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As the important performance of intercity interaction, urban networks have a significant impact on the urban system and economic development of city-regions. However, previous studies have mainly analyzed the structure of a single urban network from a static perspective and lack in-depth analysis of the driving mechanism of network evolution. Based on the headquarters-branch data of companies and patent transaction data, this study uses spatial analysis, social network analysis, and negative binomial regression analysis to explore the structure evolution and proximity mechanism of the urban networks in China. The empirical results were as follows. First, different types of urban networks are characterized by stratification and geographical unevenness, and the evolution of urban networks shows priority linkage and path dependence. Second, the Yangtze River Delta, the Pearl River Delta, and the Beijing–Tianjin–Hebei urban agglomerations shape high-value agglomeration centers but show a differentiated development trend. Third, geographical proximity has a stronger effect on the urban innovation network evolution, but institutional and cultural proximity has a stronger effect on the urban economic network evolution. The comparative study of urban networks not only helps to clarify the structure and characteristics of an urban system but also contributes to a comprehensive understanding of the diversity and complexity of intercity interactions.
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1 INTRODUCTION
Since the 1970s, with the rapid development of globalization, intercity exchanges and interactions have deepened and produced extensive connections [1,2], thus facilitating the formation of networked spatial structures [3]. Against this background, urban networks at different spatial scales are emerging [4,5] and becoming new models of spatial organization [6]. Urban networks not only reshape global-local relations [7,8] but also enable the gradual replacement of space of places by space of flows [3]. Since the relational turn in social sciences, urban networks have become the focus of attention across multiple disciplines such as economics and geography [9,10], and a number of new concepts have emerged such as the world city [11], the global city [12], and the world city network [13]. Before the 1990s, the study of the world city network was at an early stage of development, and scholars primarily analyzed the functions of world cities and their hierarchies based on attribute data (e.g., the number of corporate headquarters) [11]. However, although this phase of research developed the world city network theory based on the traditional central place theory [14], it neglected the socially and culturally intercity connections and failed to explain the formal mechanisms of urban networks [15]. Since the 1990s, with a series of relational theories such as actor network theory and space of flows theory [16,17], the study of the world city network has acquired a more solid theoretical foundation. At the same time, scholars have gradually used relational data to analyze the structure of world city network [18].
Due to the multiplicity of network, the comparative study of different types of urban networks not only helps to recognize the diversity and complexity of intercity relationships [19]but also provide a more comprehensive understanding of city function positioning and division [20], thus providing reference for the city and regional development policy [21]. In this study, an economic network and an innovation network are selected for a comparative study based on three main considerations in the following aspects. First, economic and innovation networks characterize different dimensions of intercity connections [22]. The economic network characterizes intercity economic connections and industrial division [23], while the innovation network reflects intercity knowledge flows and technological cooperation [24]. Second, the role and division of urban functions are differences in different types of networks, thus providing new perspectives (multiple networks) to conceptualize cities. Cities assume economic functions in the economic network [23], while they serve as spatial carriers of innovative activities in the innovation network [25]. Finally, economic and innovation networks are strongly influenced by market mechanisms, but the way of constructing them is different, which makes the comparative study of them significant [26]. The economic network is based on the location layout of micro enterprise headquarters and branches and then translates the office network into the city network [27]. The innovation network extracts linkage data directly from voluntary patent transactions in the marketplace [28]. In addition, the comparative study could help to reflect on the impact of urban networks constructed on representing real intercity connections [29].
The key contributions of this study are summarized as follows. First, previous studies have mainly explored single urban economic or innovation network, which could only reflect one aspect of intercity linkages. By acquiring real relational data between cities using big data technology, this study constructs economic network and innovation network and analyzes their network structures in comparison, providing empirical evidence for the debate related to the multidimensionality of urban networks and the complexity of intercity interactions. Second, previous studies analyzed network characteristics through the static perspective, but this study explores the evolution process and patterns of economic and innovation networks through the dynamic perspective, providing more information than static urban network studies. In particular, this study finds that there are priority linkages and path-dependent characteristics of urban network evolution in China, which not only reveals the characteristics and laws of urban network evolution but also deepens the understanding of urban system and urban geography research from the perspective of network science. Finally, based on proximity theory, this study explores the heterogeneous influence of geographic, institutional, and cultural proximity factors on the evolution of urban networks, which not only provides a new perspective and analytical framework for understanding the driving mechanisms of urban network evolution but also provides a bridge to related studies on urban networks and evolutionary economic geography.
2 LITERATURE REVIEW
2.1 Multiplex urban network
With the development of transportation infrastructure, a variety of physical and nonphysical flows occur in the spaces and form complex intercity connections through physical connection and virtual connection, which, in turn, form multiple urban networks. Camagni and Salone [30] argue that urban networks consist of two key dimensions: infrastructure network and economic network. Malecki [31] also defines two types of network: the “hard network” and the “soft network.” Based on the space of flows, Castells argues that urban networks consist of three levels, including infrastructure networks, economic networks, and social networks [32]. Due to insufficient data, scholars often need to convert individual or organizational relationships among cities into intercity connections [33] to construct urban networks [34]. As complex systems, urban networks are composed of subsystems of economic, political, and social connections among cities [35].
The multiplex of urban networks has been broadly recognized by scholars, but there are some weaknesses as follows. First, studies mainly focus on the structure and characteristics at the global scale, while few studies have examined the urban network systems in developing countries, which is neglecting the influence of small cities on network formation [20,36]. Second, urban network research mainly focused on the exploration of a single network structure, while comparative studies on the similarities and differences of multiplex networks are lacking [23]. For example, the Globalization and World Cities Research Network (GaWC) has conducted a large number of empirical studies of world city networks through the interlocking network model (INM) [15]. Some scholars have also analyzed the urban network structure evolution from the perspective of external connections between enterprises [27]. In addition, some scholars have also used patent cooperation data to analyze the complexity evolution of intercity R&D cooperation networks and its impact on urban innovation performance [37]. Finally, although some scholars have compared the variability of different types of intercity transportation networks, such as highways, high speed railways, and airlines [29], they mainly analyze the spatial pattern of intercity connections based on the static perspective, with less attention being given to structure evolution and formation mechanisms of urban networks from the dynamic perspective. Therefore, the comparative study of the economic network and innovation network from the dynamic perspective is conducive to the understanding of the multiple urban networks and urban system formation mechanisms, thus providing scientific suggestions for the evolution and implementation of urban and regional spatial planning.
2.2 Multidimensional proximity theory
Although scholars have studied the structure of urban networks at different scales, there remains a lack of exploration of their formation mechanisms [38]. With the development of evolutionary economic geography, the proximity theory has become an important analytical framework for urban networks, and it has been widely used to analyze organizational cooperation and innovation performance. Powell [39] argues that when actors experience a greater proximity, more communication takes place. Scholars have also used the proximity theory to analyze the impact of geographical distance on the evolution of innovation network [40], thus providing a new theoretical framework for analyzing the complexity of urban networks and evolution mechanisms. With increasing research on multidimensional proximity and innovation, scholars have been able to define the forms of proximity. Boschma [41] has presented geographic, organizational, and social proximity and its spillover mechanisms. The proximity of different dimensions becomes an important resource for urban development and drives new knowledge generation and the evolution of relational patterns [42].
Geographical proximity refers to the spatial distance between cities as measured by distance or travel time [43]. Weterings [44] argues that geographical proximity facilitates face-to-face communication and collaboration among organizations. Institutional proximity refers to the extent to which two organizations share an institutional framework and enjoy interdependence [34]. Social proximity is derived from social embeddedness theory, which refers to the degree of social closeness and trust. Breschi and Lissoni [45] argue that social proximity helps to promote intersubjective cooperation and knowledge interaction. Cultural proximity refers to the shared languages and cultures that enable economic agents to have similar norms of behavior and standards of judgment and produce the generation of intimacy and the formation of a harmonious range in mutual communication. Therefore, based on the comparative analysis of the structure of economic and innovation networks, this study constructs an analytical framework from four dimensions of proximity to analyze the mechanism of urban network evolution (see Figure 1).
[image: Figure 1]FIGURE 1 | Constructive and analytical framework of urban networks.
3 DATA AND METHODOLOGY
3.1 Research method
3.1.1 Construction of economic network
Based on the Ownership Linkage Model (OLM) proposed by Alderson et al [46], the intercity connectivity matrix was constructed by the headquarters-branch data of listed companies. That is, if a company headquartered in city i has n branches in city j, city i is considered to have n linkages with city j. GIS software was used to form the linkage matrix for 2006, 2011, and 2016 with the origin and destination connections to characterize the urban economic network.
3.1.2 Construction of innovation network
Patent transfer is a voluntary market transaction behavior between the demand and the supply side, which reflects the technology flow between cities and serves as an important method for building an innovation network. First, we obtain the detailed data of patent transfer from 2006 to 2016 included on the website of patent information service platforms. Second, the spatial information of patent cities is identified by geocoding, and the data is examined. Finally, the intercity patent transfer volume and its interconnection strength are calculated and connected with the origin and destination connections by GIS software to form the innovation network.
3.1.3 Social network analysis
As the integrated software for network analysis, UCINET software provides important functions for analyzing the properties and structures of overall networks, local networks, and individual networks, which have gained wide applications in relational data [47]. UCINET is used to topologies urban networks and measure the node degree centrality. The degree centrality characterizes the control and intermediary ability of nodes.
[image: image]
In Eq. 1, [image: image] is the centrality degree, [image: image] is the number of effective links between node i and other node cities, and g is the number of possible connections of the node.
3.1.4 Zipf law analysis
To analyze the node distribution characteristic of urban network systems, the connectivity is used to characterize the city scale, and the Zipf law is used to measure the city scale and its rank-law relationship.
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In the formula, [image: image] is the connectivity of city i, [image: image] is the connectivity of the first city, [image: image] is the rank order of city i in the connectivity of all cities, and q is the Zipf index.
3.1.5 Negative binomial regression analysis
Due to the number of zeros and the over dispersion characteristic of the variables in the data, it is difficult to obtain valid unbiased estimates using the OLS. Therefore, this study constructs a negative binomial regression (NBR) model to explore the factors influencing the evolution of different types of urban networks. Based on the previous analysis, this study selects four dimensions to analyze the proximity mechanism of the evolution of urban networks.
(1) City connectivity ([image: image]): It is the sum of the strength of a city’s connectivity with other cities, reflecting the connectivity of a city in the urban network.
[image: image]
In Eq. 4, [image: image] is the sum of city i’s linkage intensity with other cities, and [image: image] is the sum of city j’s linkage intensity with other cities.
(2) Geographical proximity: Based on the latitude and longitude of cities, the geographical distance between cities is calculated by the Shape Length function of ArcGIS software. Given the large actual geographical distances between some cities, they were regressed by taking the logarithm. This indicator is a negative indicator: the smaller the value of geographical distance, the closer the distance between cities, and the better the geographical proximity, where [image: image] denotes the geographic distance from city i to city j.
[image: image]
(3) Institutional proximity: The provincial administrative boundaries have become the dividing line between different territorial systems and have a clear impact on intercity connections. In particular, urban development is strongly influenced by institutions, and cities in the same provinces often have natural advantages in coordination and division of labor in China [34]. Therefore, provincial administrative boundaries were defined by setting dummy variables to characterize intercity institutional proximity.
(4) Social proximity: The value of social proximity reflects the closeness of social relationships and has a profound impact on the evolution of urban networks. Drawing on Scherngell and Hu [48], the Jaccard Index was constructed to measure social proximity. It means the proportion of the elements of the intersection of two sets A and B in the union of A and B. In Eq. 5, [image: image] denotes the connection intensity between city i and city j, [image: image] denotes the sum of outflow connection intensity of city i, and [image: image] denotes the sum of inflow connection intensity of city i.
[image: image]
(5) Cultural proximity: Diverse language systems have been formed and have become a cultural representation of regional heterogeneity in China. Particularly in mutual interaction, actors who share the same dialect communicate more easily and form a strong identity. This study selects language affinity as an indicator of cultural proximity and sets dummy variables (0 or 1) based on the 2010 Atlas of Chinese Languages to characterize.
Based on the panel data from 2006 to 2016, this study explores the differential effects of the multidimensional proximity on the evolution of different types of urban networks using a negative binomial regression model. The specific names and measures of the variables are shown in Table 1(see Table 1).
[image: image]
TABLE 1 | Main variables and measurement methods.
[image: Table 1]In Eq. 7, the dependent variable [image: image] is the city connectivity and Geoproij, Insproij, Socpoij, and Culproij are the core explanatory variables, which denote geographical, institutional, social, and cultural proximity, respectively. The control variables are primarily Pergdpij, Perpopij, Fdiij, and Rankij, indicating the level of urban development, population size, openness to the outside world, and administrative rank, respectively. In addition, [image: image] is a constant term, and [image: image] is a random error term.
3.2 Data description
The headquarters-branch data of listed companies is sourced from the China Research Data Service (CNRDS) subdatabase, which includes detailed information on the names, industries, and addresses of listed companies and their owned or controlled branches. Meanwhile, the geocoding function of Python software was used to convert the address information of the headquarters and its subsidiaries to the corresponding cities, and 104,077 pieces of data on economic connections between cities from 2006 to 2016 were obtained. As the leading enterprises in various industries, the sample of listed companies is the most active economic body and covers as many as 18 major industries of the economy, which reflects economic connection among cities. Patent transaction data is obtained from the “Patent Information Service Platform” in the database of SIPO (State Intellectual Property Office of China), and the geocoding function of Python software is used to match the spatial information of each patent. We also use cross-checking and manual verification methods to ensure the accuracy of the data and to extract all 122,971 patent transfer data pieces, which reflect the direction and intensity of the flow of innovation factors. The dialect data were obtained from the 2010 Atlas of Chinese Languages [49]. Data on other attributes were obtained by consulting the China Urban Statistical Yearbook, and some missing values were found in the statistical bulletins published by city for supplementation.
4 RESULTS
4.1 Spatial patterns of urban networks
The different types of urban networks are characterized by a hierarchy and geographical imbalance (see Figure 2). Moreover, the evolution of urban networks shows priority linkage and path dependence and forms closer connections in more economically developed areas.
[image: Figure 2]FIGURE 2 | Evolution of urban economic network and innovation network in China.
4.1.1 Similarity of urban networks
(1) The intensity of intercity connection is increasing and has stratification characteristic. The expansion of intercity economic and innovation network has shown rapid growth and an expanding geographical scope, driving the gradual formation and strengthening of national-scale urban networks. With the improvement of transportation infrastructure, intercity economic and innovation connections have been enhanced, which promote the free flow of factors of production such as capital and technology and contribute to the rapid rise of economy in China. In addition, both the economic network and innovation network show a clear stratification, with the number and strength of intercity connections at different levels diverging significantly and fewer connections among high-ranking cities and more connections among low-ranking cities. This reflects that despite the multiplicity of urban networks, there are pattern similarities in different types of networks.
(2) The spatial distribution of intercity connections is uneven, showing a decrease from the east region to the west region. The eastern region not only has more high-grade intercity connections but also has a denser of network. However, most cities have small connections, and their linkage intensity is lower in the western region. The highly uneven spatial distribution of intercity connections is related to the regional economic development gap. The Chinese government has adopted a progressive open-door policy, and the eastern region has been the first to achieve rapid economic development by its superior location and policy support, while the economic development of the western region is still slower. This leads to denser intercity connections in the east and sparser ones in the west region. Meanwhile, it also reflects that the evolution of urban networks is influenced by the level of urban economic development and population size.
(3) Intercity connections are characterized by spatial agglomeration and preferential connectivity, and the network evolution shows path dependence. Among the different types of urban networks, core cities such as Beijing, Shanghai, and Guangzhou not only form more high-ranking connections with each other but also have higher-ranking connections with neighboring cities. In particular, the connections between core cities constitute the backbone of the urban network and have become the priority links for other cities in the evolution of network, which indicates that the evolution of urban networks has spatial agglomeration and preferential linkage. In addition, despite the increasing number of intercity connections, high-level connections are still locked between core cities, also reflecting the path-dependency of the urban network evolution.
4.1.2 Differences in urban networks
(1) The economic network forms a diamond-shaped spatial structure, and the innovation network forms a triangular spatial structure. In 2006, the intercity economic network initially formed a diamond-shaped spatial structure, which was strengthened and fixed in 2016 (see Figure 3). Although the innovation network has rapidly developed in the last decade, the western core cities have not formed the first-ranking innovation connections due to the long geographical distance from other eastern core cities. This limited the flow of the innovation factors, making the spatial structure of innovation network a triangle. This suggests that different types of urban networks have differential spatial structures and geographic scopes, and attention should be paid to the multiplicity of urban networks and their representational implication in order to avoid biased perceptions of intercity connections.
(2) The economic network is denser and covers a wider geographical area, while the innovation network is less dense and covers a smaller geographical area. Although most of the enterprise’s headquarters are located in few big cities, the branches have adopted a wide range of locations in many cities to develop markets, which promote the denser economic connections between cities. In addition, the enterprise branches are less dependent on the city size and development level, and some small cities also attract enterprise branches layout by their resource advantages, making the intercity economic connections coverage wider and the network density higher. However, due to the high concentration of education institutions in few cities such as Beijing, the distribution of innovation resources is highly uneven, which result that the innovation connections are sparser and unevenly distributed. Due to the stronger unevenness of the urban innovation network, it is important to pay more attention to the fairness of spatial allocation of innovation resources and establish cross-regional technology trading platforms when formulating regional development policies.
(3) Innovation network are dominated by short-range proximity diffusion, and economic networks are dominated by hierarchical diffusion. In the innovation network, the ratio of intercity linkages exceeds 30% for cities within 500 km and 60% for cities within 1000 km, indicating that geographical proximity strongly influences the flow of innovation factors and makes innovation connections dominated by proximity diffusion. In the economic network, the ratio of intercity links of 500 km is less than 30%, but the number of economic connections of the same rank is higher, indicating that intercity economic connections are less influenced by geographical proximity but influenced by the level of urban economic development and dominated by rank diffusion. These reflect that there are differences in the way of different intercity connections, thus deepening the knowledge of the multiplicity of urban networks and their evolution mechanisms.
[image: Figure 3]FIGURE 3 | Distribution characteristics of the economic network and innovation network distance between cities.
4.2 Node distribution characteristics
The weighted degree of nodes in the intercity economic network and innovation network are measured by the social network analysis. Meanwhile, the unevenness of urban nodes in space and location order is explored using the Zipf law analysis.
4.3.1 Spatial agglomeration of urban nodes
At the beginning of the 21st century, the development level of the economic network and innovation network among cities was generally low; the number of cities had a small central degree of agglomeration and showed spatial polarization (see Figure 4). Due to the gradually opening-door policy, only a few central cities in the eastern region, such as Beijing, Shanghai, and Guangzhou, attracted more foreign investment and enterprises’ layouts, thus becoming the highest agglomeration of the urban network and exerting a radiation effect on neighboring cities in 2006. However, the cities in the middle and western regions have a relatively low node linkage capacity and rank due to their low levels of openness to the outside and economic development. In addition, the central government decentralized authority to city governments and made them the primary agents of the economic development. The city governments restrict foreign investment and technology transactions in order to achieve rapid economic growth in their districts for job promotion, resulting in weak economic and innovation linkages among cities and exacerbating the spatial polarization of urban networks.
[image: Figure 4]FIGURE 4 | Interpolation of cities’ degree in the economic network and innovation network.
The degree of city in networks has been improved, and high-value agglomerations with a wide radiation range have been formed in Beijing–Tianjin–Hebei, the Yangtze River Delta, and the Pearl River Delta urban agglomerations in 2016. After adoption of the opening-up policy in the eastern region, the Chinese government has promoted this policy in the middle regions and western regions, improving the investment environment and economic development level of cities, attracting more enterprise branch locations and technology transactions, and thus promoting economic connections and innovation connections among cities. In addition, since 2011, the Chinese government has formulated several urban agglomerations development plans to promote the evolution of urban networks and regionalization. In this background, the economic network of the Yangtze River Delta urban agglomeration has formed a number of high-value agglomerations and make the urban agglomeration a polycentric development trend. However, the number of high-value agglomerations in the innovation network is less and their radius is smaller, indicating that the innovation network of urban agglomerations is less polycentric. On the one hand, innovation resources are highly concentrated in big cities and are locally embedded. Patent transactions occur more within big cities, while cross-city patent transactions are less, resulting in low intercity innovation connections. On the other hand, there are more institutional barriers to patent transactions, and innovation linkages are insufficient. In particular, the degree of cities in the northeast region shows a decreasing trend in the innovation network, reflecting the weakening and lower concentration capacity of innovation factors in these cities, which exacerbated the regional economic recession. Intercity connections have an important impact on the rise and fall of regional economies through the network capital, not only promoting the rapid economic rise and regionalization but also shaping the spatial pattern of uneven development.
4.3.2 Rank-size distribution of city nodes
The node distribution patterns of urban networks in terms of space and rank are explored using the Zipf law analysis. The cities of the economic and innovation networks in 2006 and 2016 were ranked according to the range of connectivity, and the main findings are as follows (see Figure 5).
[image: Figure 5]FIGURE 5 | Rank-size distribution of city connectivity in the economic network and innovation network.
First, the scale distribution of city connectivity shows a power-law distribution, indicating that the scale distribution of the urban network system tends to be concentrated. With the decreasing connectivity rank order, the number of city nodes is increasing, reflecting the unevenness of the connectivity scale hierarchy in the Chinese cities. Second, the connectivity of big cities is generally higher than that of small cities, reflecting the important influence of city scale on the ability of cities in the network to concentrate resources. In particular, central cities, such as Beijing, Shanghai, and Guangzhou, have become the sources of influence on the spatial development of economic and innovation networks and dominate the formation and evolution of urban networks. Finally, the changes in connectivity rankings reflect the changes of the urban network system and affect the regional economic development. With the shift of industries from the eastern region to the central and western regions, the connectivity of these cities has increased and contributed to the economic development. However, due to the poor economic development and reduced innovation resource-gathering capacity in the Northeast, the connectivity ranking in the innovation network is rapidly declining.
To characterize the distribution of urban nodes, their connectivity and rank-size are taken as logarithms and linearly fitted. First, the linear fit of the economic network and innovation network is greater than 0.75, and even the fit of the straight line on the left side is greater than 0.95, reflecting that the distribution of urban centrality is consistent with the law of rank-size. Second, in the differently fitted straight lines, the absolute value of the coefficients of the independent variables is the Zipf index and is generally greater than 1, indicating that the city connectivity distribution of city network is more concentrated. In the biracial structure, the Zipf indices on both sides of the turning point of connectivity differ significantly, with the Zipf index on the left side close to 1, while the Zipf index on the right side exceeds 9, reflecting the stronger unevenness of the city connectivity distribution of the nodes on the right side (primarily cities in the western region). Due to the late opening-up policy in the western region and the low level of globalization, it is difficult to attract the layout of enterprise branches, which leads to the city connectivity at the end of the urban network system. In addition, the lack of research institutions also makes the intercity innovation linkages weak, which exacerbates the uneven scale distribution of city connectivity in the western region.
5 PROXIMITY MECHANISM OF URBAN NETWORKS
In the previous analysis, it was found that intercity connections are not only influenced by geographical proximity but also have high correlation with attribute factors such as the level of economic development and population size. However, in the multidimensional proximity theory, other dimensional proximity factors also influence intercity linkages [24]. Therefore, in order to explore the driving mechanism of urban network evolution, this study constructs econometric models to quantitatively measure city attributes and intercity proximity (see Table 2). To verify the reasonableness of the model, the baseline regression model was tested for multiple covariance, heteroskedasticity, and serial autocorrelation. The results show that the maximum values of both are less than 10, indicating that there is no multicollinearity. The p-values of the BG test are below 0.005, indicating that the models are also not autocorrelated. Meanwhile, the robustness and accuracy of the model are improved by gradually adding core explanatory variables and control variables, and Model 3 and Model 6 with all variables are added as the final explanatory results.
TABLE 2 | Regression results of urban network influencer factors.
[image: Table 2]In the economic network, the core explanatory variables of geographical, institutional, social, and cultural proximity all have significant effects on the strength of intercity connections, but there are differences in the way that they are affected. The coefficient of geographical proximity is significantly negative, indicating that the smaller the geographical distance between cities, the closer the intensity of economic connections. Since economic activities are influenced by transportation costs, the layout of enterprises’ branches among geographically close cities is conducive to reducing transportation costs and improving production efficiency, reflecting that the expansion of intercity connections is still constrained by the geographical distance. The coefficients of social proximity and cultural proximity are also significantly positive, indicating that higher social intimacy and cultural similarity reduce the social cost of communication among business personnel and reduce information asymmetry, which is conducive to the expansion of intercity business operation networks and the extension of product value chains, thus enhancing intercity connections. Furthermore, institutional, social, and cultural proximity affect intercity economic connections more strongly than the innovation network. This is primarily because the similar institutional environment is conducive to reducing institutional transaction costs and sharing rules for urban economic activities, allowing for firms to set up branches that are more quickly embedded in the local political environment and more convenient for the development of cross-regional collaborative activities [50].
In the innovation network, core variables such as geographical, institutional, social, and cultural proximity also have a significant impact on the intercity technology transfer. However, the geographical proximity has a stronger impact on the evolution of urban innovation network than economic networks. This is primarily because the smaller the geographical distance, the more favorable it is to reduce the transaction cost of intercity technology transfer and increase the probability of intersubject interaction. In Model 6, it is found that institutional proximity, social proximity, and cultural proximity also have significant positive effects on intercity connections, reflecting that similar institutional environments and social cultures effectively reduce the risk and uncertainty of intercity patent transactions, facilitate the interaction among innovation agents, and promote the free flow of innovation factors.
In terms of control variables, the level of urban economic development, population size, and openness to the outside world positively contribute to intercity connections and reflect the evolution of urban networks with priority linkage characteristics. In Model 3 and Model 6, the coefficients of city economic development level and population size are significantly positive, reflecting that cities with more developed economies and larger populations tend to have more economic and innovation connections. They dominate the flow of factors between cities and make the strength of intercity connections show characteristics of priority links. At the same time, the coefficient of the degree of openness to the outside world is also significantly positive, reflecting that both economic and innovation intercity connections are strongly influenced by economic globalization and show significant geographical unevenness. The results are similar to the previous spatial pattern analysis. However, without considering the effect of multidimensional proximity, the level of economic development and population size of cities do not significantly contribute to intercity economic connections (Model 2). Although the administrative rank has a significant positive contribution to intercity economic connections, it does not have a significant positive effect on innovation connections, reflecting that intercity innovation connections are primarily determined by supply and demand factors among trading agents under market factors, which are not constrained by significant city administrative rank (Model 6).
6 CONCLUSION
Based on the headquarters-branch data of listed companies and patent transaction data, this study reveals the characteristics and structures of different types of urban networks in China using the methods of spatial analysis, Zipf law analysis, and regression analysis. Furthermore, this study explores the evolution of urban networks from the perspective of multidimensional proximity theory. The following conclusions are drawn from the analyses of multiplex networks.
(1) In terms of spatial pattern, there are not only similarities but also differences in urban economic and innovation networks. With regard to similarities, the intensity of intercity connections has been increasing across different types of networks and is characterized by persistent stratification and geographical unevenness. The urban networks also exhibit spatial agglomeration and priority connections, with close economic and innovation connections prevalent among economically developed core cities. With regard to variability, the urban economic network exhibits a typical diamond-shaped spatial structure and possesses a higher network density and wider coverage. However, the urban innovation network forms a triangular spatial structure and has a lower network density.
(2) In terms of node distribution, the urban economic and innovation networks formed agglomeration centers in several core areas and exhibited spatial polarization in 2006. As the reform process continues, economic and innovation networks are forming high-value agglomeration centers in all three regions (east, west, and central). At the same time, the node agglomeration also reflects the development trend of different urban agglomerations. In terms of rank-size, the connectivity of city nodes in different types of network shows a power-law distribution. In particular, core cities such as Beijing, Shanghai, and Guangzhou regularly rank at the top of the urban network system, thus dominating the flow of key resources among cities.
(3) In terms of evolutionary mechanisms, geographical, institutional, social, and cultural proximity all contribute significantly to the evolution of urban economic and innovation networks. However, intercity economic linkages are more strongly influenced by institutional, social, and cultural proximity due to the spatial layout of enterprise branches need to embed in the local socio-political environment. Moreover, intercity innovation connections are more strongly influenced by geographical proximity as intercity knowledge spillovers are mainly affected by the geographical distance. In addition, variables such as the level of urban economic development and population size positively contribute to intercity connections and reflect a certain priority linkage characteristic of network evolution.
Compared to the previous studies, this study uses big data technology to obtain special headquarters-branch data of listed companies and patent transaction data among cities, as well as conducting a discussion on the complexity of different types of urban network. Moreover, based on theories of multidimensional proximity, this study enhances the understanding of multiplex urban networks and their development patterns of emerging developing countries. Meanwhile, based on the theory of multidimensional proximity, this study explores the influence of geographical, institutional, social, and cultural proximity on the evolution of different types of urban network and finds that these different dimensions of proximity significantly contribute to the formation of economic and innovation networks, but there are differences in the intensity of the impact, thus providing empirical evidence to understand the evolutionary mechanism of urban networks. This study analyzes the effects of heterogeneity of different types of city network in terms of their economic development levels, population size, and other important factors. An explanation for the reasons behind the uneven spatial distribution of intercity connections will further promote the progress of research on the theory and practice of multiplicity of the world city network. However, due to the difficulty of data acquisition, the urban economic network constructed in this study mostly utilizes data on the headquarters and branches of listed companies to characterize economic connections, ignoring the connections among small enterprises and their impact on urban networks. In future research, more advanced technologies could be used to obtain more objective and comprehensive data on economic connections and analyze the changing structure of urban networks at different scales.
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