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Abstract

:

The metropolitan circle is the basic unit of regional competition. Enhancing the connection between cities in the metropolitan circle and optimizing the spatial layout of the metropolitan circle is one of the goals of regional high-quality development in the new era. Therefore, it is of great significance to analyze the spatial network structure of the metropolitan circle. Taking Hangzhou metropolitan circle as an example, this study used web crawler technology to obtain data in multiple Internet big data platforms; used centrality analysis, flow data model, and social network analysis to construct the network connection matrix of human flow, goods flow, capital flow, information flow, and traffic flow; and explored the spatial network structure of the metropolitan circle. The results showed that the node intensity of the metropolitan circle presented a distribution pattern of strong in the east and weak in the west. The network connections of each county under the action of different element flows were different, and the skeleton of the integrated flow network connections showed a starfish-shaped feature. Hangzhou, Jiaxing, Huzhou, and Shaoxing cities had strong group effects in goods flow and traffic flow, while Quzhou and Huangshan cities had relatively independent cohesive subgroups in human flow and information flow. This study can provide useful references for regional development and spatial planning implementation.
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1. Introduction


With the deepening of economic globalization and regional economic integration, population, industry, resources, and other factors are constantly flowing in the space of cities, which greatly enhances the radiation diffusion function of cities [1,2]. According to the 2018 Revision of World Urbanization Prospects released by the United Nations, the global urbanization rate reached 55.3% in 2018. It is predicted that, in 2050, the urbanization rate in the developed regions will rise from 78.7% to 86.6%, and the urbanization rate in less-developed regions will rise from 50.6% to 65.6%. The metropolitan circle is a regional space constituted by the interaction between a large city with a strong radiation driving function or developed economy, and various surrounding cities of different levels and scales [3]. The metropolitan circle is the main form of the advanced development stage of urbanization, and is an important platform for supporting national economic growth, promoting coordinated regional development, and participating in international competition and cooperation [4]. Compared with a single city, it is more conducive to carrying and reflecting regional and even national competitiveness [5]. The spatial structure is the basic attribute and intuitive reflection of the metropolitan circle and is important to its development [6]. The spatial structure reflects the spatial layout of elements and the rationality of their distribution; furthermore, a reasonable spatial structure can promote the integration of elements and the efficient allocation of resources, which is conducive to the synergistic development of the region and drives the improvement of the economic level of the whole region [7,8]. Therefore, studying the spatial structure of metropolitan circles and realizing regional integration development are issues worthy of attention.



The regional spatial structure is formed by the interconnection of urban nodes in the region, so its research focuses on the urban system and the relationship between cities [9,10]. Early studies on regional spatial structure mostly proceeded from the characteristics within cities [11,12], and regarded the region as a static and relatively independent system. The main theories include the central place theory [13], the core-periphery theory [14], and the growth pole theory [15]. The focus of attention is mostly on urban spatial form [16], urban scale [17], and the hierarchical system [18]. With the continuous development of information technology, various forms of human flow, goods flow, and information flow play a role in different spatial scales and become an important force in shaping the regional spatial structure. In this context, the “space of flow” based on dynamic association emerged. The “space of flow” was first proposed by Manuel Castells in 1989, who believed that social activity is a networked spatial form composed of the flow of various elements between regions [19]. Compared with the previous traditional model, the former emphasizes the limitations of location conditions and ignores the attribute of urban relationships and the flow mechanism of dynamic elements [20,21]. The “space of flow” emphasizes the division of labor and complementarity among cities and the formation of the organizational structure of the urban system by the externalities of the city, focusing on the structure, function, and connection of the urban network, providing a new form of the regional spatial structure [22,23].



The study of urban networks is of great meaning to regional spatial structure research and development planning, and has gradually become the focus of many scholars and policy makers [24,25]. Among these, the world cities network of the GaWC research organization [26] and the polycentric megacities of the POLYNET research team have the most important impact [27]. The quantitative research on the structure of regional spatial network is mainly carried out from the perspectives of enterprise organization [28,29], infrastructure [30,31], population flow [32,33], information flow [34], and transportation flow [35,36]. These studies have explored the hierarchical structure of nodes [37,38], the level of spatial connections [39,40], and the characteristics of the network center structure [41,42]. The research methods include the modified gravity model [43,44], social network analysis [45], and the community detection method [46,47]. However, most of the current studies focus on single relational data to study the spatial network structure. The urban network connection is a comprehensive, interactive, and complex territorial system composed of element flows of human, goods, capital, and information. Each element flow has its own characteristics, reflecting different urban network structures, and is an indispensable part of the urban network structure. Among these, human flow and traffic flow are the expression of the social dimension of urban connection; capital flow and goods flow are the expression of the economic dimension of urban connection; and the flow of information is the expression of the cultural dimension of urban connection [48]. If the study is conducted of a single element flow, it can only reflect the flow relationship between cities from a certain aspect, and cannot reflect the complex network connection in the region. In addition, numerous studies take large cities as the research unit, and there is limited research on the connections between small and medium-sized cities in the region, which may neglect the changes in connections between small and medium-sized cities [29,49]. Especially in China, the urban and regional development can be affected by administrative boundaries. The administrative boundaries of a city contain multiple counties, so it is necessary to study the regional spatial network structure with counties as units [50].



With the development and popularity of technologies such as the Internet, cloud computing, and mobile positioning, multi-source big data can reflect regional spatial development and urban connections due to their wide coverage and fine-grained nature, providing a new vision for the study of the regional spatial network structure [51,52,53]. Scholars have used Internet traffic, open-source network data, data mining, and other sources to obtain urban element flows and conduct research on the regional spatial network structure [54,55,56]. For example, human flow is obtained from user location data [57,58,59]; information flow is captured through search engines [60,61]; and patent data is introduced as technology flow [62,63]. Compared with traditional data, big data can more effectively characterize the complex interaction relationship and network features among cities, provide a reliable data source for comprehensive analysis of the regional spatial network structure, and promote the deepening of spatial network structure research.



The metropolitan circle is an important unit of regional development, but in the process of its rapid development, there are still problems such as weak connection between cities, uncoordinated regional development, and unbalanced resource allocation [64]. Under the strategic background of cultivating and developing metropolitan circles in China’s “14th Five-Year Plan” period, this research attempted to take Hangzhou metropolitan circle, which has a high development level and great potential, as the research object and use multi-source big data to carry out the research. In order to avoid the limitations of single element flow, this research selected five types of element flows, namely, human flow, goods flow, capital flow, information flow, and traffic flow, to quantitatively analyze the spatial structure of each element flow network, and explored the status and role of each small and medium-sized city in the metropolitan circle. The rest of the paper is organized as follows. The second part introduces the study area, data sources, and research methods. The third part analyzes the spatial network structure of the metropolitan circle, including the intensity structure of network nodes, the hierarchical structure of network connections, and the spatial correlation structure of networks. The fourth part presents the discussion and implications for policy. The conclusion is provided in the fifth part.




2. Materials and Methods


2.1. Study Area


The Hangzhou metropolitan circle, which is located in the north of the Zhejiang Province, is one of the six major metropolitan circles in China. It is positioned as an innovation highland of the global digital economy, an important hub of the Asia-Pacific international gateway, and a core growth pole in the southern wing of the Yangtze River Delta. At present, the Hangzhou metropolitan circle contains six cities: Hangzhou, Huzhou, Jiaxing, Shaoxing, Quzhou, and Huangshan. The research unit in this paper is at the county level, with a total of 34 counties (Figure 1). The Hangzhou metropolitan circle covers an area of 53,441 km2, accounting for about one-third of the Yangtze River Delta region. It has a resident population of 30.183 million, and the total population continues to grow. Its regional GDP was CNY 3.776 trillion. In this region, the main types of element flow are human flow, goods flow, information flow, technology flow, etc. “The Hangzhou Metropolitan Circle Development Plan (2020–2035)” clearly describes the goal of constructing a network spatial pattern described as “one main center and five subcenters, one ring and six belts” (Figure 2). The “one main center and five subcenters” refers to enhancing the main core role of Hangzhou in the metropolitan circle and cultivating five secondary core cities of Huzhou, Jiaxing, Shaoxing, Quzhou, and Huangshan; the “one ring and six belts” refers to creating an urban integration development ring linked by the Hangzhou metropolitan circle highway ring.




2.2. Data Sources and Preprocessing


2.2.1. Data Sources


Table 1 shows the data sources selected in this study, including human flow, goods flow, capital flow, information flow, and traffic flow.




2.2.2. Data Preprocessing


The network matrix data showed a very serious “long tail phenomenon” according to frequency distribution analysis (Figure 3). The logarithm with a base of 10 was taken for the original data to make it follow an approximate normal distribution law, which was beneficial to the visualization of the data. In addition, in order to make different element flow data comparable, the threshold value of all data was unified to [0,1] using the method of min-max normalization [70,79], where 1 means that the two counties are most closely connected, and 0 means that the two counties are the most distantly connected.


  X =   x − min   max − min    



(1)




where x is the original data; min is the minimum value of the matrix data; max is the maximum value of the matrix data; X is the normalized data.





2.3. Analytical Framework and Methods


The point, line, and plane are the basic elements of the regional spatial structure. The spatial network structure under the space of flow is formed by the mapping of city nodes, the connections between nodes, and their networks in geographical space [80]. In this study, we used human flow, goods flow, capital flow, information flow, and traffic flow data to establish the network connection matrix. From the three dimensions of “point-line-plane”, the flow data model, centrality analysis method, QAP correlation analysis, and cohesive subgroup analysis method were used to analyze the intensity structure of network nodes, the hierarchical structure of network connections, and the spatial correlation structure of networks in the Hangzhou metropolitan circle to explore the spatial structure of the region (Figure 4).



2.3.1. Flow Data Model


	(1)

	
Human flow







Since the data displayed on the Baidu migration platform only provide the relative values of the migrant population in the city, they cannot be used as comparative values between cities. They need to be processed to obtain the relative value of the daily migrant population between counties [67]. The data displayed on the front of the web page was firstly crawled and cleaned. Secondly, by obtaining the relative index of daily population movement for each city and the whole country from 1 October 2020 to 18 January 2021, the travel index of each city on that day was calculated using the formula. The migrant population matrix among 6 cities in Hangzhou metropolitan circle was obtained by calculating the average value of the travel index of each city. Then, the population proportions within the 34 counties under their jurisdiction were counted to construct a 34 × 34 population proportion matrix. Finally, through these two matrices, the relative value of the migrant population between each county was calculated to build the 34 × 34 human flow matrix [81]. The specific formula is as follows:


   T   day      =  U 1  ×  U 2  ×  U 3   



(2)






   U  ij   =  U  AB   ×  K  iA   ×  K  jB    



(3)




where U1 is the migrant population data from city X to other cities in the Hangzhou metropolitan circle; U2 is the relative index for the daily migrant population in city X from 1 October 2020 to 18 January 2021 obtained by the Baidu migration platform; U3 is the relative index of the daily migrant population in China from 1 October 2020 to 18 January 2021 obtained by the Baidu migration platform; Tday is the daily travel index of city X. A is the city corresponding to county i; B is the city corresponding to county j; UAB is the intensity of human flow between city A and city B; KiA is the percentage of the population of county i in the total population of city A; KjB is the percentage of the population of county j in the total population of city B; and Uij is the human flow intensity between counties i and j.



	(2)

	
Goods flow







With reference to the method proposed by Taylor for studying the world city network [82,83,84], a goods flow network matrix of the Hangzhou metropolitan circle was constructed to study goods flow. In this research, 10 logistics companies within the study area were selected, namely, Tiantian, Zhongtong, Shentong, Yuantong, Deppon, ShunFeng, Yunda, Best, Jingdong, and Jutu. The logistics intensity among counties was calculated to construct the matrix [70].


   W  ij , c   =  X  ic   ×  X  jc    



(4)






   W  ij   =   ∑ c    W  ij , c      



(5)




where Xic and Xjc denote the number of logistics company c in counties i and j, respectively; Wij,c denotes the goods flow intensity of logistics company c in counties i and j; and Wij denotes the goods flow intensity between counties i and j.



	(3)

	
Capital flow







Similar to the method for constructing the goods flow network matrix, the capital flow network matrix for the Hangzhou metropolitan circle was constructed. The bank branches at all levels in counties were assigned according to the level, and then the capital flow matrix was constructed using the interlocking network model in urban network analysis. The bank POI data were divided into five levels: the first level was head office and provincial branches; the second level was prefectural branches; the third level was subbranches; the fourth level was 24 h self-service banks; and the fifth level was ATM machines. Corresponding levels of bank POI data were given the score of 0.5, 0.4, 0.3, 0.2, and 0.1 points, respectively [73,85].


   R  ij , d   =  V  id   ×  V  jd    



(6)






   R  ij   =   ∑ d    R  ij , d      



(7)




where Vid and Vjd represent the scores of bank branch d in counties i and j, respectively; they are used to measure the importance of bank branch d in the capital flow; Rij,d represents the capital flow intensity of bank branch d in counties i and j; and Rij represents the capital flow intensity between counties i and j.



	(4)

	
Information flow







Referring to Xiong’s calculation method [86], the strength of information flow between different counties was expressed by the web search index, and the information flow network was constructed in this way. Through the analysis of http requests searched on 58.com, a 34 × 34 search request matrix was constructed. Then, the selenium library in Python was used to access the http request, and the number of entries of the result was captured to obtain a 34 × 34 search index matrix, namely, the information flow network matrix [75]. The selenium library is an automated testing tool that drives the browser to simulate human actions.


   T  ij   =  I j  ×  J i   



(8)




where Ij is the number of information pieces searched for county i on the page of county j; Ji is the number of information pieces searched for county j on the page of county i; and Tij denotes the information flow intensity between counties i and j.



	(5)

	
Traffic flow







The Railway Customer Service Center of China was used to obtain the number and location of train stations in the Hangzhou metropolitan circle, as well as the daily number of trains stopping at each station. The route planning API provided by Gaode Map calculates the driving time between two geographic points. Firstly, we obtained all the train stations within Hangzhou metropolitan circle through the 12306 website and counted the daily number of trains stopping. Then ArcGIS software was used to create a 6 km × 6 km fishnet covering Hangzhou metropolitan circle, and the travel convenience was calculated by route planning API. Finally, the traffic flow network matrix was constructed by the gravity model [78].


   P  single     =  C T   



(9)






   P  ij   =    P i  ×  P j     r  ij  2     



(10)




where C is the daily number of trains stopping at train stations; T is the driving time between the 6 km × 6 km fishnet points and the nearest train station within the land area of the Hangzhou metropolitan circle; Psingle is the travel convenience of the fishnet points; and the Psingle value is proportional to the travel convenience of the fishnet point. Pi is the average travel convenience of county I, and Pj is the average travel convenience of county j. The average travel convenience of each county is obtained by counting the average of Psingle within each county using Python. rij is the distance between counties i and j; Pij is the traffic flow intensity between counties i and j.




2.3.2. Cluster Analysis


County node is the core element of the spatial network structure of the metropolitan circle. Based on the element flow data, the level of counties was divided by the natural breaks cluster analysis method of ArcGIS software. This made a difference within the group’s smallest and the difference between the group’s largest, and the status and external influence of each county in the spatial network of the metropolitan circle were visually identified [87].




2.3.3. Centrality Analysis


Centrality reflects the degree to which a node is at the core of the network [88]. It is used to measure the strength of a node in the network to connect with other nodes. The centrality of each node in the network can be measured by the degree centrality. The larger the value, the more other nodes are directly connected to it, and the closer it is to the core of the network. Otherwise, the more it is on the edge. This paper evaluated the influence and position of each county in different element flow networks by calculating the centrality of each county.


  CI ( i ) =     ∑  j = 1  n    S  ij       n − 1    



(11)




where CI denotes node centrality; Sij represents the intensity of the link between counties i and j; and n is the number of county nodes in the study area.




2.3.4. QAP Correlation Analysis


QAP is a common method of researching network relationships [89]. It compares the values of each unit of the network matrix based on the data replacement of the matrix, and obtains the correlation coefficients between the matrices [90]. In this paper, the similarity between multi-dimensional networks was analyzed through the QAP correlation analysis of the network matrix of different element flows.




2.3.5. Cohesive Subgroup Analysis


Social network analysis, as a sociological research method, relies on sociological theories that regard society as a network of connections, and the network contains the interrelationship between nodes [91]. Cohesive subgroup analysis is an important method in social network analysis, and reveals the actual or potential connections between nodes by analyzing the aggregate subgroups in the regional network structure [92]. It expressed the affinity relationship among counties by identifying the sets with close connections in the network structure of each element flow in the metropolitan circle, and was then used to analyze the spatial association structure and development status of network connections among counties in the region. In this paper, the CONCOR method in UCINET software was adopted, which is an iterative correlation convergence method to represent the phenomenon of small groups existing in the network and the characteristics of the network structure in a tree diagram [93].






3. Results


3.1. The Intensity Structure of Network Nodes


Degree centrality was used to measure the status and external influence of each county in the spatial network of the metropolitan circle. Through the analysis of degree centrality, the network node intensity structure of the Hangzhou metropolitan circle under multiple space of flow could be obtained. The cluster analysis method was used to classify the centrality values of the counties into five levels, with the intensity decreasing from the first level (Figure 5). Among the average values of the centrality of each flow in the metropolitan circle, the value of human flow was higher and the value of information flow was the lowest. The counties with high node intensity in the network of human and information flows were Hangzhou urban district, Xiaoshan district, and Yuhang district, indicating that these counties were of high importance in these two networks. Yixian, Xuning, and Qimen counties, which are located at the northwestern edge, play a smaller role in the network of human and information flow. Hangzhou urban district and Zhuji city had a more important position in the network of goods flow. In terms of capital flow, Yixian, Changshan, and Huining counties and other western areas of the metropolitan circle were low-value areas of node intensity. In terms of traffic flow, Hangzhou urban district and Xiaoshan district played a larger role, indicating that these two areas were prominent in the core position of the traffic flow network. Hangzhou urban district was located at the first level of node intensity in the integrated flow and occupied a central position in the metropolitan circle. The node intensities within the municipal boundaries of Quzhou and Huangshan cities were mostly at the third and fourth levels, and their secondary core functions had not been fully developed, so there is a large space for development.



In general, the node intensity structure of Hangzhou metropolitan circle as a whole showed the characteristics of strong in the east and weak in the west. Among these, Hangzhou urban district was located at the first level in all element flow networks, and the network node intensity of Quzhou and Huangshan was generally weak.




3.2. The Hierarchical Structure of Network Connections


The network connection can reflect the strength of the relative connections between any two counties. The matrix data of each element flow in the Hangzhou metropolitan circle were visualized to obtain the hierarchical structure of the network connection (Figure 6). In terms of human flow, the most closely connected counties were Hangzhou urban district and Yuhang district, Hangzhou urban district and Xiaoshan district, and Hangzhou urban district and Huzhou urban district. The counties within the municipal boundaries of Huangshan had weaker human flow connections with other areas. The human flow connection in the Hangzhou metropolitan circle mainly showed a pattern of Hangzhou urban district as the core and radiating to the surrounding counties. Hangzhou urban district and Xiaoshan district, and Hangzhou urban district and Zhuji city, were ranked in the top two in the goods and capital flow network connections between counties, indicating that Hangzhou urban district and surrounding areas were closely related to goods and capital flow. Regarding the traffic flow, traffic flow connections in the northwestern part of Hangzhou metropolitan circle were relatively weak. In terms of information flow, the stronger information flow connections were between Hangzhou urban district and Yuhang district, Hangzhou urban district and Xiaoshan district, and Hangzhou urban district and Fuyang district. The QAP correlation analysis is often used to explore the relationship between multi-dimensional networks. Table 2 shows that the correlation coefficients all passed the test at the 5% significance level, and the resulting correlation coefficients were statistically significant. Ranking the correlation coefficients, we could obtain capital flow—goods flow > human flow—traffic flow > capital flow—human flow > information flow—human flow > goods flow—human flow > traffic flow—information flow > capital flow—traffic flow > information flow—capital flow > goods flow—information flow. Through the ranking results, it could be found that the similarity between the goods flow and capital flow network, and the human flow and traffic flow network, were high, which indicates that the goods flow and capital flow network connection, and the human flow and traffic flow network connection, had a high degree of synergy. In summary, there were commonalities and differences among the multiple flow networks in Hangzhou metropolitan circle, and the QAP correlation analysis also shows that there were interconnections between different element flow networks.



In order to better identify the spatial network structure of each element flow in Hangzhou metropolitan circle, the first level of network connection was selected to construct the skeleton network. In the skeleton network of human flow, goods flow, capital flow, and traffic flow, the Hangzhou–Jiaxing–Huzhou–Shaoxing area was dominated by the radiation of Hangzhou urban district, and the development axis of “Hangzhou urban district—Fuyang district—Quzhou urban district” was roughly shown. In the skeleton network of goods flow and capital flow, the development axis of “Hangzhou urban district—Lin’an district—Huangshan urban district” also formed. In terms of information flow, most of its skeleton network was concentrated in the municipal boundaries of Hangzhou city, indicating that the skeleton network of information flow had not yet broken through the barrier of administrative division. Overall, in the skeleton network of integrated flow, the Hangzhou metropolitan circle as a whole presented a starfish-shaped development axis of Hangzhou–Jiaxing, Hangzhou–Huzhou, Hangzhou–Shaoxing, Hangzhou–Quzhou, and Hangzhou–Huangshan, namely, the spatial layout with Hangzhou as the core and radiating to Jiaxing, Huzhou, Shaoxing, Quzhou, and Huangshan.




3.3. The Spatial Correlation Structure of Networks


Cohesive subgroup analysis is used to describe the grouping phenomenon of metropolitan circles, which is the spatial correlation situation. The iterative convergent correlation method in Ucinet 6.0 was used for cohesive subgroup analysis, and the depth of analysis was set to 3. As shown in Figure 7, except for capital flow, the other spaces of flow formed four cohesive subgroups at the second level. In the third level, human flow formed six cohesive subgroups, goods flow formed seven cohesive subgroups, and information flow and traffic flow formed eight cohesive subgroups. In the respect of human and information flows, Yixian, Qimen, and Xuning counties located in the northwest of the metropolitan circle formed subgroups, and Jiangshan, Changshan, and Kaihua counties located in the southwest formed subgroups. This shows relatively stable subgroup structures in the human flow and information flow in Quzhou and Huangshan cities, respectively. In the respect of goods and traffic flows, Hangzhou, Huzhou, Jiaxing, and Shaoxing cities all formed polymorphic subgroup structures, indicating that the four cities in the eastern part of the metropolitan circle interacted frequently in goods and traffic flows. Additionally, the human flow overlapped with the municipal boundary in the third-level cohesive subgroup, and had a weak cross-municipal connection. The goods flow and information flow subgroups exhibited jump connections. For example, Longyou County, Hangzhou urban district, and Xiaoshan District, which are not adjacent to each other, constituted the third-level cohesive subgroup of goods flow, and Changxing County, Tongxiang City, and Pinghu City constituted the third-level cohesive subgroup of information flow.



On the whole, Quzhou and Huangshan cities basically formed subgroups individually, with weak cross-provincial and cross-municipal connections. Moreover, Hangzhou, Jiaxing, and Shaoxing cities interacted frequently in the space of flow and formed more cross-municipal subgroups.





4. Discussion


With the advancement of information technology and globalization, the flow of various elements between cities has accelerated, which has further strengthened the internal connection of metropolitan circles and reconstructed the regional spatial structure [94]. Compared with the traditional research model, the regional spatial structure based on “space of flow” is more objective and scientific, and provides a new perspective and direction for its research [95]. This study analyzed the spatial network structure of the Hangzhou metropolitan circle at the county level from the perspective of multi-source big data and multiple element flows, which complemented the depth of research on the spatial network structure of the metropolitan circle under the research background dominated by a single flow.



The results showed that the intensity structure of nodes in the metropolitan circle was stronger in the eastern counties than in the western counties as a whole in all element flows. This may be related to the mountainous terrain blocking the western region. Most of the eastern region is located in the Hangzhou–Jiaxing–Huzhou Plain, where the social connections of the counties are close, the communication is convenient, and the foundation for historical cooperation is profound. This corroborates the conclusions of Chao [96], who found that topographic terrain can have an impact on communication between cities. The Hangzhou urban district occupied a dominant position in the intensity structure of network nodes in the metropolitan circle, and was the gathering center of various element flows. This is in connection with the status of Hangzhou as the capital city, transportation hub, and political and cultural center of Zhejiang Province. It has comparatively concentrated resources, facilities, talents, and other development factors, leading and driving the integration process of the Hangzhou metropolitan circle. Nevertheless, Quzhou and Huangshan had a lower position in the network, and there was still a gap with the subcenter cities in the planning and positioning.



In the analysis of the hierarchical structure of network connections, there was a degree of similarity between the main flow directions of human flow and traffic flow. This was consistent with the research findings of Li [97]. This is due to the fact that population movement is dependent on transportation infrastructure, and transportation connections can promote population movement. The distribution of goods flow and capital flow network connections overlapped, such as in Hangzhou urban district, Xiaoshan district, and Zhuji. This was related to their location in the close circle layer of the Hangzhou metropolitan circle, with perfect infrastructure and great development conditions. Among them, Zhuji has a well-developed manufacturing industry, which complements Hangzhou’s developing digital industrialization. In addition, Xiaoshan District has a large number of high-tech enterprises. These all greatly enhanced the strength of their connections in the network. Furthermore, the network skeleton of the metropolitan circle in the integrated flow was in line with the “one ring and six belts” in the Hangzhou Metropolitan Circle Development Plan (2020–2035), namely, Hangzhou–Huangshan development belt, Hangzhou–Jiaxing development belt, Hangzhou–Huzhou–Quzhou development belt, and Hangzhou–Shaoxing development belt. It demonstrated that the actual development of the Hangzhou metropolitan circle was consistent with the planning, and it also proved the accuracy of this study.



With respect to the spatial correlation structure of the network, there was a strong group effect within the four cities of Hangzhou, Jiaxing, Huzhou, and Shaoxing, and the cross-city connection within the group was strong. This is because Hangzhou, Jiaxing, Huzhou, and Shaoxing signed the “Cooperation framework agreement on jointly building metropolitan circle under the background of Yangtze River Delta Integration Strategy” and established strategic cooperative relations. Cooperation in the fields of public services, comprehensive transportation, cultural tourism, and government services has accelerated exchanges and connections between cities. Quzhou and Huangshan cities generally formed subgroups independently, and the interactive development with other cities in the metropolitan circle was weak. This indicated that Quzhou and Huangshan have not been well merged into the integrated network of the Hangzhou metropolitan circle. Moreover, the distribution of the cohesive subgroups in the metropolitan circle was basically based on the geographic layout. There were also counties that were not geographically adjacent but still formed cohesive subgroups, such as Longyou in the west of the metropolitan circle and Hangzhou urban district and Xiaoshan district in the east. This illustrates that, with the development of modern communication technology, the communication between regions was no longer restricted by the space of places, which was also reflected and verified the core idea of space of flow [98].



Based on these research results, some policy implications can be proposed for the connection of small and medium-sized cities and regional integration development in the metropolitan circle from the perspective of element flow. First, through multi-source big data, this study found that the connections of information flow network among small and medium-sized cities was mainly concentrated within the city area, without breaking through the boundaries of administrative divisions. Therefore, the government should strengthen the integration of urban information, improve the construction of information network infrastructure within the metropolitan circle [99], and build a regional digital network platform. Second, in view of the differences in the spatial network structure under the action of each type of element flow, the government ought to consider different levels when formulating regional development plans, and pay attention to the differences between the implementation of planning and the actual development situation. Finally, the results of this study revealed that the spatial network structure of the metropolitan circle presented an unbalanced pattern of strong in the east and weak in the west, and the elements mostly flowed into Hangzhou urban district and its neighboring areas. Hence, the government should build a unified, open, and orderly market environment, form cross-regional service sharing and industrial collaboration channels in multiple fields [77], and promote the unhindered flow of various elements in the metropolitan circle. In addition, the ultimate goal of the coordinated development of metropolitan circles is not to eliminate intra-regional differences, but to improve the overall connectivity, coordination, and competitiveness of the region. Consequently, edge cities are supposed to cultivate their own characteristic industries, actively cooperate and exchange with other regions, and strengthen the ability to attract element flows. Core cities are supposed to play a radiating role and guide the metropolitan circle towards networked and integrated development.



The findings of this paper provide implications for regional development and spatial planning. For example, this study provides an analytical framework for the study of regional spatial structure, which helps the administration to better grasp the current situation of regional development and adjust planning and related policies in time. This study provides a quantitative analysis of the regional spatial structure by multiple element flows among small and medium-sized cities, which provides some reference for the refinement of the regional polynuclear system. The regional planning should focus on the policies of element mobility and regional network development, in addition to considering the policies of urban attributes such as administrative level and population size, so as to promote the coordination of regional spatial structure. For example, the mobility of capital, information, labor, and other elements in the region should be enhanced through the promotion of infrastructure interconnection. Furthermore, the data of this study were all taken from open source data websites on the Internet, and the data were easily accessible. With the rapid development of the Internet, Internet traffic, open network data, data mining, and other channels can be used to obtain data, such as social platforms including Weibo and Facebook, and shopping platforms including Taobao and Amazon, and combine the definition of “space of flow” to transform the data into relationship data between cities.




5. Conclusions


Taking the Hangzhou metropolitan circle as an example, this study built the connection matrix of human flow, goods flow, capital flow, information flow, and traffic flow based on multi-source big data, and the characteristics of the spatial network structure of the metropolitan circle were investigated at the county scale. The main conclusions of this study can be formulated as follows. The node intensity in the metropolitan circle gradually weakened from the eastern coast to the western interior. The core position of the Hangzhou urban district was apparent in all types of spaces of flow, and the county edge effect of Quzhou city and Huangshan city was equally evident. The network skeleton of the integrated flow network connection of the metropolitan circle showed a starfish development pattern, and the group effect of Hangzhou, Jiaxing, Huzhou, and Shaoxing was obvious in the spatial correlation structure of the network.



The contributions of this study have two main aspects. First, this study avoided the singularity of element flow selection that was used in previous studies. Based on the flow of humans, goods, capital, information, and traffic, this study systematically analyzed and discussed the structural characteristics of spatial networks in the metropolitan circle. Second, this study attempted to lower the level of research units through multi-source big data, which could reveal the position of small and medium-sized cities in the urban connections of the metropolitan circle and improve the micro-basis of regional research. Furthermore, this study could provide a reference for the study of the spatial network structure in other metropolitan circles.



However, there are still some limitations in this study, which need to be improved in future research. First, the original data used for flow data can be more diversified, such as Tencent Yichuxing data and mobile phone signaling data. Richer flow data types can further enhance the reliability of the research. Second, the analysis of flow data can be carried out based on the time scale. In future research, longitudinal comparisons can be made by combining various types of element flow data among counties over the years to obtain the evolutionary characteristics of the regional spatial network structure in the time series. This will better combine policy and the environment to support more suitable optimization strategies. Finally, no fixed paradigm has been created for the processing and analysis methods of flow data, and the methods that can be used to maximize the value of flow data are a direction that needs further research in the future.
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Figure 1. Location of Hangzhou metropolitan circle in China. 
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Figure 2. The schematic diagram of “Hangzhou Metropolitan Circle Development Plan (2020–2035)”. 
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Figure 3. Frequency distribution diagram and Q-Q diagram of data before and after pre-processing. 
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Figure 4. The workflow for implementing the analytical framework. 
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Figure 5. Intensity grading diagram of network nodes. 
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Figure 6. The hierarchical distribution diagram of network connections. 
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Figure 7. The division diagram of cohesive subgroups. 
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Table 1. Basic information and data sources for element flows.
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	Name
	Definition
	General Expressive Form
	Data Source
	Acquisition Time





	Human flow
	Human flow is the abbreviation of population movement, which refers to the migration phenomenon of the population moving from one location to any other location in geographic space within a certain period of time.
	Mobile phone signaling data and daily train passenger data [65,66]
	Baidu migration platform [67]
	1 October 2020, to 18 January 2021



	Goods flow
	Goods flow is the process of transferring goods from the place of supply to the place of receipt.
	Container data and logistics company data [68,69]
	Gaode Map [70]
	1 October 2020, to 18 January 2021



	Capital flow
	Capital flow is the flow process of funds, which usually occurs due to the transfer of goods or their ownership between members.
	Enterprise organization data and interenterprise relationship data [71,72]
	Gaode Map [73]
	1 October 2020, to 18 January 2021



	Information flow
	Information flow refers to information movement through the information infrastructure in the urban network.
	Weibo punch card data and the Baidu index [74]
	The search data of 58.com [75]
	1 October 2020, to 18 January 2021



	Traffic flow
	Traffic flow refers to the flow process of major transportation modes between cities through the corresponding transportation infrastructure.
	Airline data and expressway data [76,77]
	The Railway Customer Service Center of China and the route planning API provided by Gaode Map [78]
	1 October 2020, to 18 January 2021
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Table 2. QAP correlation analysis of multi-dimensional networks.
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	A/B
	Human Flow
	Goods Flow
	Capital Flow
	Information Flow
	Traffic Flow





	Human flow
	1
	0.5529
	0.6943
	0.5975
	0.7260



	Goods flow
	0.5529
	1
	0.8317
	0.3309
	0.2946



	Capital flow
	0.6943
	0.8317
	1
	0.4092
	0.4622



	Information flow
	0.5975
	0.3309
	0.4092
	1
	0.5257



	Traffic flow
	0.7260
	0.2946
	0.4622
	0.5257
	1
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