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Abstract. Against the backdrop of fostering a new pattern for the Western De-
velopment Strategy, scientific collaborative innovation has become pivotal for
integrating cross-regional resources and achieving high-quality development.
Drawing on collaborative publication data from 131 western Chinese cities
across 2012, 2016, 2020, and 2024, this study employs multiple network analysis
methods to examine the structural characteristics and evolutionary trends of sci-
entific collaborative innovation networks. Findings reveal: network density has
increased with small-world characteristics emerging; a multi-center collaborative
pattern is gradually forming; structural dependence has shifted from administra-
tive regions to cross-provincial linkage and multi-polar coordination; communi-
ties are evolving into cross-provincial clusters, though peripheral cities remain
under-integrated; and the topological structure has transformed into a multi-cen-
ter, high-density complex network. Conclusions indicate that the western region
has established an efficient and resilient collaborative innovation network, with
future efforts needed to strengthen peripheral city connections to enhance overall

quality.

Keywords: Collaborative Innovation, Social Network Analysis, Network Struc-
ture, Diffusion Evolution.

1 Introduction

At the symposium on advancing the development of the western region, General Sec-
retary Xi Jinping emphasized the need to establish a new pattern of comprehensive
conservation, extensive opening-up, and high-quality development to enhance the re-
gion's overall strength and sustainable development capacity. Scientific collaborative
innovation, as the core mechanism for integrating cross-regional innovation resources
and overcoming development bottlenecks, is crucial for the high-quality development
of the western region(!l. While the western region possesses diverse resource endow-
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ments, it faces challenges such as scattered innovation resources and inadequate col-
laborative mechanisms. There is an urgent need to break down administrative barriers
and enhance the overall efficiency of regional innovation by building a collaborative
innovation network.

Existing research predominantly focuses on developed eastern regions, with insuffi-
cient attention to western urban networks. This study examines 131 western cities
across 2012, 2016, 2020, and 2024, utilizing collaborative paper data to systematically
analyzes network structural characteristics and evolutionary trends across five dimen-
sions: overall network, individual nodes, core-periphery structure, community segmen-
tation, and topological form. This aims to identify core hubs and key collaborative path-
ways, revealing the evolutionary logic from localized emergence to multi-center coor-
dination. The study provides theoretical support and practical references for optimizing
the layout of the western scientific collaborative innovation network, strengthening
cross-regional coordination mechanisms, and enhancing overall regional innovation ef-
fectiveness.

This study examines 131 prefecture-level and above cities in Western China, utiliz-
ing four time-slices from 2012, 2016, 2020, and 2024 to reveal the structural evolution
characteristics of scientific collaborative innovation networks. Research data were
sourced from Web of Science, retrieving and extracting paper records from the Core
Collection where the address field included western Chinese cities. Records with am-
biguous or unlocatable information were excluded. The cities of origin for each paper's
multiple authors were identified, and co-authorship relationships between different cit-
ies were defined as collaborative events. This formed “city pair” collaboration records,
constructing a 131x131 city co-authorship symmetric matrix, where matrix element a;;
represents the total number of papers co-authored by city i and city j in a given year.
Since collaboration is undirected, the matrix satisfies symmetry a;; = a;;, enabling the
construction of a scientific collaborative innovation network.

2 Overall Network Structure Characteristics

Network density, average path length, and clustering coefficient are employed to meas-
ure overall network structural characteristics. Network density refers to the ratio of ac-
tual connections to the theoretical maximum number of connections, reflecting the
overall tightness of links between nodes. Average path length represents the arithmetic
mean of the shortest paths between all node pairs, indicating the network's information
transmission efficiency. Clustering coefficient quantifies local clustering tendencies by
calculating the ratio of actual connections between neighbors to the maximum possible
connections for each node, then taking the arithmetic mean.
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Table 1. Overall Network Analysis.

Year  Network Density Average distance  Overall Network Clustering Coefficient

2012 0.0109 3.046 0.386
2016 0.0121 3.199 0.377
2020 0.0173 3.802 0.415
2024 0.0334 3.888 0.521

From 2012 to 2024, the technology collaboration network expanded significantly
and underwent continuous optimization. As shown in Table 1, the number of network
relationships grew steadily, and network density increased to 0.0334. According to the
theory of the strength of weak ties in social network theory, many of the newly added
connections represent weak ties that span different innovation clusters across fields and
institutions. These ties efficiently connect dispersed clusters into a cohesive wholel?!.
The increase in network density signifies a substantial rise in the weak ties connecting
these local communities, indicating increasingly active collaborative innovation.

The average path length increases slightly while the clustering coefficient remains
high, resulting in a typical “small-world” effect in the network. This mechanism follows
the shortcut effect revealed by the Watts-Strogatz model. Highly clustered innovation
clusters in the network's early stages ensure efficient local knowledge spillovers. As the
network scales, shortcuts connecting different clusters gradually emerge, optimizing
global connectivity while maintaining high clustering!®l. This ultimately forms a small-
world structure characterized by local compactness and global efficiency, providing
optimal network support for technological innovation.

3 Structural Characteristics of Individual Networks

Degree centrality measures a node's influence by the number of direct connections it
possesses!®l. Closeness centrality reflects information transmission efficiency through
the average distance to other nodes®l. Intermediary centrality indicates control over
information flow by the frequency with which a node serves as a bridge in shortest
paths!®). Based on these three metrics, this study identifies core cities (top 10%) within
scientific collaborative innovation networks to reveal the functional roles and evolving
trends of western Chinese cities.

Analysis of Figure 1 reveals that Chengdu, Zigong, Qinzhou, Liuzhou, Yulin, and
Yibin are the most extensively connected and influential core nodes in the network.

As shown in Figure 2, Chengdu, Chongqing, Panzhihua, Yibin, and Liuzhou con-
sistently rank among the top cities. This indicates that they maintain the shortest aver-
age paths to the vast majority of nodes within the region, enabling them to reach exten-
sive hinterlands with minimal steps. This significantly reduces overall transmission de-
lays and plays a crucial role in enhancing the efficiency of scientific dissemination.

Analysis of Figure 3 reveals that Chengdu, Chongqing, and Kunming rank at the
forefront, serving as stable “bridges” and “controllers” in cross-regional technological
cooperation. Network intermediary centrality shows an overall upward trend, reflecting
the strengthening scientific connections among western Chinese cities.
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Fig. 1. Degree Centrality.
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Fig. 2. Proximity to Centrality.
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Fig. 3. Intermediary Centrality.

4 Core-Periphery Structure

The core-periphery structure divides the system into core nodes and peripheral nodes,
reflecting the hierarchical differences in status and function among nodes within the
network!!l, Core nodes exhibit high connectivity and strong internal cohesion, exerting
influence over peripheral regions. Peripheral nodes maintain relatively sparse connec-
tions, relying on core nodes for indirect collaboration while exhibiting weak direct in-
teractions among themselves.
Based on the numerical intervals reflecting differences in collaborative network sta-
tus, these nodes are categorized into the following five types, as shown in Table 2:

Table 2. Classification Explanation Table.

Numb .
Name urmber Meaning
Range
. Hardly participates in regional network collabo-
Isolated 1 .
S0 et ”;argma 0-0.008 ration,
P with business activities highly localized.
Initial awareness of collaboration has been estab-
ki lish
Weakly Connected ) 0¢1.0.02 . | [lished,
Type but its reach remains limited, primarily involving
single-point connections to core cities.
Secondary node 0.021-0.05 Forming regional sub-hubs can locally integrate

type

resources,




142 H. Xu et al.

but they remain dependent on core cities for
transmission.
Demonstrates strong cross-regional collaboration
Regional Core Type 0.051-0.15 capabilities, capable of driving the formation of
small-scale networks
among surrounding cities.
Absolute Network Hub, governing the flow of
resources
Super Core Type 0.151-1 across the entire region, with synergistic effects
extending
beyond provincial borders.

As shown in Figure 4, The structural characteristics of the scientific collaboration
network exhibited regional and path-dependent features in 2012, with scientific activi-
ties highly concentrated within Guangxi. Cities such as Liuzhou, Wuzhou, and Beihai
served as super-nodes in the network, while Nanning and Guilin functioned as regional
hubs due to their roles as administrative and educational centers. By 2016, the network
expanded beyond provincial boundaries, solidifying the status of cities like Yibin and
marking Lhasa's inaugural emergence as a secondary node. By 2020, driven by national
strategies like the “Western Land-Sea New Channel” initiative, Nanning and Chong-
qing advanced from regional to super-core status. By 2024, the super-core cities of
Nanning, Liuzhou, and Chongqing solidified their positions, while the Chengdu-
Chongqing economic circle demonstrated significant synergistic effects. Some long-
isolated cities began transitioning into weakly connected nodes, indicating substantial
policy effectiveness in promoting coordinated regional development and narrowing in-
ternal disparities.

2020 2024

Fig. 4. Scientific Collaboration Network Heatmap.
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5 The Louvain Community Discovery Algorithm

The core concept of the Louvain algorithm is to transform the problem of partitioning
complex network communities into finding community structures within the network
through an optimized objective function!’],

Ki—K]'

Q =$*Zij [Aij_ P, ]*5(Cincj) (1)

Here, A;; represents the weight of the edge between nodes i and j, while K; de-
notes the sum of all edge weights pointing to node i. K; is defined similarly.

Using Gephi software, we implemented community partitioning for the scientific
collaboration network in the western region and calculated the average clustering coef-
ficient for each community to assess cohesion among them. We identified the node with
the highest betweenness centrality within each community as a key network node. We
use cm to denote community, Acc to denote average clustering coefficient, and Hbc to

denote highest betweenness centrality. The results are presented in Table 3.

Table 3. Comparison of Community Structure Indicators.

2012 2016 2020 2024

cm Acc Hbc cm Acc Hbce cm Acc Hbc cm Acc Hbc
0 0.70 74.09 0 0.65 281.68 0 0.64 927.95 0 0.60 927.95
1 0.40 270.33 1 0.40 240.67 1 0.71 366.49 1 0.00 106.00
2 0.00 76.63 2 0.18 897.19 2 0.31 1678.40 2 0.71 366.49
3 0.00 1.00 3 0.44 939.63 3 0.41 1383.26 3 0.46 1678.40
4 0.00 127.00 4 0.00 72.00 4 0.61 1128.01 4 0.62 1128.01
5 0.00 0.00 5 0.00 0.00 5 0.00 613.00 5 0.52 256.45
6 0.00 11.00 6 0.00 0.00 6 0.02 1022.27 6 0.08 643.87
7 0.00 407.00 7 0.00 106.00
8 0.31 601.50 8 0.00 613.00
9 0.00 1022.27

The results are presented in Figure 5, From 2012 to 2024, the scientific collaborative
innovation network in western China gradually evolved from localized nascent stages
and regional linkages into a multi-center collaborative structure. In its early phase, the
network structure was fragmented, with only a few regions like Guangxi and Chengdu-
Chongqing exhibiting active participation and hosting key bridge nodes. By 2016, net-
work complexity increased, with cross-provincial hubs such as Sichuan-Shaanxi-
Chonggqing-Guizhou playing prominent roles and expanding the scope of collaboration.
By 2020, the network consolidated into core clusters including Sichuan-Chongqing-
Guizhou-Shaanxi, Inner Mongolia, Guangxi, and Yunnan-Tibet, with simultaneous
strengthening of both internal and external connections. By 2024, collaboration within
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core zones matured, yet the increase in community numbers and low clustering coeffi-
cients in some peripheral communities indicate internal developmental imbalances. Fu-
ture efforts should focus on consolidating core collaborative zones while enhancing the
integration of peripheral regions.

Pad
$

2012 2016

e
jo®

e

o

2020 2024

Fig. 5. Scientific Collaboration Network Community Segmentation.

6 Topological Structure

In network theory, a network can be represented as a graph with a mathematical ex-
pression in the form of its topological matrix!®, Within the context of urban innovation
networks, topological structures encompass network characteristics such as connectiv-
ity, clustering, and hierarchical organization. Graphs consist of nodes and edges!®!,
where edges represent connections or relationships between nodes. Node size reflects
the numerical value of a city's degree centrality, while connecting lines indicate the
strength of innovation collaboration ties between cities.
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Fig. 6. Topology Diagram of the Scientific Collaboration Network.

The evolutionary trajectory of the scientific collaboration network structure is
clear(Figure 6). In 2012, nodes exhibited a relatively uniform spherical distribution
with sparse connections, forming an overall flat and loose structure. By 2016, the net-
work rapidly consolidated into a “hub-and-spoke” structure centered on Chengdu as the
sole absolute core, with pronounced differentiation between core and periphery. By
2020, hierarchical structures deepened further, with enhanced radiating effects from
core hubs and connections remaining concentrated around key nodes. By 2024, the net-
work had evolved into a complex, multi-centered, and high-density form. Multiple
nodes, including Chengdu and Kunming, demonstrated robust connectivity capabilities,
forming a new networked landscape characterized by multi-polar interaction and tightly
interwoven connections.

7 Conclusion

This study systematically analyzed the structure of the scientific collaborative innova-
tion network in western China from holistic, individual, core-periphery, community
structure, and topological perspectives. Findings indicate that network density contin-
ues to increase, average path length shows slight growth, while the clustering coeffi-
cient remains consistently high. This demonstrates that despite network expansion, in-
formation transmission maintains relative efficiency, with multiple innovation clusters
forming internally. Cities like Chengdu and Chongqing consistently lead across key
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indicators, reflecting deepening and diversifying regional collaborative ties. The overall
network structure has evolved from early reliance on administrative boundaries to
transcend provincial limits, forming a new multi-tiered collaborative pattern dominated
by polycentric regions including Sichuan-Chongqing-Guizhou-Shaanxi, Guangxi, and
Yunnan. Topological forms have transitioned from flat structures to complex, multi-
centered, high-density networks, entering a mature stage of multi-level linkage and
tight interconnection. However, challenges remain, such as insufficient integration of
peripheral cities.

Future efforts should focus on consolidating core collaborative zones while strength-
ening connections and support for peripheral cities. This approach will address internal
development imbalances and propel collaborative innovation in western China toward
higher quality and greater sustainability.
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The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
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