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Abstract

How to promote and improve the level of urban innovation cooperation is a major issue in

China’s current high-quality economic development. Thus, enhancing innovation ability is

essential to achieving high-quality economic growth under the "new normal". Based on the

data of Chinese invention patents from 1985 to 2017, this paper analyzes the characteristics

of China’s urban innovation cooperation network and the different roles of proximity by using

social network analysis and exploratory spatial data analysis methods. The analysis results

show that: (1) On the whole, the development of China’s urban innovation cooperation net-

work is characterized by stages (initial development stage, rapid development stage, and

gradual decline stage); The urban innovation cooperation network has strong connectivity

and centripetal concentration but its imbalance needs to be further improved; The degree of

urban participation has gradually increased, consolidating the stability of the network struc-

ture. (2) The centrality of urban innovation cooperation network has obvious characteristics

of administrative center orientation, coastal areas orientation, and ‘strong east and weak

west’; Beijing is the center and bridge of the network, and the network flattening characteris-

tics are obvious; A hierarchical ‘core-edge’ structure is gradually formed for the urban inno-

vation cooperation network, and the pyramid structure with Beijing standing at the top is

being consolidated. (3) The geographical proximity presents a significant global spatial posi-

tive correlation, while the network proximity and pure network proximity have a more signifi-

cant global spatial negative correlation; The local spatial autocorrelation of China’s urban

innovation cooperation system based on network proximity is more obvious and identifiable

than that based on the geographical proximity, which better reflects the new development

model of "relationship economy".

Introduction

The report of the 19th National Congress of the Communist Party of China points out that

China’s economy has changed from high-speed growth to a new stage of high-quality develop-

ment, and the driving force of economic growth needs to change from factor-driven to
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innovation-driven. According to the new economic growth theory, innovation is an important

driving force to promote economic growth and improve living standards. Thus, enhancing

innovation ability is essential to achieving high-quality economic growth under the "new nor-

mal". The rise of a new round of scientific and technological revolution and industrial change

in the world as well as the in-depth implementation of China’s innovation-driven development

strategy provides opportunities for China’s urban innovation and development. The city is the

subject of implementing the innovation-driven development strategy and leading the regional

innovative development. A city with a large number of universities, scientific research institu-

tions, high-tech enterprises, and talents can become the main birthplace of new ideas and tech-

nologies [1] and the most active and abundant unit of innovation activities.

With the development of globalization, informatization, and networking, the relationship

between cities becomes closer, and the central place theory emphasizing unilateral vertical

connection provokes debate [2]. Some scholars believe that urban innovation is no longer

"local innovation", and a city is an important node in the urban network system. Also, the spa-

tial structure of the urban network system has gradually changed from a hierarchical pattern

to a networked one [3–5]. The research of the network paradigm has become a new field of

urban research [6,7]. As for the urban research on network paradigm, knowledge and technol-

ogy exchange is no longer limited to a fixed space, and more emphasis is put on interactive

learning in urban space of flows through cooperation or other joint activities [8]. The coexis-

tence of " space of places " and "space of flows" promotes the reconstruction of innovation net-

work space with the city as the hub [9]. Based on this, the traditional urban hierarchy and

individual scale attribute research cannot truly reflect the evolution characteristics of China’s

urban network [10].

With the quantification of inter-city interaction, the research on urban relations is increas-

ingly diversified. The Globalization and World Cities Study Group and Network (GAWC) is a

leader of network paradigm research. They used the institutional address of advanced pro-

ducer service enterprises to construct the world city network and investigated the modern ser-

vice relationship between the cities [7]. Inspired by GAWC, the flow data such as population

movement [11–13], traffic connection [14–16] and enterprise cross-city connection [17,18]

have been widely used in the study of urban networks. As the world enters the era of knowl-

edge economy, innovation and development have become the theme of The Times. The city-

centered innovation network space with cities as the hub is gradually rising, and the knowledge

exchange and innovation cooperation between cities are becoming increasingly frequent.

Therefore, exploring innovation cooperation between cities has become a new requirement of

urban network research.

The discussion of urban innovation cooperation is still in its initial stage, and the difficulty

lies in data selection and how to build urban innovation connections. Existing researches

mainly focus on the following three aspects. First, the indicators representing the innovation

capacity of cities and the gravity model are used to construct the innovation network, but this

indirect simulation of attribute data can hardly truly reflect the actual innovation connection

between cities. Secondly, the data of talent flow is used to build the urban innovation network.

However, due to the imperfection of the talent information database China, the timeliness and

continuity of data collection are insufficient. Finally, the distribution data of innovative enter-

prise institutions [19], patent transfer [20], patent cooperation [21] and scientific research

paper cooperation [22] are used to construct the urban innovation network. However, the

existing research usually takes a specific year or specific industry, such as the equipment

manufacturing industry [23] and biotechnology industry [24] as the research object. Also, the

research on the network structure characteristics and spatial and temporal evolution of the

long-term series of the urban innovation network in China is slightly insufficient. For example,
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Huang et al. used the headquarters-branches of enterprises to explore the connection charac-

teristics of China’s urban network, but a comparative analysis of the evolution characteristics

of the network is lacked [19]. Besides, the network connection characteristics of general cities

cannot be measured by a specific industry, which is difficult to fully reflect the network pattern

of Chinese cities. In addition, the innovation ability of cities includes the improvement of both

internal and external network connections, and they interact with each other to provide the

supplement of technology and knowledge [25]. Therefore, focusing on the agglomeration

effect of the urban internal network and the complexity of the external network helps to clarify

the internal and external focus of urban competitiveness. Most of the existing studies focus on

the external relations of cities. In the analysis of network structure, centrality, such as degree

centrality, strength centrality, closeness centrality, and betweenness centrality, is exploited to

explore the external cooperation ability of cities, but the importance of intra-city cooperation

is neglected. Therefore, this paper introduces "self-contained centrality" to represent the inter-

nal competitiveness of a city.

At the end of the 19th century, the proximity theory proposed by the French Proximity

Dynamics School became the research basis of knowledge exchange and spillover mechanism

[26]. Krugman believes that intangible knowledge flow will not leave a written trace that can

be measured and traced [27]. Jaffe thinks that knowledge flow leaves some written records

(e.g., patents) because patents contain detailed geographic information of inventors and can

be traced [28]. The invention subjects of patents tend to cluster in space and can be divided

into two forms: geographical proximity cluster and network proximity agglomeration. In a

geographical proximity cluster, the innovation subjects can communicate face to face, and

knowledge spillover and labor flow can promote the innovation development of the cluster

[29,30]. Clusters can affect the surrounding areas through the spatial diffusion effect. Geo-

graphical proximity is crucial in the diffusion process [31], and knowledge spillover takes the

form of hierarchical diffusion. It has been indicated by a large number of empirical studies

that knowledge spillover is limited by geographical scope. Specifically, the advantage of geo-

graphical proximity conforms to the law of geographical distance attenuation, and a shorter

distance is conducive to the exchange of invisible knowledge and information [32,33]. Since

the positive externality of knowledge is usually transmitted through face-to-face contact

[34,35], the farther the distance, the smaller the positive externality of knowledge. Marshall

once proposed that "secrets of industry are openly distributed in the air" to emphasize the

importance of knowledge spillover and geographical proximity when enterprises gather [36].

In the study of innovation cooperation, Liu also verified the importance of geographical prox-

imity in interurban technology transfer in Northeast China. However, some scholars believe

that excessive geographical proximity can easily cause technology lock-in, spatial lock-in, and

lack of flexibility, and there is a "self-fertility" cluster risk [37]. The network proximity agglom-

eration means that geographically distributed clusters can communicate, exchange, and coop-

erate through the network. In the diffusion process, network proximity is crucial, and

knowledge spillover has a leaping form of a complex network [38]. As for the network proxim-

ity, the actors may not be adjacent geographically but they are directly related in the coopera-

tive network. With the development of economic globalization, innovation subjects can

exchange knowledge and information across regional boundaries, thus forming a cross-

regional cooperation network [39–41]. The relevant research shows that network proximity

helps the innovation subject to break the regional lock-in and obtain new information and

knowledge outside the region to achieve sustainable innovation [42,43]. Lee [44] pointed out

that network proximity better defines the biotechnology co-patenting relationships among the

U.S. cities compared with geographical proximity.
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Synthesizing the above analysis, this paper is different from the existing research in the fol-

lowing aspects: (1) A new perspective of urban innovation cooperation patterns based on pat-

ent cooperation data is proposed. The patent data used in this paper are the licensed patents

with novelty, innovation, and practicability that have been examined by the China National

Intellectual Property Administration. Different from the previous studies of innovation coop-

eration based on patent data, the licensed patent data has a higher quality, which is conducive

to our research on the innovation networks of Chinese cities in the context of high-quality

development. Besides, different from the related research on innovation cooperative networks,

this paper not only reveals the characteristics of innovation networks but also analyzes the evo-

lution of innovation networks in different years and stages. (2) A new perspective for the com-

parative study of proximity is presented. Different from the previous proximity studies based

on the negative binomial regression model [45], this paper exploits the Exploratory Spatial

Data Analysis(ESDA) method to explore the role of two agglomeration forms in China’s urban

innovation cooperation, which provides a useful supplement for the research on multi-dimen-

sional proximity.

The rest of this paper is organized as follows: the data and research methods used in this

paper are introduced in the following section. Section 3 summarizes the characteristics of the

network structure in China’s urban innovation cooperation from the perspectives of overall

characteristics and individual characteristics. Section 4 analyzes the differences between net-

work dependence and geographical proximity dependence of urban innovation cooperation

networks. Finally, the research conclusions of the urban innovation cooperation network and

the implications of China’s innovation cooperative network are given.

Materials and methods

Data

The patent data of this study was obtained from the incoPat Technology Innovation Informa-

tion Platform (https://www.incopat.com). China uses a patent application authorization sys-

tem, and the patent application does not mean a patent grant. To meet the authorization

requirements and obtain an authorization certificate with legal effect, a technology patent

must pass an examination by the State Intellectual Property Office. To investigate the high-

quality patent cooperation network, this study only used the data of authorized patents for co-

inventions. Considering that it generally takes 18 to 36 months for a patent application to be

authorized, the scope of the data collection was set to 1985 to 2017 to ensure completeness of

the dataset. In the data process to screen cooperative patents, the individual patent applications

without identifiable addresses were eliminated. To construct an undirected weighted network,

the cooperative organizations are first merged according to the cities at the prefecture level

and above, and a total of 336 cities are included. Then, and the cooperative organization net-

work is translated into the urban cooperative network, which is shown in (Fig 1).

Methodology

Social network analysis. This paper mainly follows the social network analysis method to

analyze China’s urban innovation cooperation network from the overall network characteris-

tics and individual network characteristics. Specifically, the overall network is characterized by

network density, network centralization, and network heterogeneity. Meanwhile, network

degree centrality, strength centrality, self-contained centrality, closeness centrality, and

betweenness centrality are taken as the individual network characteristic indices to study the

status and role of cities in the network [46]. The specific calculation formula and meaning of

these indices are listed in Table 1.
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Exploratory spatial statistical analysis. The geographic autocorrelation and network

autocorrelation of urban cooperation times are important indicators for understanding and

comparing their spatial patterns. Geographic autocorrelation and network autocorrelation

Fig 1. A model of patent-city cooperation network translation.

https://doi.org/10.1371/journal.pone.0255443.g001

Table 1. Explanation of main indicators for characteristics of city co-invention network.

Index Formula Indicator meaning

Network density D ¼ l
nðn� 1Þ

(1) The higher the density, the closer the cooperation between cities.

Network centralization

C ¼

Xn

i¼1

ðCDmax � CDðiÞÞ

max½
Xn

i¼1

ðCDmax � CDðiÞÞ�

(2) The larger the network centralization, the stronger the centripetal concentration of the network.

Heterogeneity
H ¼

Xn

i¼1

ðCDðiÞ=
Xn

i¼1

CDðiÞÞ
2 (3) The more heterogeneous the network, the more uneven the degree distribution of the nodes.

Degree centrality
CDðiÞ ¼

Xn

j¼1

aijði 6¼ jÞ
(4) The higher the degree centrality of a city, the stronger the control ability of the city over other cities.

Strength centrality CSðiÞ ¼
X

j2n

Wijði 6¼ jÞ (5) The higher the strength centrality of the city, the more times the city cooperates with other cities.

Self-contained centrality
CRðiÞ ¼

Xn

i¼1

aii
(6) The higher the city’s self-contained centrality, the more cooperation within the city.

Closeness centrality
CBðiÞ ¼

Xn

j

Xn

k

gjkðiÞ
gjk

(7) The higher the closeness centrality, the stronger the intermediary ability of the city in the network.

Betweenness centrality
C� 1

C ðiÞ ¼
Xn

j¼1

dij

(8) The higher the betweenness centrality, the shorter the distance between the city and other cities.

Note: The indicators are obtained by reference to Freeman(1979) and collated by the authors. n is the total number of cities in the network; l is the number of

cooperation actually owned; CD(i) is the centrality of city i; CDmax is the maximum value of network centrality; aij is the adjacency matrix of inter-city cooperation, with

1 for cooperation and 0 for non-cooperation; Wij is the number of cooperation between city i and city j; aii is the number of cooperation within city i; gjk is the shortcut

number between city k and city j, j6¼k6¼i, j<k; gjk(i) is the number of shortcuts through city i between city k and city j; dij is the shortcut distance between city i and city j.

https://doi.org/10.1371/journal.pone.0255443.t001
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refer to the geographical correlation and network correlation of city attribute values, respec-

tively. In this paper, Moran’s index is adopted to analyze the spatial and network autocorrela-

tion characteristics of urban innovation cooperation. The global Moran’s I statistic is defined

as:

I ¼

n
Xn

i¼1

Xn

j¼1

Wijðxi � �xÞðxj � �xÞ

Xn

i¼1

Xn

j¼1

Wij

Xn

i¼1

ðxi � �xÞ2
ð9Þ

where n is the number of cities; xi and xj are the strength degree of the city i and j, respectively;

�x is the mean of the strength degree; Wij is the geographical weight (Wg
ij) or network weight

(Wn
ij). Because of the dispersion of cities, this paper exploits the k nearest neighbor (KNN)

algorithm to determine whether the cities are adjacent, and the default value of K is 4.

The local spatial autocorrelation method is adopted to represent the specific spatial location

of agglomeration or outliers and analyze the spatial correlation and degree of difference

between the city and their neighboring cities. The formula of local Moran’s I (LWI) is as fol-

lows:

Ii ¼

nðxi � �xÞ
Xn

j¼1

wijðxj � �xÞ
X

i

ðxi � �xÞ2
ð10Þ

Characteristics of urban innovation cooperation network

In this section, we first summarize the overall characteristics of the network structure of urban

innovation cooperation in China. Then, the individual characteristics of the network are sum-

marized based on the five centrality indexes. The research framework of this section is illus-

trated in (Fig 2).

Overall characteristics of urban network

The network of urban innovation cooperation presents the characteristics of phased develop-

ment. It can be seen from the statistics in (Fig 3) that the development of urban innovation

cooperation in China can be divided into three stages: the initial development stage (1985–

2006), the rapid development stage (2007–2015), and the gradual decline stage (2016–2017).

The first patent law was promulgated in China in 1984, and patent applications began to pro-

cess in 1985. Because patent authorization is in the initial stage of development, the scope of

patent protection objects is relatively narrow. Meanwhile, the subject of a patent application is

greatly affected by domestic political events, and the number of authorized patents fluctuates.

The average annual number of authorized patents is only 626, and the average annual growth

rate is only 17.04%. In 1996, the number of patents began to exceed the number of innovation

subjects, indicating that although the development of patent authorization in China is slow, it

shows a good development trend. As for the second stage, the National Conference on science

and technology was held in 2006. The State Council issued the outline of the national medium

and long-term science and technology development plan, which highlighted the importance of

strengthening independent innovation and building innovative countries. In 2015, the State

Council issued several opinions on deepening the reform of system and mechanism and accel-

erating the implementation of innovation-driven development strategy, which aimed to create
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a policy environment and institutional environment for mass entrepreneurship and innova-

tion initiative. The number of authorized patents in China is developing rapidly, which

increased from 3849 in 2007 to 31750 in 2015, with an annual growth rate of 30.18%. As for

Fig 2. The research framework of network structure characteristics.

https://doi.org/10.1371/journal.pone.0255443.g002

Fig 3. The general information of the co-invention patents and inventors in 1985–2017.

https://doi.org/10.1371/journal.pone.0255443.g003
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the third phase, the previous studies of the development stages of innovation networks reveal a

rising trend. Different from these studies, this paper presents an obvious downward trend.

Due to the development and implementation of the patent quality improvement project

launched by the State Intellectual Property Office of China, the overall supervision of patent

applications has made efforts to optimize the application structure and improve the applica-

tion quality since 2016. From 2016 to 2017, the number of patent authorizations and the num-

ber of innovation subjects showed a synchronous decline.

The urban innovation cooperation networks have strong connectivity and centripetal con-

centration, while its imbalance needs to be improved (Fig 4). The average density of the binary

network of urban innovation cooperation (the network formed by binarization according to

whether the number of network cooperation is 0) is only 0.032, indicating low direct connec-

tivity between cities. The network density also fluctuated from 1985 to 2006, showing a turbu-

lent development trend; Since 2006, the network density has significantly increased and

maintained at a high level, while the network connectivity has improved relatively. The net-

work centralization of the binary network rises in fluctuation and is stable at about 70%, indi-

cating typical centripetal characteristics of the network. After the fluctuating development, the

heterogeneity of the network degree centrality gradually decreased after 2000, indicating a

gradually uniform distribution of innovation cooperation between the cities. Meanwhile, the

overall heterogeneity of the strength centrality presents an inverted "U" shape. From 1996 to

2002, Beijing was the dominant city in the urban innovation cooperation network, and other

cities were underdeveloped. In this case, the heterogeneity of strength centrality increases obvi-

ously, and the development of network strength centrality was extremely unbalanced; After

2003, with the rapid development of Shanghai, Guangzhou, Shenzhen, and other cities, the

heterogeneity of strength centrality decreased significantly. From 1985 to 2017, the heteroge-

neity of strength centrality was always greater than the degree heterogeneity, which indicates a

balanced distribution of cooperative cities in the network. However, the number of

Fig 4. Statistics on the overall characteristics of city innovation cooperation network in 1985–2017.

https://doi.org/10.1371/journal.pone.0255443.g004
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cooperation is not balanced, showing a "quantity" improvement instead of "quality" develop-

ment. Therefore, to ensure the sustainability of the improvement of the innovation capacity of

Chinese cities in the future, cities should not only pursue the increase of the number of patents

but also pay attention to the improvement of patent quality.

It can be seen from (Fig 5) that the degree of urban participation gradually increases, and

the internal cooperation and external cooperation improves simultaneously. After nearly 15

years of slow development, the number of cities in the network gradually increased after 2000.

Especially, after 2012, under the stimulation of encouraging innovation in China, the enthusi-

asm of cities to participate in innovation cooperation has increased significantly, and 91% of

China’s cities at the prefecture level and above have participated in innovation cooperation.

The increase of average degree further indicates the improvement of the participation degree

of each city. The correlation coefficient between the average strength centrality and the average

self-contained centrality is as high as 0.99. This significant positive correlation indicates that

the internal cooperation and external cooperation of the city are not completely independent.

Specifically, the internal cooperation of the city will improve the external cooperation of the

city, and the improvement of the external cooperation will also increase the economic effect of

the internal agglomeration of the city. This is consistent with the conclusion obtained by

Rozenblat’s analysis of the global urban network based on the network data of enterprise

subsidiaries [47]. It can be seen from the changing trend of the overall centrality that, affected

by China’s patent quality improvement project in 2016, the average self-contained centrality

and average strength centrality decrease, but the decline of the average degree is not obvious.

This indicates that the relationship number of the urban network is gradually stable, and the

network structure has been consolidated.

Fig 5. Scale and centrality of China’s urban innovation cooperation network in 1985–2017.

https://doi.org/10.1371/journal.pone.0255443.g005
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Individual characteristics of urban network

It can be seen from (Fig 6) that the centrality of the urban innovation cooperation network is

strong in the east and weak in the west, showing the characteristics of administrative center

orientation and coastal region orientation of the network. This result is consistent with most

conventional urban network analysis. (Fig 6) shows that the centrality of cities corresponds to

the administrative level of cities and the macro pattern of economic and social development.

Also, the cities with higher centrality are concentrated in provincial capitals and coastal cities.

Specifically, Beijing-Tianjin-Hebei urban agglomerations, Yangtze River Delta, Pearl River

Delta, Hachang urban agglomeration, and Chengdu-Chongqing urban agglomeration have

higher centrality, forming a more obvious spatial high-value agglomeration. The spatial distri-

bution of city centrality shows a zonal differentiation of "strong in the east and weak in the

west". The eastern coastal areas have a continuous distribution of city centrality, forming obvi-

ous spatial differentiation with western cities. The city centrality of provincial capitals such as

Wuhan, Changsha, Xi’an, Zhengzhou, and Hefei in the central region is significantly higher

than that of other surrounding cities, indicating the strong leading role of the provincial

capitals.

As listed in Table 2, Beijing is the center and bridge of the network, and the network is flat.

Also, all the centrality indicators of Beijing rank first and are far higher than those of the other

cities, showing the leading position of this city in innovation capability. As a national center of

politics, economy, and education, Beijing gathers abundant human resources, R & D capital,

and many innovative subjects (enterprises, universities, and scientific research institutes),

which provide inexhaustible power for innovation and development. Different from previous

studies, this paper not only focuses on the enhancement of the external network connection of

urban innovation ability but also studies the enhancement of the internal connection of cities

[17]. It can be found that the cities have basically the same order of strength centrality and self-

contained centrality. However, the self-contained centrality ranking of Shenzhen, Foshan,

Fig 6. Degree centrality profiles in national city co-innovation network in 1985–2017. This map is drawn by the

authors. This map was created using ArcGIS1 software by Esri, ©National Platform for Common Geospatial

Information Services,Creative Commons Attribution 4.0(CC BY 4.0).

https://doi.org/10.1371/journal.pone.0255443.g006
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Qingdao, and other cities is higher than the strength centrality of these cities. This result indi-

cates that the internal connection of these cities is stronger than that of the external connec-

tion, and the external network connection needs to be improved. The betweenness centrality

and closeness centrality of Beijing, Shanghai, Wuhan, Nanjing, and Guangzhou are all at the

forefront, indicating that the urban innovation cooperation network is flat. As the core of this

network, a few cities occupy the core hub of the network in the country, which assume the

functions of distribution and intermediary and master the national innovation resources.

The urban innovation cooperation network has a hierarchical structure, and Beijing is

always at the top of the pyramid. The Pajek and Vosviewer software are employed to analyze

the hierarchy of China’s urban innovation cooperation network in terms of city strength cen-

trality and self-contained centrality. It can be seen from (Fig 7) that the urban network gradu-

ally formed a "core-edge" structure with distinct levels during 1985–2017. Specifically, from

1985 to 2006, the urban innovation cooperation network was constructed with Beijing as the

primary core and Shanghai and Fushun as the secondary core. Meanwhile, the cooperation

was oriented to resource-based cities. Besides, 85.3% of the cities are located on the edge of the

network, and the network structure is in the initial stage of development. In addition, Fushun

stands out as an important petroleum city. SINOPEC Fushun Research Institute of Petroleum

and Petrochemicals and Liaoning Petrochemical University in Fushun city have close coopera-

tion with China Petrochemical Corporation in Beijing; From 2007 to 2015, Nanjing and Shen-

zhen leaped from the third level to the second level of the network, and a network structure of

"one dominant pole with three pillars" was formed. In the third level, Hangzhou, Guangzhou,

Tianjin, Wuhan, Chengdu, and other cities followed closely, gradually widening the gap with

the cities located on the edge of the network; From 2016 to 2017, the urban innovation cooper-

ation network has developed into a typical "core edge" hierarchical structure. Beijing is still at

the top of the pyramid with 50772 times of innovation cooperation, which accounts for 29.6%

of the total number of network cooperation. There are 16 cities in the second level, accounting

for 4.82% of the total number of cities in this network. There are 82 cities in the third level,

accounting for 24.7% of the total number of cities in this network. Different from the tradi-

tional research, in the analysis of network evolution, this paper finds that the non-provincial

cities like Xuchang and Foshan are in the second level with the help of Xuji Group Corporation

and Midea Group, which shows the outstanding leading and driving ability of enterprises with

strong innovation capability. In addition, the decline of Fushun in the evolution analysis indi-

cates that resource-based cities have great difficulties in improving urban innovation ability.

Table 2. Centrality analysis of city innovation cooperation network in China in 1985–2017.

City Degree

centrality

City Strength

centrality

City Self-contained

centrality

City Closeness

centrality

City Betweenness

centrality

Beijing 94.03 Beijing 2.889 Beijing 345.528 Beijing 25.574 Beijing 94.366

Shanghai 69.851 Shanghai 0.675 Shenzhen 71.278 Shanghai 7.391 Shanghai 76.835

Wuhan 60.597 Nanjing 0.498 Shanghai 69.534 Wuhan 5.146 Wuhan 71.734

Nanjing 57.612 Shenzhen 0.471 Nanjing 44.89 Nanjing 3.901 Nanjing 70.231

Guangzhou 53.134 Hangzhou 0.312 Guangzhou 31.451 Guangzhou 3.736 Guangzhou 68.089

Tianjin 52.836 Guangzhou 0.256 Foshan 31.015 Chengdu 3.545 Tianjin 67.951

Changsha 51.94 Tianjin 0.236 Hangzhou 25.588 Changsha 3.333 Changsha 67.404

Shenzhen 51.343 Wuhan 0.203 Qingdao 20.143 Shenzhen 3.029 Shenzhen 67.269

Chengdu 51.343 Chengdu 0.187 Wuhan 15.29 Xi’an 2.906 Chengdu 67.269

Xi’an 51.343 Jinan 0.167 Tianjin 12.878 Tianjin 2.781 Xi’an 67.269

https://doi.org/10.1371/journal.pone.0255443.t002

PLOS ONE Structural characteristics and proximity comparison

PLOS ONE | https://doi.org/10.1371/journal.pone.0255443 July 30, 2021 11 / 19

https://doi.org/10.1371/journal.pone.0255443.t002
https://doi.org/10.1371/journal.pone.0255443


Comparative analysis of the proximity of urban innovation

cooperation network

Global spatial autocorrelation analysis

The global Moran’s I statistic can be exploited to identify the similarity of cooperation strength

centrality among cities, which is conducive to grasp the phased evolution of China’s urban

innovation cooperation as a whole. Based on the above analysis results, the GeoDA software

was employed to calculate the GMI and its significance level of urban cooperation intensity in

the three stages under the spatial proximity listed in Table 3. The principles of constructing

spatial weight matrix are as follows. (1) Geographic weight matrix (Wg
ij). Due to the character-

istics of urban distribution, this paper uses the KNN algorithm to determine whether the city

Fig 7. Evolution of the hierarchical structure of urban innovation cooperation network from 1985 to 2017. A. 1985–2006. B.

2007–2015. C. 2016–2017. Note: The size of the node in the figure is proportional to the strength centrality and self-contained

centrality of the node. The edge thickness is positively correlated with the amount of cooperation between nodes.

https://doi.org/10.1371/journal.pone.0255443.g007

PLOS ONE Structural characteristics and proximity comparison

PLOS ONE | https://doi.org/10.1371/journal.pone.0255443 July 30, 2021 12 / 19

https://doi.org/10.1371/journal.pone.0255443.g007
https://doi.org/10.1371/journal.pone.0255443


is adjacent, and the default value of K is set to 4. (2) Network weight matrix (Wn
ij). Taking the

average value of the urban network as the threshold, if the number of cooperation is greater

than the average, Wn
ij is equal to 1; otherwise, it is equal to 0. The mean value of the network

matrix in 1985–2006, 2007–2015 and 2016–2017 is 0.2, 2.3 and 0.893, respectively.

It can be seen from Table 3 that under the influence of geographical proximity, the innova-

tion cooperation of Chinese cities presents a global spatial positive correlation with a signifi-

cance level of 10% (GMI > 0). However, the first two stages fail to pass the 5% confidence level

test, which indicates that the spatial difference of innovation cooperation of Chinese cities has

certain randomness under the influence of geographical proximity. Besides, under the influ-

ence of network proximity, urban cooperation has a negative global spatial correlation

(GMI<0), and the significance level of each stage was less than 1%. It shows that there is a

close cooperative relationship between cities with different strength centrality, which confirms

the conclusion that the urban network has a spatial structure of "core-periphery". The network

proximity further consolidates the network system of urban innovation cooperation in China

and shapes the spatial pattern by strengthening the cooperation between peripheral cities and

core cities.

Comparing the effect of geographic proximity and network proximity on the strength cen-

trality of innovation cooperation in Chinese cities, it is found that the cooperative relationship

established through the network is more significant than the geographical proximity relation-

ship within adjacent regions. Since it is difficult to directly compare GMI based on two differ-

ent weights, the interaction effect of geographic proximity and network proximity directly

affects the deviation of the calculation results. Therefore, referring to the research of Maggioni

et al. [38], this paper separates geographic proximity from network proximity and defines

"pure network proximity". Specifically, the geographic weight matrix is subtracted from the

network weight matrix to construct the wg� n
ij weight matrix. Based on this, if there is a coopera-

tion between two cities but they are not geographically adjacent, wg� n
ij is equal to 1; otherwise,

it is 0. By comparing the results of network weights and pure network weights, it is found that

the global spatial autocorrelation level under the pure network weights is more significantly

negative than the normal one, which indicates the spatial autocorrelation and spatial depen-

dence of network proximity in urban innovation cooperation in China.

Local spatial autocorrelation analysis

Compared with the global spatial autocorrelation analysis, the local autocorrelation analysis

presents the spatial agglomeration or dispersion trend of innovation cooperation intensity

between cities and their neighboring cities more clearly. (Fig 8) illustrates the LISA diagram of

Table 3. Global Moran’s I statistics and significance test value based on different proximity.

weight statistics 1985–2006 2007–2015 2016–2017 1985–2017

Geographical weight Moran’s I 0.033 0.048 0.044 0.047

Z 1.3318 2.238 2.2536 2.4296

P 0.063 0.06 0.045 0.045

network weight Moran’s I -0.413 -0.519 -0.407 -0.555

Z -16.3936 -26.4013 -30.9681 -39.8727

P 0.001 0.001 0.001 0.001

pure network weight Moran’s I -0.491 -0.614 -0.466 -0.643

Z -20.547 -28.445 -36.3493 -45.359

P 0.001 0.001 0.001 0.001

https://doi.org/10.1371/journal.pone.0255443.t003
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the strength centrality of innovation cooperation in Chinese cities at a significant level of 5%

from 1985 to 2017.

It can be seen from (Fig 8A) that under the influence of geographical proximity, the signifi-

cantly “High-High” agglomeration areas are mainly concentrated in the Beijing-Tianjin-Hebei

Urban Agglomeration (Tianjin and Langfang), the Yangtze River Delta (Shanghai, Suzhou,

Nantong, Jiaxing, etc.), and the Pearl River Delta (Guangzhou, Dongguan, Huizhou, etc.). The

economic development of these regions is among the top in China. The urban agglomerations

within these regions have a strong joint driving effect on attracting innovative resources. The

“Low-Low” agglomeration areas are mainly concentrated in Xinjiang, Tibet, Qinghai, and

other western regions of China, and Sichuan, Yunnan, and other southwestern regions, as well

as Heilongjiang Province in northeast China. Lanzhou and Chongqing are both surrounded

by cities with low cooperation strength centrality and belong to the significant “High-Low”

agglomeration areas. These two cities are the growth poles of innovation cooperation in the

western region, which is closely related to the high level of economic development, vast R&D

investment, and extensive innovation resources of the cities themselves. Meanwhile, it is also

related to the loss of talents and funds in the surrounding cities under the "siphon effect",

which squeezes their ability to participate in innovation cooperation.

(Fig 8B) shows that under the influence of network proximity, the urban innovation coop-

eration has a significant network spillover effect, showing "High-High" and "Low-High"

agglomeration characteristics. It should be noted that the analysis of network proximity should

take the neighborhood structure between each city and other cities in the network cooperation

relationship into consideration. The significantly “High-High” concentrated area presents the

spatial pattern of "blossoming", which is mainly distributed in the provincial capital city,

municipality directly under the central government, and vice provincial cities. This is mainly

because the network proximity allows non-adjacent geographical regions to establish close

cooperation, making local autocorrelation analysis focus more on the “High-High” cluster

areas. The number of “Low-High” agglomeration areas accounts for 78% of the number of

Fig 8. LISA cluster map of the strength degree of city co-innovation from 1985 to 2017. A. Geographic proximity. B. Network proximity. This map is drawn by the

authors. This map was created using ArcGIS1 software by Esri, ©National Platform for Common Geospatial Information Services,Creative Commons Attribution 4.0

(CC BY 4.0).

https://doi.org/10.1371/journal.pone.0255443.g008
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cities in the network, which is mainly because there are few national central cities in the net-

work and most urban cooperation is limited to intra-regional cooperation. The absence of

“Low-Low” agglomeration indicates that most marginal cities tend to establish links with core

cities.

By comparing the Lisa diagram of the geographic proximity and network proximity, it can

be found that the spatial agglomeration characteristics of urban innovation cooperation under

network proximity ignore geographic proximity. According to the spatial and temporal pat-

tern analysis on geographical proximity, the leading role of core cities cannot be well identified

from the evaluation results. By contrast, the local spatial autocorrelation analysis on network

proximity fully reflects the influence of "relational economy", and the evaluation results are

clearer.

Conclusions and discussion

Conclusions

Based on the invention patents in China from 1985 to 2017, this paper analyzes the topological

structure and spatial pattern of the overall and individual structure of China’s urban innova-

tion cooperation network by applying the social network analysis method and taking cities at

the prefecture level and above into consideration. Also, through the exploratory spatial analysis

method, this paper compares and analyzes the different agglomeration characteristics of geo-

graphical proximity and network proximity. The analysis results are as follows:

(1) The development of China’s urban innovation cooperation network presents the char-

acteristics of stages, and it has experienced the stages of initial development, rapid develop-

ment, and gradual decline. This research result is not found in previous innovation research;

The connectivity and centripetal concentration of urban innovation cooperation network are

improved, and the imbalance needs to be further improved. The network has "quantity" devel-

opment but lacks "quality" improvement; The degree of urban participation is gradually

increasing, and the internal cooperation and external cooperation are improved simulta-

neously, consolidating the stability of the network structure.

(2) Consistent with the conclusion of other studies, the centrality of the urban innovation

cooperation network also has obvious characteristics of administrative center orientation,

coastal areas orientation, and ‘strong east and weak west’; Beijing is the center and bridge of

the network. Beijing, Shanghai, Wuhan, Nanjing, and Guangzhou occupy the core hub posi-

tion of the network in China. They undertake the functions of distribution and intermediary,

and master the national innovation resources; A hierarchical "core-edge" structure is formed

gradually for the urban innovation cooperation network, and the pyramid structure with Bei-

jing standing at the top is being consolidated. The difference of conclusion lies in the compara-

tive analysis of self-contained centrality and strength centrality that is concerned by this paper.

The internal links of Shenzhen, Foshan, Qingdao, and other cities are stronger than the exter-

nal links of these cities, and the external network links need to be improved. Besides, previous

research has shown that Beijing, Shanghai, Guangzhou and Shenzhen are the core of the net-

work[20]. However, this paper finds that after improving the quality of data screening, Beijing

remains the core of the network, which indicates that the innovation level of Beijing is high.

(3) The geographic proximity shows a significant global spatial positive correlation, while

the network proximity and pure network proximity have a more significant global spatial neg-

ative correlation. The network proximity further consolidates the network system of urban

innovation cooperation in China by strengthening the cooperation between edge cities and

core cities, and it shapes the spatial pattern of urban innovation cooperation. Based on net-

work proximity, the local spatial autocorrelation of the Chinese urban innovation cooperation
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system is more obvious and recognizable, which better reflects the new development mode of

"relational economy".

(4) Based on the above conclusions, we put forward some suggestions to optimize the

urban innovation network in China.

Firstly, the network imbalance and Beijing’s "monopoly-dominate" network structure are

not conducive to the sustainable development of China’s urban innovation network. It is nec-

essary to strengthen the cultivation of secondary core cities, such as Shanghai, Wuhan, Nan-

jing, and Guangzhou, guide the coordinated development of large and medium-sized cities,

and pay attention to improving the quality and efficiency of innovation ability.

Secondly, the location advantage, administrative advantage, and resource advantage are the

key factors affecting the position of the urban innovation network. So, the coastal location

advantage, administrative center advantage, and resource advantage should be fully utilized.

Other cities can focus on cultivating and enhancing the polarization role of enterprises with

strong innovation ability, establish a "national pipeline" between core enterprises and other cit-

ies, and then drive other innovation subjects in the city through "local buzzing" to give play to

the core leading role of the city.

Finally, compared with geographical proximity, network proximity plays an increasingly

important role. Strengthening the cooperation with cities close to the network may be an effec-

tive way for cities in remote areas to break regional lock-in and administrative barriers and

improve their status in the urban innovation network.

Discussion

Based on the study of the evolution of China’s urban innovation cooperation network, this

paper explores the evolution characteristics of network structure and the role of different prox-

imity, which provides a scientific basis for the formulation of China’s urban development strat-

egy. However, there are still some limitations in this study. Firstly, the urban innovation

cooperation network has the characteristics of complexity, diversity, and dynamics. Although

the patent data exploited by this study is typical and representative, it is only a part of the

representation of urban innovation cooperation capability. Therefore, it is necessary to involve

the data of paper cooperation and scientific research project cooperation to improve the com-

pleteness of the data for the study. Secondly, geography is playing a more subtle role, which

makes the choice of spatial scales essential. Although this paper and existing studies have

achieved rich results at the national scale [10,14,17,19,20], the results obtained in a certain spa-

tial scale may not be valid on another spatial scale [48]. In this case, the research on a single

spatial scale cannot reflect the sensitivity of the structural characteristics of the innovation net-

work to scale. Therefore, it is critical to reveal the different evolution characteristics of the

innovation network from multiple spatial scales. However, due to limited space, it is impossi-

ble to discuss it in detail, which is also an important direction of future research.
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