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Abstract

:

China has entered an era of rapid high-speed railway (HSR) development and the spatial structure of urban agglomerations will evolve in parallel with the development and evolution of the spatial structure of the HSR network. In this study, we explore how the spatial structure of an HSR network evolves at regional and local scales. Existing research into HSR network structures has mostly been carried out at a regional scale, and has therefore failed to reveal the spatial connections within a city. In this work, we progress the science by exploring it at a local scale. To describe the HSR network more accurately, we use the dwell time to simulate the passenger flow between stations and use the simulated passenger flow as the network weight. We use complex network analysis to investigate the evolution of the network’s spatial structure. Our results present the evolution of station locations, of community structure, and of the locations of connections between stations at a regional scale, and also show how HSR network development within core cities has impacted structures and connectivity at a local scale. These results help us to understand the spatial structure of urban agglomerations and cities, and provide evidence that can be used to optimize the structure of the HSR network within regions and cities.
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1. Introduction


The high-speed railway (HSR) has made commuting between cities very convenient and has had a significant impact on economic development, ecology, and land use within cities [1,2,3,4,5]. China attaches great importance to the role of HSR in urban economic development, meanwhile, starting with the opening of the Beijing-Tianjin Inter-city Railway in 2008, has been using large-scale construction of HSR as a vehicle for the revitalization of various local industries. In 2016, China proposed the national “Mid-to-long Term Railway Development Plan”, under which many HSR lines have been planned or constructed, leading to projections that the HSR network will reach 38,000 km in 2025, and that all cities with a population of over 500,000 will be connected by HSR by that year [6]. As the constructed HSR network expands, increasing numbers of cities will join the network and the spatial interaction between cities will evolve. The HSR network is therefore related to the status and function of cities in urban agglomerations, and to the structure of spatial connections between cities. Studying the spatial evolution of an HSR network may be helpful for understanding the evolution of the spatial structure of urban agglomerations, and the function and status of cities within urban agglomerations, and may provide insights useful for optimizing the spatial structure of urban agglomerations and for accelerating their integration.



Research focused on HSR networks has contributed significantly to our understanding of the spatial structure of urban agglomerations; however, existing research focused on regional scales and has neglected the local scale, i.e., the intra-city HSR network has received little attention. Analysis of the evolution of the HSR network spatial structure at the regional scale can help us to understand the spatial structure of urban agglomerations. Meanwhile, research focused on the local scale can provide insights that are useful solving problems associated with commuting and strengthen the connection between different groups within large cities, which is essential to improve the urban living environment. Therefore, we need to build an HSR network based on the stations rather cities. Previous research was usually based on HSR frequency, because the actual passenger flow data are difficult to obtain [7]. Zhang et al. [8] proposed an inter-city HSR passenger flow simulated model; therefore, in order to serve our research, we will explore how to transform the passenger flow simulation model based on inter-city to the situation based on inter-station, which is one of the purposes of this research. Moreover, another purpose of this research is to pay attention to the spatial structure evolution characteristics of the HSR network, including regional and local scales, so that the structural analysis of the HSR network will go deep into the city and compare the development differences of the HSR network structure in different cities. One of the contributions of this research is to explore the passenger flow simulated model between any two HSR stations and apply it to the structure study of the HSR network, which is an innovation in the data and method dimension, and provide method references for other studies that want to simulate passenger flow between HSR stations. Another contribution is that the analysis conclusions of the internal HSR network in a city can intuitively demonstrate the construction process of a HSR network in the city, which has significance for the city in solving internal traffic problems, connecting with urban planning, and optimizing the urban spatial structure. In this work, we first study how to calculate the passenger flow between stations, then build a HSR network based on the simulated passenger flow, and lastly answer such a question: How does the spatial structure of the HSR network evolve at regional and local scales?



Real passenger flow data are difficult to obtain. We chose to use simulated passenger flow data to construct an HSR network for our investigation. This is justified by research that showed that the remaining tickets (unsold tickets) and dwell time (the time spent by a train) for HSR are related to actual passenger flow [9,10], meaning that HSR passenger flow can be inferred from dwell time. In our study, we use simulated HSR passenger flow based on dwell time [8] as a measure of the interaction between nodes, which allows us to construct a more precise HSR network.



The coordinated development of the Beijing-Tianjin-Hebei urban agglomeration is one of China’s three current strategies, which mentions the need to build a modern transportation network system with the Beijing-Tianjin-Hebei as a whole. Therefore, studying the spatial structure of the Beijing-Tianjin-Hebei HSR network is essential to serve the coordinated development strategy at the aspect of transport. This article is based on the Beijing-Tianjin-Hebei urban agglomeration, and the research framework is shown in Figure 1. As mentioned in this framework, we first use the simulated passenger flow calculated from the dwell time recorded at HSR stations to construct an HSR network. The first part is based on regional scale. We analyze the evolution of the regional scale spatial structure of the HSR network from 2014 to 2020, using complex network methods (eigenvector centrality [11], modularity index [12,13], and network connection degree index [9]) respectively to assess the evolution of the status of stations, of community groups (a community group means a group of closely connected stations, which can be used to further analyze the HSR network structure), and of connections between stations. The second part is based on local scale. We then identify core stations within the HSR network and analyze and compare the structure of HSR network within the city where the core station is located, and the complex network methods (average weighted aggregation coefficient [14], average shortest path length [15]) can also be used. In addition, we consider the Beijing-Tianjin-Hebei urban agglomeration to be a regional scale entity, and each core city to be a local scale entity.



The remainder of this article is structured as follows: Section 2 reviews literature focused on HSR networks; Section 3 introduces the research data and complex network methods used in our study; Section 4 presents the evolution of the HSR network spatial structure from 2014 to 2020, and compares features of the different HSR networks in the cities where core stations are located; Section 5 carries out some discussions and proposes directions for future work; and Section 6 presents some conclusions.




2. Literature Review


2.1. Research on Geographic Network


The study of geographic networks is a hot spot in current. For example, Chidubem et al. [16] used the transfer learning paradigm to compare the spatial characteristics of street networks, and Yang et al. [17] used bus service data to study the characteristics of bus operating network. With the development of information technology, the acquisition of social media data are becoming more and more popular. Complex network analysis based on social media data provides a new perspective for urban research. Zhong et al. [18] used mobile signal data to study Tibet’s tourism flow network; Ahn et al. [19] used commuting travel purposes (OD data) data to analyze the regional spatial structure characteristics with the help of degree centrality and eigenvector centrality. Liu et al. [20] used the Baidu Index to analyze the structure of China’s tourism flow network, using methods such as network density, proximity centrality, the core-periphery structure model, and structural holes. The complex network’s study could render some instructions about methods for our research. The HSR network is also a complex network, which can reveal the spatial structure of a region, and the current research on it has yielded fruitful results.




2.2. Research on HSR Networks and Urban Agglomerations


HSR has played an important role in the formation and spatial evolution of urban agglomerations, and much research has been carried out to understand this relationship. For example, studies have used HSR networks to infer urban spatial structures in regions or agglomerations, such as the structure of inter-city connections, the importance of cities, and urban hierarchies. Most of these studies used complex network analysis methods (such as network density, betweenness centrality, hierarchical cluster analysis, degree centrality, closeness centrality), or rank-scale methods, to investigate HSR networks and then to infer urban spatial structures [21,22,23,24,25,26,27,28]. For example, the HSR network in the Yangtze River Delta has significant hierarchical characteristics, and Shanghai and Nanjing are at the top of a city hierarchy [26]. It was found that the inter-city HSR networks in Beijing-Tianjin-Hebei, the Yangtze River Delta and the Pearl River Delta had multiple centers in 2013 [29]. Yang et al. [30] found that the inter-city attention of two cities in the HSR network will reinforce when they have direct links. In addition to constructing, or reinforcing, hierarchies, HSR networks make connections between cities within a city network closer, and more cities then have the potential to grow into sub-centers within the network [21]. It was shown that when a HSR network promotes the multi-centralization of the urban spatial structure, the gap between the urban nodes in the inter-city network that is supported by HSR gradually widens [22]. Research on HSR networks is not limited to its impact on urban spatial structures. The HSR network in China has already had an impact on intercity tourism and economic networks, and on population movement [4,31,32]. For example, it was found that the structure of the tourism network for the Chengdu-Chongqing urban agglomeration evolved to H-shaped and more hierarchical because of the HSR network [31]. It was also found that the HSR network in China is significantly and positively correlated with the economic network, suggesting that the development of the HSR network is important for the spatial flow of economic factors [4]. The development of the HSR network impacts the economic development of cities in different ways [33], including polarization and trickle-down effects, the former one refers to the fact that cities with a higher level of economic development in HSR network continue to accumulate favorable factors, accelerate economic and social development, and continuously widen the gap with other cities, the latter one refers the fact that priority development cities in HSR network benefit poor areas through consumption, employment, etc., and promote their development and prosperity, which may result in uneven development of the urban spatial structure [34,35]. Previous studies tended to investigate HSR networks based on city nodes; however, considering stations as nodes allows comparisons of the function and status of individual stations, which can then be assessed in the context of the degree of development of the HSR network in each city [7,36]. The spatial connections within a city can then be understood, and the commuting network optimized accordingly. In this study, we construct an HSR network based on stations rather than cities, so as to gain a deeper understanding of HSR network. In addition, when constructing an HSR network, previous studies usually selected HSR frequency data as the network weight [37,38,39]. However, passenger flow data may be closer to the real situation. However, these data are difficult to obtain. We simulate the passenger flow between two stations according to the formula proposed by Zhang et al. [8]. The application of this method to the construction of HSR network for subsequent analysis is an improvement to existing research.




2.3. Research on HSR Networks at Multiple Scales


Much research has focused on assessing HSR networks at multiple scales [40,41,42,43,44]. The current body of available research on HSR networks includes studies at national, regional, and urban agglomeration scales. For example, some studies have assessed the structural characteristics of the HSR network in China and in key urban agglomerations, and some have divided China into diverse regions, based on physical geographical divisions. For example, Huang et al. [45] found that the HSR network features have different effects on HSR frequency in national, regional (East, Northeast and Central) scale. Niu et al. [46] found that the closeness centrality and betweenness centrality have different effect on urban land of large, medium and small cities, indicating that HSR network also have heterogeneity impact on urban land at regional scales. Jiao et al. [47] found that economic growth in China’s eastern cities are most sensitive to enhancing their connectivity in HSR network. Multiple scales can be used to measure internal connections within an HSR network in more detail, and to discover the evolution of the status and role of a city at different scales [44,48]. Liu et al. [49] not only analyzed the evolution of the status of Chinese cities in the HSR network, but also analyzed the differences between major urban agglomerations. Most existing research into HSR networks has focused on regional scales (such as national/urban agglomeration/regional (such as the eastern, central and western regions of China)), but it is also necessary that we understand the structure of HSR networks at local scales, such as within a city. By investigating HSR networks at both regional and local scales, we can simultaneously analyze the spatial structure of urban agglomerations and the spatial structure of connections within large cities.





3. Materials and Methods


3.1. Study Area and HSR in Beijing-Tianjin-Hebei Urban Agglomeration


The Beijing-Tianjin-Hebei urban agglomeration includes Beijing, Tianjin, and 11 prefecture-level cities in Hebei province: Baoding, Langfang, Tangshan, Shijiazhuang, Handan, Qinhuangdao, Zhangjiakou, Chengde, Cangzhou, Xingtai, and Hengshui. There are 13 cities in the agglomeration in total. The Beijing-Tianjin-Hebei urban agglomeration has a total area of 216,000 square kilometers. As of 2019, the total population is 11.074 million, the GDP is 845.8 billion yuan and the disposable income per capita of Beijing, Tianjin and Hebei is respectively 67,756, 42,404, and 25,665 yuan. It is one of the three major urban agglomerations in China.



In China, any railway line with a speed that exceeds 200 km/h is considered to be an HSR line. As of September 2020, nine HSR lines and 52 stations have opened in our study region, as shown in Figure 2. The nine HSR lines are the Beijing-Shanghai, Beijing-Guangzhou, Shijiazhuang-Jinan, Beijing-Tianjin, Tianjin-Baoding, Tianjin-Qinhuangdao, Beijing-Zhangjiakou and Beijing-Xiongan HSR lines, and the Beijing-Haerbin railway. It is worth noting that the Beijing-Xiongan HSR line was only operational as far as Daxingjichang Station in September 2020. In the Fourteenth Five-Year period, Beijing via Xiong’an to Shangqiu HSR line and Xiong’an to Xinzhou HSR line will be opened. The simulated passenger flow data are based on railway timetable data that were collected between the sites in September 2020 (www.12306.cn). The effects of the COVID-19 pandemic on the national railway network were approaching an end at this time, so the data can be assumed to fully reflect the structural characteristics of the HSR network in the Beijing-Tianjin-Hebei urban agglomeration. Historical data for September 2014 and 2017, obtained from the timetable software for Jipin and Shengming.




3.2. Virtual Passenger Flow Model


Analysis of train operation rules and field investigations show that dwell time depends mainly on the passenger flow on and off the train. Zhang et al. [8] proposed a statistical method to calculate passenger flow from the dwell time of a train in a city, avoiding the influence of other factors, because he believes that the net dwell time is positively correlated with passenger flow on and off the train at stations. The method was verified by comparing actual inter-city passenger flow data (Weibo user’s movement data) [8]. This method has been used to calculate passenger flow on inter-city HSR [8], after analyzing the derivation process, hypothesis and principle of the formula, we found that it considers the city as a whole, and its predicted inter-city HSR passenger flow is also applicable to the situation between stations. Therefore, based on Zhang et al. [8], we changed to a model used to simulate passenger flow between stations. The formula derivation process is as follows.



According to the research [8], the dwell time of HSR has a significant linear relationship with the volume of passenger flow. A dummy parameter ‘r’ is introduced, which refers to the correlation coefficient between passenger volumes and the boarding and alighting time, to simulate the volume of passenger flows. Thus, the volume of passenger flows ‘v’ is dependent on dwell time ‘t’:


    v = t   ×   r      



(1)







Since there is no dwell time at the beginning and the end station, we set it to half of the longest dwell time of an HSR [8]. In Table 1, ‘vij’ is the number of passengers boarding in station ‘i’ and alighting in station ‘j’. Each row indicates the distribution of alighting for passengers boarding in station ‘i’; each column indicates the distribution of boarding for passengers alighting in station ‘j’. Therefore, the sum of each row (vix) is the number of boarding passengers in station ‘i’, and the sum of each column (vxj) is the number of alighting passengers in station ‘j’.



Zhang et al. [8] hypothesizes that in the course of a day, the boarding and alighting passengers are equivalent in any of the stations, then can be formulated as:


    v  ix      = v    xi      = v   i   / 2    



(2)






    v  jx      = v    xj      = v   j   / 2    



(3)







To evaluate the number of passengers boarding at station ‘i’ and alighting at station ‘j’ (i.e., vij in Table 1), Zhang et al. [8] surveys the probability of boarding in station ‘i’ and alighting in station ‘j’ for all passengers, and he believes that boarding in station ‘i’ and alighting in station ‘j’ are two mutual independent events. According to the rule of the probability of two mutual independent events happening together, the probability of boarding in station ‘i’ and alighting in station ‘j’ can be obtained by multiplying the probability of boarding in station ‘i’ by the probability of alighting in station ‘j’. Likely, we can simulate the number of passengers boarding at station ‘i’ and alighting at station ‘j’ (vi,j) from multiplying the number of boarding passengers at station ‘i’ (vix) by the number of alighting passengers at station ‘j’ (vxj).   α   is introduced as a dummy parameter describing the relation between vij and vix, vxj.


    v  ij      = α   ×   v    ix        ×   v    xj     



(4)







After combining Equations (2)–(4),we can obtain Equation (5):


vij = α × r2 × (ti × tj)/4



(5)







For origin or destination stations, the number of boarding or alighting passengers (vox or vxd) is equal to the total passenger volumes (v) [8]. Therefore, the number of passengers of boarding in origin station ‘o’ and alighting in transit station ‘i’ (or boarding in transit station ‘i’ and alighting in destination station ‘d’) is given by:


voj = α × r2 × (to × tj)/2



(6)






vid = α × r2 × (ti × td)/2



(7)






vod = α × r2 × (to × td)



(8)




where ti and tj are the dwell times at stations i and j, respectively. Since our study focuses on the relative passenger flow between stations, the values of α and r do not affect the overall network structure, so the dummy variable α × r2 can be omitted. to and td are dwell time of origin and destination stations.



In summary, compared with other similar models [9,50], this model has its strength. The reason is that it only needs the dwell time of a HSR, which could be acquired at 12306 or other train timetables; however, another model needs the remaining tickets which need real-time tracking and the HSR capacity. In addition, this model uses the characteristics of the positive correlation between the dwell time and the passenger flow, and proposes a prediction model for the passenger flow between different types of stations (such as the origin station and the destination station). Therefore, we believe that this model has the advantages of small amount of calculation, cost saving, and reasonable derivation process.




3.3. Complex Network Analysis


This study assesses the evolution of the spatial structure of the HSR network in Beijing-Tianjin-Hebei at regional and local scales. We use complex network methods to analyze the position of stations in the HSR network, the community structure of the network, the connection potential between stations, and the characteristics of the entire network structure within a city.



3.3.1. Measuring the Position of HSR Stations


We use the eigenvector centrality index to measure the position of HSR stations. Eigenvector centrality is a measure of the importance of a node, derived from the importance of other nodes that are connected with it. A node with high eigenvector centrality is connected to many nodes that also have high degree centrality, and the high degree centrality means one node have direct links with many nodes. The larger this value, the greater the influence of the node on the entire network. The index is calculated using the equation [11,51].


     AX = γ X    ;    γ i   x i     = a     1 i     x 1     + a     2 i     x 2     + … + a    ni    x   n        ( i ≠ t ) ;    C   ( e )  i      = γ   i     



(9)




where aij represents the contribution of node i to the status of node j, and A is an n×n adjacency matrix composed of aij; X = (x1, x2, x3 …, xn)T, respectively representing the degree centrality of each node;     γ i     is the value of eigenvector;     C   ( e )  i      represents the centrality of the eigenvector of node i.




3.3.2. Community Division Based on HSR Stations


The community detection method is the function for dividing entire networks into closely connected sub-networks. Therefore, the community in HSR network means the cluster of nodes with close HSR links rather than spatial distance. We use a modularity index to identify station communities within the HSR network and to determine the network community structure. By definition, nodes within a community are closely connected, while connectivity between communities is relatively weak. A higher modularity index indicates more distinct communities. Network community structures are often unclear [12,13,44].


    Q =   1   2 m      ∑   ij    (   A  ij   −    k i   k j     2 m     )  δ  (   C i       C   j   )    



(10)




where Q represents the degree of modularity; Aij represents the HSR passenger flow from station i to j; ki and kj represent the total passenger flow connected to stations i and j respectively; m is the sum of the weights of the edges in the network; Ci and Cj are the communities allocated by stations i and j respectively, when Ci = Cj, δ(Ci, Cj) = 1, otherwise it is 0.



The modularity index ranges from 0 to 1. A value closer to 1 indicates a more definite community structure. It has been shown that the community structure is clearer when the degree of modularity is greater than 0.3 [52].




3.3.3. Measurement of the Connection Potential between HSR Stations


The network connection degree index represents the strength of the HSR connection between stations [9,53], and we use it here to measure the connection potential between HSR stations.


    H  ij      = f    ij      / m   ×   L   i       ×   L   j    



(11)






    L i   = t /   (  g − 1  )     ×       F i     / M   g      



(12)




where Hij is the network connection degree index between nodes i and j; fij is the passenger flow between nodes i and j; m is the average passenger flow for the connection paths between all nodes; Li and Lj are the local centrality for nodes i and j, respectively; g is the number of all connected nodes in the HSR network; t is the number of nodes connected to node i; Fi is the passenger flow for node i; Mg is the average passenger flow for all the nodes.




3.3.4. Measurement of the HSR Network Structure


We used the average weighted aggregation coefficient and the average shortest path length to measure the structure of the HSR network. After identifying the core station, we compared the degree of development for the local scale HSR network to that for the HSR network in other cities, in this way, translating our research from regional to local scale.



	(1)

	
The Average Weighted Aggregation Coefficient







The aggregation coefficient represents the probability that a node is connected to another two nodes, and is a measure of the closeness of the connections between the node and the two other nodes. In a weighted network, the strength of the connection between any one node and the other nodes in the network is different for each node, and so both the topology of the network and the connection strength between nodes must be accounted for when calculating the aggregation coefficient, in contrast to the case for an unweighted network [14,54].


    c i   =   1   s i   (   k i  − 1  )      ∑    j , h  ∈  N i       w  ij      + w    ih    2   a  ij    a  jh    a  hi     



(13)




where ki and si are the degree value and weighted degree value of node i in unweighted network and weighted network respectively, j and h are the two nodes adjacent to node i, wij and wih respectively represent the weighted value of edge between node i and node j and node i and node h. If there is a direct connection between the three nodes i, j, and h, then aijajhahi is 1, otherwise it is 0.



The average weighted aggregation coefficient reflects the aggregation degree of the HSR network within a city, and the result is the mean value of the aggregation coefficients of all nodes. We used the average weighted aggregation coefficient to understand relationships between passenger flow at stations within the HSR network in core cities in the Beijing-Tianjin-Hebei urban agglomeration.



	(2)

	
The Average Shortest Path Length







It is defined as the average number of edges that connect the shortest path between two nodes in the HSR network. It reveals the topological structure and shows the accessibility of connections for the node. The equation is taken from [14].


   L =  [   2  n  (  n + 1  )     ]    ∑   i ≥ j    d  i j     



(14)




where dij is the shortest path between node i and node j, and n is the number of nodes in the network.






4. Results


4.1. The Regional Scale HSR Spatial Structure for Beijing-Tian-Hebei


4.1.1. Position of the Stations in the HSR Network


The results and rankings for the eigenvector centrality index are shown in Figure 3 and Figure 4. From 2014 to 2020, the position of HSR stations in Beijing declined, although the decline has been shallower than the trend for denser line networks in the Beijing-Tianjin-Hebei urban agglomeration. This is because there was only one HSR line that operated outside of Beijing in this period, so there were fewer opportunities for HSR stations within Beijing to connect with other HSR stations that had a higher position, and also because the source of passenger flow was relatively limited. The nodes with highest eigenvector centrality are on the Beijing-Guangzhou HSR line and the Tianjin-Qinhuangdao HSR line. Since the Tianjin-Baoding HSR line opened in 2015, the value of stations to the south of Baodingdong Station on the Beijing-Guangzhou HSR line has risen rapidly, indicating that these stations are strongly connected with many nodes that have high eigenvector centrality or a higher position. The Tianjin-Baoding HSR line connects the Tianjin-Qinhuangdao HSR line and the Beijing-Guangzhou HSR line, therefore, the opening of the line connected Handandong and Qinhuangdao, creating the first regional backbone line and a golden corridor within the Beijing-Tianjin-Hebei urban agglomeration. The HSR stations on this corridor are closely connected, and Shijiazhuang, Qinhuangdao, and Tianjinxi stations have a higher position since the opening. The eigenvector centrality for the stations on the corridor is relatively high after 2017. Inspection of the station rankings shows that Qinhuangdao Station has always been in the top five, and the stations in the northeastern coastal areas appear frequently in the top five. With the opening of the Tianjin-Baoding and Shijiazhuang-Jinan HSR lines, the hub roles of Baodingdong, Tianjinxi, and Shijiazhuang stations have been strengthened. As a result, they have remained fairly consistently in the top five since 2017. These findings should be considered and used to optimize the line network structure as part of the accelerated construction of the Xiong’an New Area and the integrated development of the Beijing-Tianjin-Hebei urban agglomeration, so as to broaden mutual connections between the stations in Beijing and the Xiong’an New Area and other regions.




4.1.2. Community Structure for the HSR Network


The community in HSR network means the cluster of nodes with close HSR connections rather than spatial distance. This section uses the community discovery method to divide the stations in the HSR network into multiple community groups to discover closely connected station groups and study the evolution of the community structure. Stations in the HSR network were divided into four communities based on the weight of the simulated passenger flow between HSR stations in the Beijing-Tianjin-Hebei urban agglomeration (Figure 5). The modularity indexes for 2014 and 2017 and 2020 are 0.297, 0.297 and 0.389, respectively. In 2020, the community structure of the entire HSR network is more significant than at earlier times in the study period, with a higher modularity index that reflects the “grouping effect” of the network on stations, and shows that close connections between the stations have become more significant. Figure 5 shows that the Handandong-Qinhuangdao line corridor was officially formed when the Tianjin-Baoding HSR line opened in 2015, breaking the original community groups on Beijing-Guangzhou HSR line while other community groupings persisted from 2014 to 2017. By 2020, community groupings follow pairs of connected lines, for example, Tianjin-Qinhuangdao HSR line and Beijing-Haerbin Railway line, Shijiazhuang-Jinan and Beijing-Guangzhou HSR lines, and Beijing-Shanghai HSR line and Beijing-Tianjin HSR line. The linear distribution replaces the formerly irregular surface distribution of community groupings. This shows that connections between some HSR lines in Beijing-Tianjin-Hebei are extremely weak, such as the Beijing-Guangzhou and the Beijing-Shanghai HSR lines. In general, the HSR network community structure in Beijing-Tianjin-Hebei reflected a regular linear distribution from 2014 to 2020, and there remains a need for some HSR lines to establish connections, even if they are not directly connected.




4.1.3. Spatial Structure of the Connection Potential for HSR Stations


We calculated the degree of network connection between HSR stations within the Beijing-Tianjin-Hebei urban agglomeration and analyzed the spatial characteristics of connections between the stations at regional scale, classifying them according to the principle of small differences within groups and large differences between groups. The calculated degrees of connection between stations were divided into five levels, and the degree of network connection (from large to small) corresponds to levels one to five (Figure 6).



In the presented development and evolution of connections between stations from 2014 to 2020, the first level represents the station pair with most closely connected passenger flow in the Beijing-Tianjin-Hebei urban agglomeration. As the HSR network continued to develop through the study period, the most closely connected station pairs all included Beijingxi Station, Shijiazhuang Station and Tianjinxi Station, reflecting the status of Beijing, Tianjin, and Shijiazhuang as the cities with the highest level of development in the Beijing-Tianjin-Hebei urban agglomeration. Shijiazhuang Station remained at level one throughout the study period, and has close passenger flow connections with Baodingdong and Handandong stations, indicating that the Handandong-Qinhuangdao corridor makes Shijiazhuang Station the highest level hub in the Beijing-Tianjin-Hebei urban agglomeration, and showing that Shijiazhuang Station is a core station.



The stations with the second level have evolved from being led by Beijing to being led by Shijiazhuang. Shijiazhuang Station has become the core station that controls the first two levels of connectivity. In 2020, this level only includes passenger flow between Shijiazhuang and Handandong stations, which is higher than the HSR passenger flow between Beijing and Tianjin, indicating that Shijiazhuang and Handan, as a city pair, may form a new group with strong spatial interactions in the Beijing-Tianjin-Hebei urban agglomeration. Combining the first two levels, we found that the top-level connections show the HSR inter-city connection structure with Shijiazhuang as the core.



At the third level, more cities are included. Due to the opening of the Tianjin-Baoding HSR line, the Handandong-Qinhuangdao corridor gradually matured as the backbone of the network at this level, driving a gradual increase in the intensity of external connections between major stations along the corridor in secondary cities, such as Tangshan and Baoding. Simultaneously, the level of connection among some stations pairs declined, indicating that higher hierarchical connections may gradually decrease as the HSR network structure becomes optimized, promoting the emergence of a more balanced HSR network system in the Beijing-Tianjin-Hebei urban agglomeration.



At the fourth level, a triangular inter-city connection between Handan, Beijing and Qinhuangdao began in 2017 and persisted through the study period. Except for the HSR connection between these three cities, the connections of HSR stations at this level is affected by spatial proximity, as many stations are separated by relatively short distances. HSR lines are constructed between nearby cities to facilitate short-distance commuting between them. At this level and below, the station pairs with stronger connections are county-level stations.



More connections fall into the fifth level than any other level, and the degree of connection between two HSR stations at this level is the lowest in the HSR network. Most connections at this level are between lower-level (country-level) stations, or between low-level and high-level stations (prefecture city-level). Stations that have a low connectivity with other cities in the network also tend to appear at this level, such as Hengshuibei and Cangzhouxi stations, which lack direct links with the major cities to their north and west, respectively. Direct HSR links between such stations, and between other stations in some big cities such as Beijing and Shijiazhuang, are urgently needed.



In summary, the HSR network in the Beijing-Tianjin-Hebei urban agglomeration has evolved so that the connection levels between stations make Shijiazhuang, Beijingxi, and Tianjinxi stations the main cores for the network, Handandong and Qinhuangdao stations are secondary cores, and other stations are subordinate stations. A trapezoidal area of stations with strong connectivity has formed, bounded by Beijing-Qinhuangdao-Shijiazhuang-Handan, which is the area with the highest level of economic development and population mobility in the Beijing-Tianjin-Hebei urban agglomeration. The connection level for most HSR stations in the Beijing-Tianjin-Hebei urban agglomeration has declined, and connections between stations have evolved to become more spatially balanced.





4.2. The Local Scale HSR Network Structure for Cities That Include Core Stations


In the preceding sections, we explored the positions and community structures for the stations, and the structure of connections between them. In this section, we progress our study from a regional to a local scale. We first identify the core stations, then we investigate, at a local scale, the HSR networks of core prefecture-level cities where the core stations are located.



The core-edge structure recognition method is used to identify core stations in the HSR network for the years covered by the study. In general, there are no big changes through the study period. By 2020, there are five stations are considered to be core stations: Shijiazhuang, Baodingdong, Tianjinxi, Handandong and Beijingxi stations. Handandong Station has always been the only one HSR station in Handan. Handan does not yet have the characteristics of an HSR network. Therefore, the cities where the remaining four HSR stations are located are selected for analysis of development differences that were influenced by the HSR network structure from 2014 to 2020. The aim of this part of our study is to understand the effects of HSR network structure for core cities at a local scale.



Figure 7 shows the HSR network in Beijing, Baoding, Tianjin and Shijiazhuang, and in the graph, the blue point shows an HSR station, and the black line shows simulated HSR passenger flow (the thicker the line, the greater the passenger flow). From this figure, according to the form of the complex network (the connection between stations and the strength of the connection), we can visually compare the structural differences of the HSR networks in the four cities. As shown in Figure 7, as the study period progressed, the number of nodes participating in the HSR network increased for all four cities, indicating the participation of more stations in the HSR system within the city. This is particularly evident for Beijing, which evolved from having three HSR stations at the start of the study period to becoming a relatively mature HSR network by the end of the period.



Comparing the average weighted clustering coefficients, Figure 8 (left) shows those stations of HSR network in Tianjin that have the closest passenger flow connection, and the value of Tianjin ranked first for this in 2020. Connections between stations in the HSR network in Baoding ranked lowest in 2020. This is because the clustering coefficient takes into account the number of passenger flows between stations, although the HSR network in Baoding is relatively dense and perfect in terms of topology structure, passenger flow between some stations is low. The reason for this is that the HSR network in the Beijing-Tianjin-Hebei urban agglomeration is becoming increasingly optimized, and the HSR passenger flow from Baoding tends to be flow to higher-level cities rather than to other areas in Baoding. The HSR passenger flow between intra-city stations in Baoding has therefore decreased, which is closely related to the city positioning of Baoding as a labor exporter. This may change in future, when the Xiong’an New Area in Baoding is completed, and the spatial structure of Baoding’s HSR network should then be adjusted.



Figure 8 (right) shows that the average shortest path length between stations in Tianjin has always resulted in the highest position for these stations, and Baoding, Shijiazhuang also hold a higher position in 2020. This shows that many stations in these three cities are not directly connected as the construction of HSR lines, or we can say the development of HSR network is not mature enough at local scale. For example, the value of Shijiazhuang increases significantly from 2014 to 2020, the number of HSR lines is gradually increasing, but there is no HSR connection between some stations on different lines. This can also be seen from Figure 7 (comparison with Tianjin and Baoding). This indicates that additional stations in key areas should be considered to strengthen the establishment of HSR connections with stations in other regions.



As more HSR lines are developed for large cities such as Shijiazhuang, Tianjin, and Beijing, consideration should be given to the spatial distribution of the intensity of passenger flow between stations. In areas that form industrial clusters, large-scale industrial areas and residential areas within megacities can participate in the HSR station network, which can help to alleviate imbalances between work and housing. The Xiong’an New Area must strengthen its already strong connection with the first level cities of Beijing, Tianjin and Shijiazhuang, and also needs to improve its HSR links with surrounding counties and cities, so as to provide opportunities for the development of Baoding. Therefore, one of the significant aspects of the results is to understand and track the current construction process of HSR networks in big cities, and to compare the HSR networks of different cities with the analysis of simulated passenger flow data and the topological characteristics. Ultimately, it will help solve urban travel problems, adjust the regional travel structure, and better connect different functional areas within the city.



Although Beijingxi Station has always been in a high-level/core position in the HSR network at a regional level, it plays only a marginal role in the local scale HSR network in Beijing, because it is not integrated into the urban HSR network. In contrast, Gaobeidiandong Station has a marginal role at a regional level, but becomes a core station with a relatively high-position and hub-function for the local scale HSR network in Baoding. This demonstrates the differences in the status, function, and degree of external relations for the same station at regional and local scales. Understanding these characteristics will help us to fully understand the role of an HSR station in a city and in the wider region. These insights will also help to guide decision-making for adjustments to regional HSR networks, and for addressing commuting problems in some big cities. Recognizing the different positions of the same station on the regional and local scales, being able to understand the spatial connection level of a station with the interior of the city and other cities, is helpful to assist the detailed planning of the station area, especially the industrial planning and the planning of connecting traffic. Taking into consideration the two mid-latitudes of the station’s external and internal connections, it is possible to comprehensively design the station area plan.





5. Discussion


This study discusses the structural evolution of the HSR network in the Beijing-Tianjin-Hebei urban agglomeration, and in four core cities. However, there are some shortcomings existing in results.



The first is that we use the eigenvector centrality to obtain the position of each station in the HSR network, but this indicator does not consider the weight of the passenger flow between the stations, and analyzes the position of the station from the network topology, i.e., the topological connection between the station and other stations. If we consider the weight, the result may change significantly. The average shortest path does not also consider the size of the passenger flow between stations. If the weight is considered, the analysis results of the urban HSR network will be more profound and comprehensive.



The second is to compare the results of HSR networks of different cities. Our results may give the characteristics of the four cities’ HSR networks from a weighted and unweighted perspective to a certain extent. However, there are still some problems, such as the large difference in the number of stations in different cities and their connection conditions, which may affect the comparability of the results, and comparisons can be made when the HSR networks of various cities become more mature, and then more reasonable results may be obtained.



Compared with the studies of [7,24], we not only analyzed the HSR network structure from the regional scale (urban agglomeration), but also compared the characteristics of the HSR network of the four cities in the interior of the city, transferring the research scale to the local level. Compared with the research of [24,47], we are based on the formula of simulating passenger flow when constructing the HSR network, instead of using the HSR frequency, the analysis of the characterization of HSR network may be more accurate. Compared with the research of [47,55], we lack the consideration of passenger flow between nodes for the status measurement of HSR network nodes. This is where we need to improve in the future.



Next, we will discuss the region and the model used to simulate passenger flow.



First, this research only considers the HSR network in Beijing-Tianjin-Hebei, and lacks any comparison with other large-scale urban agglomerations in China. In future, we should explore and compare differences between HSR network structures in different urban agglomerations, for example, considering community structure, station position or station connection levels. Second, the equation used to calculate HSR passenger flow may not be accurate, as there are several factors that the method does not account for, such as the passenger capacity of each train. It is relatively straightforward to ignore differences between different lines and rely only on the dwell time calculation, as the method we have followed here does. However, there are significant differences between the levels and the number of passengers that are carried on different lines. Future work should consider improvements to how passenger flow is calculated. In addition, due to the lack of historical data and real intercity mobile data that can characterize urban flow, and some public data sources such as Baidu migration data cannot be used for verification, we cannot verify the accuracy of the simulated passenger flow calculation formula such as in [8], but [8] verified the accuracy of the formula in the Yangtze River Delta urban agglomeration. In addition, the method approximating actual flows in railway networks permits practical applications in simulating flows of railway passengers in other cases [8]. Therefore, the method applied in Beijing-Tianjin-Hebei urban agglomeration is also rational and reasonable. Although at present, only indirect verification can be carried out based on the existing data, and there are errors, this indirect verification is better than not being able to perform direct verification because there is no data.



Lastly, we want to give some policy implications for transportation agencies and practitioners. At the regional scale, with the increasing maturity of the HSR network, the HSR links between different cities within the urban agglomeration should be taken seriously. The evolution of strong and weak spatial connections within the urban agglomeration is directly reflected in our analysis, and this means that spatial connections between cities can be adjusted according to current regional economic development, so as to optimize the spatial structure of the urban agglomeration in the context of the HSR network. The HSR network could be viewed as a tool to adjust the spatial structure of urban agglomerations and to boost regional economic development. Therefore, they should use real passenger flows to construct HSR network, use indicators based on HSR flows to analyze station status and the strength of connections between stations, and compare the HSR network structure with the planning of regional traffic and other elements, and continuously improve the HSR service system. At the local scale, they could use real passenger flow data to monitor and adjust the city’s internal HSR network, make suggestions for future line selection based on regional actuals and planning drafts, and address the city’s traffic problems. For example, Beijing’s traffic problems may be relieved by the construction of an HSR network. We found that HSR stations in Beijing were weakly connected to each other, so it may be wise to plan an HSR network for some important areas in Beijing, for example, to link a huge residential area and an industrial park. Once the HSR connections are constructed, the quick and convenient travel that they facilitate could create strong connections between critical areas in Beijing and relieve commuting pressure.



The HSR network plays an important role in the evolution of the spatial structure of an urban agglomeration. Therefore, we can infer the evolution of the spatial structure of urban agglomerations through analysis of the evolution of the HSR network. With the continuous adjustment and improvement of the HSR network in the Beijing-Tianjin-Hebei urban agglomeration, Baoding, Tianjin, and Shijiazhuang stations have evolved into core stations, and function as hubs for the entire network. The structure of spatial connections within the Beijing-Tianjin-Hebei urban agglomeration has evolved to become more balanced.



The connectivity between HSR stations in some cities needs to be improved. The HSR networks in Tianjin and Baoding are relatively complete, and the structures are relatively stable. However, after taking into account the passenger flow between stations, we found that HSR connections between stations in Baoding need to be improved. This is particularly important for the planning and construction of the Xiong’an New Area, the main body of which is located in Baoding. Other counties within Baoding should establish strong HSR links with the Xiong’an New Area. Our findings also show that the role and significance of the same station is different for localscale and regionalscale HSR networks. This work therefore provides a clearer understanding of the role of the external and internal relations between the station and the wider HSR network system at different scales, and may constitute a useful reference for decision-makers when considering the development of a station area.




6. Conclusions


This study used complex network research methods to measure the structural evolution of the HSR network in the Beijing-Tianjin-Hebei urban agglomeration from 2014 to 2020 at regional and local scales. HSR station position, network community structure, the strength of connections between stations at a regional scale, and the structure of local scale HSR networks within core cities were studied. We did not use HSR frequency data, but calculated the HSR passenger flow between any two stations. Our conclusions are presented below.



At first, stations with high eigenvector centrality were concentrated on the Beijing-Guangzhou and Tianjin-Qinhuangdao HSR line. In time, as the network evolved, these become more concentrated along the Handandong-Qinhuangdao linear corridor. The position of stations along the northeast coast was relatively high throughout the study period, while some stations around Beijing had lower eigenvector centrality indices, the reason may be that the limited directions available for HSR operation make the position of these stations persistently weak.



The original community groups on the Beijing-Guangzhou HSR line broke up with the opening of Tianjin-Baoding HSR line, while other communities persisted from 2014 to 2017. The community structure of the network became more significant from 2014 to 2020, and tended to form a linear distribution.



We explored the hierarchical characteristics of connections between stations in the HSR network at regional scale. The HSR connection between stations in the Beijing-Tianjin-Hebei urban agglomeration was divided into five levels. We found that the connections between stations have evolved to become more spatially balanced in the Beijing-Tianjin-Hebei urban agglomeration.



After our regional scale analysis, we conducted our study to at local scale. The results show that the weighted clustering coefficient for the HSR network in Tianjin ranked first in 2020. In contrast, Baoding had dropped to the lowest ranking by 2020. This means the HSR connections between stations in Baoding is relatively weak even though Baoding has a relatively complete HSR network, indicating that the complexity of the network topology does not fully reflect the characteristics of the city’s internal HSR network when weighted passenger flow intensity is considered. The average shortest path lengths for the HSR networks in Baoding, Tianjin, and Shijiazhuang are relatively high, which means that although there are many stations in these cities, some of them do not have direct HSR connections.
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Figure 1. Research framework for this study. 
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Figure 2. Distribution of HSR lines and stations in the Beijing-Tianjin-Hebei urban agglomeration (2020). 
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Figure 3. The distribution of the eigenvector centrality index for HSR stations in the Beijing-Tianjin-Hebei urban agglomeration. 
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Figure 4. The ranking of the eigenvector centrality index for HSR stations in the Beijing-Tianjin-Hebei urban agglomeration. (Note: −1 means the lowest ranking). 
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Figure 5. Community structure for the HSR network in the Beijing-Tianjin-Hebei urban agglomeration. 
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Figure 6. Network connection between HSR stations. 
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Figure 7. Comparison of the structure of internal HSR networks in four cities. Note: The blue points mean the HSR stations, and the black lines mean the simulated HSR passenger flows. 
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Figure 8. Comparison of the characteristics of the HSR networks in four cities. 
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Table 1. The distribution of passenger flows for a HSR.
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	Alighting Station Boarding Station
	Station 1
	Station 2
	Station j
	…
	Station n





	Station 1
	0
	v1,2
	v1,j
	…
	v1,n



	Station 2
	0
	0
	v2,j
	…
	v2,n



	Station i
	0
	0
	vi,j
	…
	vi,n



	…
	…
	…
	…
	…
	…



	Station n
	0
	0
	0
	…
	0
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