   recovery strategies for N3 when the CGM station is completely interrupted. The corresponding network resilience   R e   can be obtained according to each recovery strategy. To eliminate the differences, we take the average of all the resilience   R e ,   and the calculation can be shown in Equations (11) and (12). It can be obtained that the average network resilience for N2 and N3 is       R e   2    −  = 0.9560   and       R e   3    −  = 0.9543  , respectively.



Based on the centralities and the comprehensive importance of the CGM station and the average resilience level of the three networks, it can be concluded that the resilience of SZMN decreases gradually with the evolution of network structure and the rise of the CGM’s importance, indicating that CGM station plays an increasingly important role in network resilience. For the SZMN system, deliberate attacks on those key stations, such as CGM, will bring a serious impact and damage to the network. In order to prevent severe losses brought on by failure, the metro management department should strengthen the safety supervision of key stations.


      R e   2    −  =     ∑  1   2      R e   2       2   =         R e   2       1 − 11   +       R e   2       11 − 1     2   = 0.9560  



(11)






      R e   3    −  =     ∑  1   24      R e   3       24   =         R e   3       1 − 11 − 7 − 9   + ⋯ +       R e   3       9 − 7 − 11 − 1     24   = 0.9543  



(12)









5. Conclusions and Future Works


The topological structure of important nodes changes as the urban metro network evolves continuously, and the interruption of crucial nodes will have a substantial influence on the safety and resilience level of the metro network. It is essential to investigate the effects of the structure evolution of important nodes on the resilience of metro networks, given the complexity of the system and the different unexpected threats encountered during operation. In this study, the Shenzhen Metro network was taken as the research object. Firstly, using complex metro network modeling, how the topological properties of various networks and critical nodes in the evolution process of the metro network have changed over time was examined. Secondly, by integrating the interruption simulation of key nodes and the resilience evaluation model, the network resilience when facing the failure of the important node in various networks was quantitatively quantified. Finally, the influences of the evolution of important node structures on the resilience of metro networks were discussed. The conclusions can be drawn as follows:



	(1)

	
SZMN gradually progresses from N1 to N2 and N3 over time, and the cost of transportation for citizens gradually decreases. The nodes are connected closer and closer together, and the global efficiency is growing inch by inch. Meanwhile, the information transmission capacity grows, and network accessibility continues to improve. With the growth of the network, node centrality values for CGM stations likewise progressively increase.   E C   and   B C   account for the highest proportion among the five centralities. Compared with other nodes, CGM stations play an increasingly important role in SZMN, which is strongly tied to how the topology has changed.




	(2)

	
The topology of SZM networks (N1, N2, and N3) is clearly altered after the interruption of the CGM station, with both   A P L   and   D   growing larger and the network travel cost rising as well. Moreover, there is a little bit of difference in the network density   ρ   and local efficiency   δ  . Correspondingly, the global efficiency   θ   of SZMN falls when compared to a normal network. On the whole, removing CGM had a stronger impact on N3 and a smaller impact on N1. Based on the proposed resilience evaluation model of the complex metro network, it can be concluded that there is only one recovery strategy for the general station interruption in N1, and the network resilience level and resilience loss are 0.9857 and 0.0018, respectively. CGM operates as a two-line transfer station in N2. After a complete failure, there are     A   2   2   = 2   recovery options available, and the resilience is quantitatively 0.9451 and 0.9670, respectively. As a result, the preferred strategy is to regain L-11 first. When the network evolves to N3, there are     A   4   4   = 24   recovery schemes after the interruption of CGM, among which the optimal recovery strategy is L-11/7/1/9, with the highest resilience of 0.9738. So, the metro management department can implement the appropriate management strategies to maximize network resilience and minimize loss.




	(3)

	
Based on the topology evolution analysis of metro networks and important nodes, the WTPOSIS algorithm is adopted to quantitatively evaluate the comprehensive importance of all nodes. It can be concluded that the importance level of CGM in three networks is, respectively,         C   1       i = 11   = 0.1434  ,         C   2       i = 11   = 0.5831   and         C   3       i = 11   = 0.9997  , indicating that CGM is playing an increasingly important role in SZMN. Combined with the resilience evaluation results of a metro network facing the failure of CGM, the resilience level of SZMN decreases gradually declines over time, indicating that CGM stations have an increasing impact on the network. The metro management department should therefore increase the safety supervision of crucial stations in order to reduce the resilience loss brought on by deliberate attacks. The findings can provide certain guidance for the policies formulated in the daily operational management and future planning of the Shenzhen Metro, including key station or area management, controlling massive passenger flow, spatial planning strategy, etc. Combining with complex network theory, resilience theory, and metro management practice, the dynamic resilience influences of important node failure on metro network during the evolution of the network are explored, and the corresponding recovery strategies are discussed for different cases in this study, which helps to improve the robustness and recoverability of the entire metro network and reduce the vulnerability to emergencies. This study has significant theoretical and practical implications for the sustainable planning, construction, and safety management of the metro network. However, this study still needs to be enhanced in the aspects of network complexity and resilience evaluation model. In future research work, more factors will be considered, and an optimization algorithm will be proposed to improve the existing model. In-depth research will also be conducted on the metro network’s dynamic resilience under additional scenarios.
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Figure 1. The different types of station interruption: (a) a general station in the normal state, (b) a general station in the failure state, (c) a two-line transfer station in the normal state, (d) a two-line transfer station in the failure state, (e) a four-line transfer station in the normal state, and (f) a four-line transfer station in the failure state. 
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Figure 2. The resilience evaluation model of the metro network system: the orange area is the resilience and the green one is the resilience loss. 
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Figure 3. The coded stations in three networks of SZMN system in 2016: (a) N1; (b) N2; (c) N3. 
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Figure 4. The centrality characteristics of CGM station in N1, N2, and N3. 
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Figure 5. The recovery process of N1 after the full interruption of CGM station: (a) Normality, (b) Disruption, and (c) Recovery. 
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Figure 6. The recovery process of N2 after the full interruption of CGM station: (a) Normality, (b) Disruption, (c) Recovery-1, and (d) Recovery-2. 
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Figure 7. The network performance trend of N2 over time under the interruption of CGM station. 
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Figure 8. The recovery process of N3 after the full interruption of CGM station: (a) Normality, (b) Disruption, (c) Recovery-1, (d) Recovery-2, and (e) Recovery-3. 
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Figure 9. The network performance trend of N3 over time under the interruption of CGM station. 
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Table 1. The topological structure characteristics of three networks in normal conditions.
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	Index
	    N    
	    E    
	    A P L    
	    D    
	    ρ    
	    σ    
	    δ    
	    θ    





	N1
	118
	126
	13.6177
	43
	0.0183
	0.1534
	0.0042
	0.1239



	N2
	132
	143
	12.55517
	43
	0.0165
	0.1135
	0.0033
	0.1279



	N3
	166
	190
	11.64213
	43
	0.0139
	−0.0431
	0.0026
	0.1323
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Table 2. The topological structure characteristics of three networks after removing CGM station.
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	Index
	    N    
	    E    
	    A P L    
	    D    
	    ρ    
	    σ    
	    δ    
	    θ    





	N1
	117
	124
	14.4219
	46
	0.0183
	0.1318
	0.0043
	0.1204



	N2
	131
	139
	14.95021
	46
	0.0163
	0.0400
	0.0038
	0.1157



	N3
	165
	182
	13.20052
	44
	0.0135
	−0.1154
	0.0030
	0.1194
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Table 3. The network resilience of N3 in different recovery strategies after the failure of CGM.
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	Sequence
	    R e    
	Sequence
	    R e    
	Sequence
	    R e    
	Sequence
	    R e    





	1-11-7-9
	0.9602
	11-1-7-9
	0.9717
	7-1-11-9
	0.9467
	9-1-11-7
	0.9494



	1-11-9-7
	0.9578
	11-1-9-7
	0.9693
	7-1-9-11
	0.9359
	9-1-7-11
	0.9410



	1-7-11-9
	0.9485
	11-7-1-9
	0.9738
	7-11-1-9
	0.9606
	9-11-1-7
	0.9577



	1-7-9-11
	0.9376
	11-7-9-1
	0.9729
	7-11-9-1
	0.9597
	9-11-7-1
	0.9592



	1-9-11-7
	0.9491
	11-9-1-7
	0.9690
	7-9-1-11
	0.9372
	9-7-1-11
	0.9392



	1-9-7-11
	0.9407
	11-9-7-1
	0.9705
	7-9-11-1
	0.9471
	9-7-11-1
	0.9491
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Table 4. The network resilience loss of N3 in different recovery strategies after the failure of CGM.
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	Sequence
	      R e   l o s s      
	Sequence
	      R e   l o s s      
	Sequence
	      R e   l o s s      
	Sequence
	      R e   l o s s      





	1-11-7-9
	0.0211
	11-1-7-9
	0.0150
	7-1-11-9
	0.0282
	9-1-11-7
	0.0268



	1-11-9-7
	0.0223
	11-1-9-7
	0.0163
	7-1-9-11
	0.0339
	9-1-7-11
	0.0312



	1-7-11-9
	0.0273
	11-7-1-9
	0.0139
	7-11-1-9
	0.0209
	9-11-1-7
	0.0224



	1-7-9-11
	0.0330
	11-7-9-1
	0.0143
	7-11-9-1
	0.0213
	9-11-7-1
	0.0216



	1-9-11-7
	0.0269
	11-9-1-7
	0.0164
	7-9-1-11
	0.0332
	9-7-1-11
	0.0322



	1-9-7-11
	0.0314
	11-9-7-1
	0.0156
	7-9-11-1
	0.0280
	9-7-11-1
	0.0269
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Table 5. The related results of CGM station’s centralities and network resilience.
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	Index
	N1
	N2
	N3





	   D C   
	0.0171
	0.0305
	0.0485



	   E C   
	0.0494
	0.2743
	0.4568



	   B C   
	0.2471
	0.4038
	0.4580



	   C C   
	0.0938
	0.1179
	0.1298



	   P R   
	0.0078
	0.0112
	0.0163



	     C   i = 11     
	0.1434
	0.5831
	0.9997



	   R e   
	0.9857
	0.9560
	0.9543
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