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Abstract: An important indicator for measuring the resilience and ability of urban networks to
recover under external environmental shock, which is essential for the healthy development of the
region, is urban network structure resilience. Herein we analyzed the resilience of the urban network
structure and explored the influencing factors of resilience in the three provinces of Northeast China.
We accomplished this by utilizing the Gephi profiling social network analysis tools based on the
Baidu Index, road mileage, statistical data, other multi-source data, construction information, and
the transportation, innovation, and economic multiple linkage network. This analysis enabled us
to propose relevant suggestions and strategies to optimize urban network structure resilience. Our
results indicate that (1) in 2019, the multi-city network structure in the three provinces of Northeast
China contains both commonalities and characteristics. Overall, each network demonstrates a spatial
distribution pattern of “dense in the north and sparse in the south.” (2) There exist evident hierarchical
differences in the resilience characteristics of the multi-city network structure in the three provinces;
each provincial capital city and sub-provincial city possesses greater advantages, the innovation
network exhibits the most evident hierarchy, the mismatch of the information network is the highest,
and the transmission and agglomeration of the economic network are the most prominent. (3) The
resilience of the urban network structure of the three provinces is the result of the interaction of
several factors. Political and economic factors such as government capacity, economic status, and
urban vitality are the main factors affecting the resilience of the network structure.

Keywords: network structure resilience; multiple flows; influencing factors; optimization strategy;
three provinces of Northeastern China

1. Introduction

Resilience originated in the field of ecology, and its primary meaning is the ability of
the ecosystem to develop steadily and sustainably [1]. The term “resilience” was gradually
applied to other fields such as sociology and psychology [2]. With the continuous accel-
eration of globalization, industrialization, and urbanization, the disturbance and impact
caused by many uncertain factors on urban development are gradually increasing, such
that the scale of resilience research has expanded, and resilience is now being explored in
urban and regional research. As such, scholars consider theoretical studies and empirical
analysis of regional resilience [3-5]; some even believe that a close relationship between
urban network structure and regional resilience exists [6,7]. As a new urban geographic
system, an urban network constitutes a group of cities in a particular region among which
there is a flow of information, material, and energy, thereby making these cities nodes [8].
A typical form of spatial characteristics of resilience is the resilience of the urban network
structure; hence, the analysis of the ability of the urban network systems to resist, adapt,
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recover, and maintain their original state under external environmental shocks via inter-city
collaboration in ecological, social, economic, and engineering fields is essential [9,10].

A networked urban geographic system is a prerequisite for exploring the resilience
of the urban network structure. The spatial organization of cities has changed with the
development of an information-based society, and economic globalization has made the
relationship among cities increasingly complex. The “space of place” has been replaced
by “space of flow,” and the urban networks have gradually become a new perspective
for studying urban systems [11,12]. Scholars have explored the structural characteristics,
evolutionary trends, and influencing factors of urban networks, including enterprise net-
works [13-15], airline networks [16,17], logistics networks [18], freight networks [19], and
information networks [20-22]. Presently, the increasingly complex social environment,
urban connectivity, and diverse economic structures have made it essential to enhance
the capability of urban networks to cope with shocks for maintaining sustainable regional
development [23]. Existing studies have shown that indicators such as network efficiency,
diversity, and connectivity can effectively characterize the resilience of urban network
structures [24-26]. Unpredictable, uncertain, and frequent natural and man-made disasters
can affect urban nodes to a certain extent or can even fail, which can lead to the failure
of urban networks and affect the sustainable development of a region [27]. In this regard,
building and strengthening the resilience of urban nodes for coping with external environ-
mental shocks has become a key issue that needs to be addressed urgently [28]. Presently,
the gradual spread of COVID-19 in the urban network has significantly impacted the
healthy development of the region, such that the sudden virus outbreak has reinforced the
importance of strengthening the construction of resilient cities and enhancing the structural
resilience of urban networks. Meanwhile, the regional cooperation mechanism adopted
by China to cope with COVID-19 demonstrates that mutual collaboration among cities in
response to external environmental shocks can create a good network synergy [29].

Previous studies provide few empirical results on the resilience of the urban network
structure, which still needs to be explored and improved. Meanwhile, most of the existing
studies focus on assessing the resilience of the urban network structure and the analysis of
optimization strategies, and the discussion on the influence mechanism of urban network
structure resilience is insufficient [30]. As the three provinces of Northeast China are
located in the center of Northeast Asia and occupy an important strategic position in
the development pattern of China, it is significant to analyze the resilience of the urban
network structure in the three provinces of Northeast China. In light of this, we take the
three provinces as our study area to construct a multi-linkage network through multi-source
data and evaluate the characteristics of the resilience of the urban network structure from
the four perspectives of hierarchy, matching, transmission, and agglomeration. We explore
the influencing factors of urban network structure resilience and propose appropriate
optimization strategies as relevant references and theoretical bases for enhancing the
resilience of urban networks by adjusting the spatial organization of cities and optimizing
the allocation of resources.

2. Research Data and Methods
2.1. Study Area

We selected the three provinces of Northeast China as the research area to conduct
empirical research. The primary reasons for choosing this area are as follows: (1) As one of
the four major economic sectors in China, the regions are connected by the three provinces
by relying on the development axis of “Harbin—-Changchun-Shenyang-Dalian”. As such,
affected by geographical proximity and collective rooting, these provinces have close ties
with each other. Simultaneously, certain exchanges and cooperation are maintained among
them, such that socio-economic ties among the prefectures are characterized by crossover,
overlap, and integration, and have strong characteristics of regional integrity. (2) As a
complete and independent economic zone, the regional development of the three provinces
of Northeast China occupies an important position, and as the window for China’s opening



Buildings 2022, 12, 945

3 0f20

to Northeast Asia, coping with the impact of the external environment in the context of
the unstable growth of trade globally, is an important challenge for the urban network
structure of the three provinces. Hence, we selected the three provinces of Northeast China
as our study area, including Heilongjiang, Jilin, and Liaoning Provinces. Among them,
the Daxinganling region of Heilongjiang Province and the Yanbian Korean Autonomous
Prefecture of Jilin Province were not included in the research due to missing data. Therefore,
a total of 34 prefecture-level cities were considered (Figure 1).
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Figure 1. Study area.

2.2. Data Source

The data in this article mainly include four parts (Table 1): (1) Baidu Index data,
mainly from the official website of Baidu Index search (http://index.baidu.com, accessed
on 20-23 June 2021). We used the 34 prefecture-level cities as search keywords to obtain
the attention data between two cities at a time in the three provinces from 1 January
to 31 December 2019. On this basis, the daily average value was obtained by sorting
the data, which was used to characterize the strength of information connection among
cities; (2) mileage data, including highway mileage and train and railway mileage, where
highway mileage data were searched through the official website of Baidu Map (https:
//map.baidu.com, accessed on 26 June 2021) to obtain the highway mileage among 34 cities,
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and railway mileage data were retrieved based on the railway mileage search website of
the train ticket network (http:/ /www.huochepiao.com/licheng/, accessed on 28 June 2021)
to obtain the railway mileage between two cities; (3) Paper co-author data, mainly from
the Web of Science database (http://webofscience.com, accessed on 3-5 July 2021), were
retrieved from the number of co-authored journal papers between two cities in 2019 to
characterize the intensity of innovation linkage among cities; (4) statistical data, mainly
from Liaoning Province Statistical Yearbook 2020, Jilin Province Statistical Yearbook 2020,
and Heilongjiang Province Statistical Yearbook 2020.

Table 1. Multi-source data information used in the research.

Data Date Data Sources Corresponding Urban Network Type
Statistical data 2019 Statistical Yearbook of Liaoning Province, Jilin Province, and Economic network
Heilongjiang Province
; Baidu Index search platform (http://index.baidu.com, .
Baidu Index January 2019-December 2019 accessed on 20-23 June 2021) Information network
Baidu Map official website (https:/ /map.baidu.com,
Mileage data : accessed on 26 June 2021), train ticket and railway mileage Transportation network

inquiry website (http:/ /www.huochepiao.com/licheng/,
accessed on 28 June 2021)

Paper co-author

Web of Science database (http://webofscience.com,

2019 accessed on 3-5 July 2021)

Innovation network

2.3. Multi-City Network Construction Method

A prerequisite for exploring the resilience of the urban network structure is the con-
struction of multiple urban networks. In general, regional resilience contains four major
domains: ecological, economic, social, and engineering [31-33]. Furthermore, because the
research object of this study is the urban network, the ecological domain is considered a
substrate of urban construction and development without considering the construction
of the corresponding urban network [9]. In addition, cities are the spatial carriers of in-
novation, such that the innovation cooperation among cities can effectively reflect the
regional development capacity [34,35]. Therefore, the innovation domain is considered to
be included in the construction of urban networks. To sum up, based on the four domains
of economy, society, engineering, and innovation, we constructed the connection network
of economy, information, transportation, and innovation. We measured the hierarchy,
matching, transmission, and agglomeration of multiple urban network structures. This
enabled us to evaluate the resilience of the urban network structure in the three provinces
of Northeast China (Figure 2).

Urban network structure resilience

v

Resilience

Economy Society Engineer Innovatio

, Urban network

Economic Information Transportation Innovation
network network network network

v
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Figure 2. Multi-city network construction framework.
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2.3.1. Information Network

The information connection network among cities is represented in the form of the
Baidu Index product between cities, the formula for which is [36]:

I= Iij X Iji (1)

where I is the information connection strength, I;; is the Baidu attention value of city i to
city j, and [j; is the Baidu attention value of city j to city i.

2.3.2. Transportation Network

Considering that roads and railroads are the primary modes of transportation among
cities in the three provinces of Northeast China, we constructed the transportation connec-
tion network based on the law of gravity with the formula [10]:

T:Kin(mx\/ﬂ)/D%} 2)

In the formula, T is the strength of transportation connection, Kj; is the gravitational
coefficient, which takes the value of 1, P; and P]- are the number of economically active
populations in city i and city j, N; and N; are the GDP of city i and city j, and D; is the sum
of the highway and railway mileage between city 7 and city j.

2.3.3. Economic Network

Referring to previous research [37], the employed population G in the urban area is
chosen to represent the urban functional capacity, and the value of location entropy of a
sector’s employees in a city determines whether the city has an outward function, and the
location entropy Lqij of employees in department j in city 7 is presented as follows:

Lg;j = (Gij/Gi)/(Gj/G) (i=1,2,-- ,m;j=1,2,--- ,m) ®)

where, if Ly; < 1, the department does not have an export-oriented function and E;; = 0.
If qu-]- > 1, the department has an export-oriented function, and, at this time, the export-
oriented function E;; of department j in city i is as follows:

Eij = Gij = G/ (G;/G) @)
Total outward function E; of m departments in city i:
m
Ei=) " Ej ®)
Functional efficiency N; of city i:
N; = GDP;/G,; (6)
The amount of outward function impact of city i:
F;=E; X N; (7)
On this basis, the economic network is constructed based on the gravity model:
2

where R is the strength of economic connection, F; and F jare the amounts of the outward
functional influence of city i and city j, and D;; is the linear distance between city i and city j.
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2.3.4. Integrated Network

The TOPSIS method based on the entropy weight method combines the entropy weight
method with the TOPSIS method to avoid the influence of subjective weight assignment on
analysis structure. Therefore, we chose the entropy weight TOPSIS method to construct the
integrated network [38].

2.4. Urban Network Structure Resilience Measure

Based on relevant research [25,39,40], with the help of the complex network analysis
method, the resilience of the urban network structure in the three provinces of North-
east China was assessed from the perspectives of hierarchy, matching, transmission, and
agglomeration (Table 2).

Table 2. Evaluation indicators of urban network structure resilience.

Dimension Index Spatial Significance
Weighted degree Externally connected degree of urban nodes
Hierarchy
Weighted degree distribution Urban node level
Matching Weighted average nearest-neighbor degree Correlation degree among urban nodes
Transmission Average path length Urban node communication capability
Agglomeration Local weighted clustering coefficient Agglomeration degree of urban nodes and their neighboring nodes

2.4.1. Hierarchy

Hierarchy can characterize the rank of urban nodes in the network and degree,
whereby degree distribution can measure the hierarchy of nodes in the urban network
structure [41]. Nevertheless, this has the drawback of ignoring the functional relationship
among urban nodes. Therefore, the weighted degree and weighted degree distribution are
used to measure the hierarchical resilience of the urban network structure considering the
urban network weights. The formula for this is [32]:

Wi = C(W;)" ©)
The formula is processed as follows:
In(W;) = In(C) + aln(W;") (10)

where W; is the weighted degree of city i, W;* is the ranking of the weighted degree of city i
in the network, C is a constant, and a is the slope of the weighted degree distribution curve.
The higher the slope, the more evident the hierarchy of the urban network [32].

2.4.2. Matching

Matching reflects the degree of correlation among urban nodes. As the degree of
connection among urban nodes is not equivalent, preferential attachment makes the con-
nection among urban nodes correlated. Based on the results of hierarchical calculation, the
urban nodes with a large weighted degree tend to “clump” together, which indicates that
the network is homogeneous; however, in reality, it is heterogeneous [32]. This is also the
case with the homogeneity network relative to the different distribution of the network; it
is more easily affected by curing the contact path. Its innovation, low permeability, and ex-
ternal shocks make it difficult to guarantee a quick update and change, leading to increased
risk. Hence, the structure’s resilience in the matching of urban networks is lower [42]. On
this basis, the weighted degree correlation is applied to measure the matching resilience of
the structure of the urban network. The formula is as follows [30]:

1 _
NW;=— Y Wy NW;=DxW} (11)
KZ iGGi
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where NW,; is the neighbor-weighted average degree (NWAD) of city i, Wy is the weighted
degree of neighbor node k of city i, K; is the degree of city i, G; is the set of neighbor nodes
of city i, D is a constant, and b is the weighted degree correlation coefficient. Among
them, if b >0, it indicates that the network has homogeneity; however, the network
has heterogeneity.

2.4.3. Transmission

Transmission measures the ability of urban nodes to spread and diffuse in the network
through path length, such as the shortest path length [43]. Combined with existing research,
this study uses network efficiency to measure the transmission resilience of urban network
structures. The formula is [44]:

1 1

=N D

(12)
i#j€G

where E is the network efficiency, Dj; are all the shortest paths from city i to city j, N is the
number of nodes in the network, and G is the set of the remaining nodes in the network
after removing the nodes.

2.4.4. Agglomeration

Agglomeration can characterize the nature of grouping urban network nodes. Gener-
ally, the stronger the connection among urban nodes, the larger the value of the clustering
coefficient of urban nodes. The local clustering coefficient ignores the importance of urban
nodes in the weighted network; thus, we consider using the local weighted clustering
coefficient to measure the structure agglomeration resilience of the urban network. The
formula for this is [45]: )

1 f oo \3
G’ = Kk —1) %(wijwikwjk) (13)

where C" is the local weighted clustering coefficient, k; is the number of neighbors of node
i, and wjj, wjr, and wj are the weights of the edges among nodes, which are processed using
the network maximum weight standardization method. The more urban transmission
among nodes and the stronger the interaction capabilities, the higher the dependence
among nodes, the less “robust” the network is, the less the city’s ability to resist interference
from the outside world is, and the more network connections will be disrupted in the event
of any local outage; as such, the local weighted clustering coefficient’s numerical size and
the network structure are inversely proportional to the level of resilience [46].

3. Evaluation of Urban Network Structure Resilience in the Three Provinces of
Northeast China

3.1. Spatial Pattern of the Urban Network Structure

Based on the information of the connection matrix, transportation connection matrix,
innovation connection matrix, and economic connection matrix, the multiple connection
networks were classified according to the natural breakpoint method. Further, ArcGIS was
used to realize spatial visualization and draw the multiple network connection distribution
maps (Figure 3). Through the Quadratic Assignment Procedure (QAP) correlation analysis
in UNICET (Table 3), we found that the correlation coefficients among the information
network, transportation network, innovation network, and economic network are signifi-
cantly correlated at the 1% level, indicating that the multiple urban networks in the three
provinces of Northeast China exhibit strong correlation characteristics. Among them, the
correlation between the transportation network and the economic network is the highest
(0.610), and the correlation between the innovation network and the economic network is
the lowest (0.307); this indicates that there are certain similarities among the multiple urban
networks in the three provinces, but, at the same time, high differences also exist. Hence, it
is necessary to further explore the structure resilience characteristics of each network.
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Figure 3. Distribution of the network connection strength of multiple cities in the three provinces of
Northeast China.

Table 3. Correlation coefficients of multiple connection networks in 34 cities in the three provinces of
Northeast China.

Multiple Network

Information Network

Transportation Network Innovation Network Economic Network

Information network
Transportation network
Innovation network
Economic network

- 0.497 *** 0.387 *** 0.428 ***
0.497 *** - 0.390 *** 0.610 ***
0.387 *** 0.390 *** - 0.307 ***
0.428 *** 0.610 *** 0.307 *** -

Note: *** indicates passing the 1% significance test.

In order to reflect the urban network spatial pattern of the three provinces in Northeast
China more clearly, the natural breakpoint method is used to classify the element connec-
tions between cities, and ArcGIS is used to visualize them [10]. The urban networks in the
three provinces demonstrate an overall spatial pattern of “dense in the north and sparse
in the south”, but each network also has different characteristics (Figure 3). The urban
information network has a multi-center network structure with Shenyang, Dalian, Harbin,
and Changchun as the core (Figure 3a), whereby the first level constitutes a “cross” spatial
pattern, showing a more complex network pattern than other networks. The difference
of the urban transportation network is more evident (Figure 3b), influenced by spatial
proximity, such that the first level of the transportation network is mainly the connec-
tion among Shenyang-Fushun, Anshan-Liaoyang, and Shenyang-Benxi, and the fifth level
mainly constitutes the connection among urban nodes. The overall connection of the urban
innovation network is looser than that of other networks, and the connections among
city nodes are relatively weak (Figure 3c). The intra-provincial linkage of the innovation
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a

. Information network N

network is closer, and the cross-provincial linkage is mainly between provincial capital
cities and sub-provincial cities. The first level of the urban economic network in Liaoning
Province presents an “N”-shaped structure, with closer intra-provincial ties and closer
inter-provincial ties than the transportation network and innovation network (Figure 3d).
The connections among urban nodes in the integrated network are more complicated than
those in other networks, and the connections among cities are closer, and the urban network
structure is more robust (Figure 3e).

3.2. Urban Network Structure Resilience
3.2.1. Network Hierarchy

Urban nodes with strong radiation and dispersal capabilities in the information net-
work and transportation network are mainly Harbin, Changchun, Shenyang, and Dalian,
indicating that the provincial capital cities and sub-provincial cities are leading in terms
of socio-economic development, and the rest of the cities are dependent on them owing
to their spatial proximity and radiation-driven effects, resulting in a high hierarchy of
city nodes around them (Figure 4a,b). The cities with a high hierarchy in the innovation
network are Changchun and Jilin, which form a single core pattern in space with evident
polarization characteristics (Figure 4c). The spatial distribution of economic network hi-
erarchy shows a “ridge-type” trend with “Harbin—Changchun-Shenyang-Dalian” as the
axis, decreasing from the middle to both ends (Figure 4d). In the integrated network, the
urban nodes located at the fifth level are mainly Harbin, Changchun, Shenyang, Dalian,
and Anshan, and a spatial axial development trend is evident (Figure 4e).
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Figure 4. Spatial distribution of weighted degree and weighted average nearest-neighbor degree of
the multi-city linkage network in the three provinces of Northeast China.
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Weighted degree(10%)

Weighted degree(10°)

We drew the weighted degree distribution fitting curve according to the weighted
degree calculation results of each urban node (Figure 5). From the slope of each curve
(0.883 < lal < 3.235), we can determine that all kinds of networks have strong hierarchical
characteristics. Among them, the curve slope of the innovation network has the largest
value (lal =3.235), which indicates that the innovation network has the highest hierarchical
level, the core position of the urban node is more prominent, and the three-dimensional
development trend of the innovation network is evident. The curve slope of the economic
network has the second highest value (1al = 1.603), indicating that the network has a more
evident hierarchical structure of urban nodes. The transportation network (lal =1.431)
and the information network are less hierarchical (1al = 0.883), and the high-value areas
are mainly provincial capitals and sub-provincial cities, which show spatial homogeneity.
The slope of the integrated network curve (lal =1.117) is relatively smooth compared with
that of the innovation, economic, and transportation networks, indicating that the degree of
external connection of urban nodes under the integrated network is relatively reasonable,
and the difference in the hierarchical level among urban nodes is not significant; relatively
speaking, the integrated network shows a flat development.
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Figure 5. Distribution of the weighted degree of the urban network in the three provinces of
Northeast China.
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3.2.2. Network Matching

The NWAD values of urban nodes with higher hierarchy in each urban network are
smaller (Figure 4). In the integrated network, the number of urban nodes with NWAD
in the first group is the largest, and they are mainly the urban nodes with higher values
of weighting degree, which, to some extent, indicates that there are more communication
and contact paths between the core urban nodes and other urban nodes, which is more
conducive to the flow of elements among nodes.

The weighted degree correlation of all five types of network coefficients is negative
(—0.041 < b < —0.008), indicating that the information, transportation, innovation, eco-
nomic, and integrated networks all have heterogeneous characteristics. Among them,
the information network has the most evident heterogeneity (b = —0.041), and the urban
nodes with higher weighted values can maintain good interaction with the nodes at the
same level and can also communicate and cooperate with the urban nodes at different
levels. The transportation network has strong heterogeneity (b = —0.027), and the city
nodes with evident transportation advantages have a radiating and driving effect on their
neighboring cities. In addition, the well-connected transportation network also contributes
to the development of regional linkages, and the path connections among city nodes tend
to be heterogeneous. The heterogeneity characteristics of the economic network are weak
(b = —0.015), with strong mobility of economic factors among core cities but weak mobility
of economic factors among peripheral cities, with significant spatial differences in the
intensity of the flow of economic factors and the low structural resilience of the economic
network. The heterogeneity of the innovation network is not evident compared with
other networks (b = —0.008), and the phenomenon of homogeneous grouping exists, the
connection among nodes in core cities and nodes in peripheral cities is weak, and the
cross-regional exchange and cooperation regarding the innovation factor flow are restricted.
The combined network heterogeneity is lower than that of the information network and
higher than that of the transportation, economic, and innovation networks (b = —0.025),
indicating that there may be a certain degree of bias in measuring the structural resilience
of urban networks based on a single factor flow. The combined effect of multiple factor
flows can enhance the “robustness” of the connection paths among urban nodes to some
degree and jointly improve the level of the urban network.

3.2.3. Network Transmission and Agglomeration

The spatial difference of the economic network transmission is the most evident,
followed by that of information, integrated, and transportation networks. Meanwhile,
the innovation network transmission has the smallest spatial variability (Figure 6), in
which the information network transmission shows an overall hierarchical structure that
increases from south to north. Moreover, the spatial pattern of the transportation, eco-
nomic, and integrated network transmission has a certain similarity, and the innovation
network transmission has a multi-core distribution pattern. Shenyang exhibits the most
significant influence on the transmission of the information and innovation networks. In
the information network, there are three groups that have the same degree of influence on
the network transmission after the failure of city nodes: Songyuan and Baicheng, Qigihar
and Jixi, and Mudanjiang and Heihe; the degrees of influence are 0.3808, 0.3818, and 0.3836,
respectively. Two groups of cities in the innovation network have the same impact on
the innovation network transmission: Anshan and Jinzhou, Baishan and Jixi; the network
efficiency after the failure of the city node is 0.4363 and 0.4484, respectively, and the network
efficiency after the failure of city nodes in Changchun contributes the most to the transport
network transmission, while Anshan, Suihua, Fushun, Tieling, Yingkou, Benxi, Tonghua,
and Mudanjiang have the same degree of influence on the network efficiency, at 0.1467,
0.1485, 0.1488, and 0.1491, respectively. The urban node that bears the main transmission
function in the economic network is Harbin, in which, the cities of Tonghua-Dandong and
Jilin-Jixi-Hegang have equivalent influence on the transmission of the economic network,
and the network efficiency after the failure of the city node is 0.6139 and 0.6169, respectively.
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Figure 6. Spatial distribution of the transmission efficiency of the multi-city connection network in
the three provinces of Northeast China.

The average weighted clustering coefficients of the information, transportation, inno-
vation, economic, and comprehensive networks are all approximately 0.2, indicating that
the clustering characteristics of each type of network are weak, and with the expansion
of the network scale, the core urban nodes have a wider radiation range, and other city
nodes rely on the core city nodes to achieve cross-regional cooperation. The local weighted
clustering coefficients of the rest of the networks except the transportation network show
that the local weighted clustering coefficients of provincial capital cities and sub-provincial
cities are in the first group (Figure 7). This indicates that the relationship between provincial
capital cities and sub-provincial cities and other cities is not very close, but rather, there is a
one-way connection between other city nodes and core city nodes, whereby there is less
interactive cooperation among other city nodes, such that the node is not yet evident. The
interaction and cooperation among other city nodes are lower, and no evident network has
been formed. From the perspective of network structural resilience, the weak connection
between core city nodes and other city nodes facilitates the penetration of external infor-
mation, thereby enhancing the “robustness” of the city network in response to external
information interference.
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Figure 7. Spatial distribution of the local weighted clustering coefficients in the multi-city connection
network of the three provinces of Northeast China.

3.2.4. Urban Node Type Identification

The city nodes whose transmission and agglomeration are located in the first and
second groups are regarded as dominant city nodes. There are five city nodes, which are
provincial capital cities (Harbin, Shenyang, and Changchun), sub-provincial cities (Dalian),
and resources-based cities (Daging and Anshan). The cities in this category are in prominent
positions in diverse networks, with strong comprehensive strength, leading the construction
and development of the neighboring cities. The city nodes with both transmission and
agglomeration in the fourth and fifth groups are considered as vulnerable city nodes,
such that there are nine city nodes in total, namely, Songyuan, Tonghua, Baicheng, Jixi,
Yichun, Heihe, Hegang, Shuangyashan, and Baishan, all of which are located in Jilin
Province and Heilongjiang Province; most of them are peripheral cities with a low level of
socio-economic development and imperfect public service facilities (Figure 8). Under the
effect of administrative barriers, vulnerable city nodes are distant from provincial capital
cities. As such, in considering future construction and development, it is necessary to
heed and support the development of such cities and enhance their capability to cope with
unexpected risks.
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Figure 8. Spatial distribution of the types of urban nodes in the three provinces of Northeast China.

4. Influencing Factors of Urban Network Structure Resilience in the Three Provinces
of Northeast China

4.1. Variable Selection

Exploring the factors influencing urban network structure resilience can provide
relevant references for optimizing the resilience of the urban network structure. Presently,
research on urban network structure resilience is still in the exploration stage, and there are
few studies on the factors influencing urban network structure resilience. The resilience
of the urban network structure is the result of multiple factors interacting and working
together, combined with existing research results on the urban network structure and urban
resilience [47-51]. The four properties of comprehensive urban network structure resilience
are used as dependent variables. Economic scale, knowledge thickness, political status,
geographic conditions, urban vitality, government capacity, openness, labor wages, and
science and education level are used as the drivers affecting the resilience of the urban
network structure (Table 4).
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Table 4. Influencing factors of urban network structure resilience.

Variable Index Unit Max Min Mean Std. Dev.
Economic scale Gross National Product per capita Yuan (RMB) 99,996 21,045 42,314.471 21,207.168
Knowledge thickness Total number of patent applications Piece 37,313 6 4260 8765.050
1 for provincial capital cities and
Political status sub-provincial cities and 0 for the - 1 0 0.118 0.327
rest of the cities
Geographic conditions ! f'o'r cities in eastern provinces arufl 0 for - 1 0 0.412 0.500
cities in central and western provinces
Urban vitality Population density Person/km? 587.869 22.785 194.313 132.818
. Proportion of public financial o
Government capacity expenditure in GDP Yo 59.056 12.300 32.589 12.186
Openness Proportion of total exports to GDP % 27.711 0.003 4.605 5.888
Labor wages Average salary of on-the-job employees Yuan (RMB) 100,781 44,953 65,556.941 12,364.777
Science and education level Proportion of science and education % 16.283 6521 11.780 2.203

expenditure in total expenditure

4.2. Regression Results

The least-squares method was used to analyze the influencing factors of urban network

structure resilience, and the regression results are shown in Table 5. These results show that
the R2 is between 0.455 and 0.793, which can explain 45.50% to 79.30% of urban network
structure resilience. Overall, the fitting effect of the least-squares method is more suitable.

Table 5. Regression results of influencing factors.

Hierarchy Matching Transmission Agglomeration
Economic scale 0.0005 0.0011 0.0003 0.0003
Knowledge thickness —0.0002 0.0023 —0.0006 * —0.0005 *
Political status 0.5396 *** —0.0164 *** 0.1184 ** 0.0578
Geographic conditions —0.1932 0.0059 0.0935 0.0141
Urban vitality 0.0015 *** —0.0045 *** —0.0006 —0.0005 **
Government capacity —1.5922 ** 0.0482 ** 0.9966 * 0.9603 *
Openness —1.0181 0.0309 —0.2738 0.1490
Labor wages 0.0004 *** 0.0005 —0.0001 —0.0007
Science and education level —0.6303 0.0191 —2.1147 —1.0740
Intercept 0.860 0.326 0.153 0.107
Sample size 34 34 34 34
R? 0.793 0.715 0.543 0.455

Note: *, **, *** indicate passing the 10%, 5%, and 1% significance test, respectively.

The best fit for the hierarchical nature of the city network structure, by controlling
the other variables, denotes that political status, urban vitality, and labor wages can have
a significant positive effect on enhancing its hierarchical characteristics, and all pass the
1% significance level test. The improvement of government capacity also has an effect,
albeit to a lesser extent, but passes the 5% significance level test, consistent with the
results for provincial capital cities and sub-provincial cities as core city nodes. Under the
interaction of political status, urban vitality, labor wages, and government capacity, the
non-heterogeneous pattern of the urban network structure is evident.

In terms of urban network structure matching, the regression results of its influencing
factors are similar to those of hierarchy, in which government capacity, political status,
and urban vitality significantly impact it negatively. Hence, it is necessary to focus on
the interaction and cooperation between provincial capital cities and sub-provincial cities
through the macro-regulatory role of the government, enhance the radiation capacity of core
city nodes, and promote the development of other urban nodes through core urban nodes.

The transmission of the urban network structure is significantly affected by political
status, government capacity, and knowledge thickness, and the transport function of the
provincial capital cities and sub-provincial cities occupies a significant position in the
entire network. After the failure of such city nodes, the transmission of the urban network
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structure will be significantly affected, and the network efficiency will decrease. Therefore,
it is necessary to enhance the transmission efficiency of other urban nodes to ensure that
the urban network can maintain regular operation in unexpected situations.

The agglomeration of the urban network structure is mainly related to urban vitality,
government capacity, and knowledge thickness. The local weighted clustering coefficient
of urban nodes with a large number of urban residents and a large total number of patent
applications is lower, which is consistent with the results of the previous analysis. Therefore,
we need to emphasize improving the level of science and technology within the region
and strengthening the construction of transportation infrastructure to promote the flow of
information, transportation, innovation, economy, and other factors among city nodes to
realize regional interaction and cooperation.

5. Conclusions

The structural resilience of urban networks is one of the important factors affecting
regional sustainable development. Through studying the structural resilience of urban
networks in three provinces of Northeast China, the weak links in regional network struc-
tures are found, and the network structure is adjusted to promote the rational flow of
regional factors, so as to promote the overall high-quality development of the region. To
provide relevant references for optimizing the urban network structure resilience at home
and abroad, we measured urban network structure resilience and the influencing factors
in the three provinces of Northeast China in 2019. This was accomplished through the
construction of urban information, transportation, innovation, economy, and integrated
networks in the study provinces. As a result, the following conclusions can be drawn:

(1) There are certain similarities among the multi-city networks in the three provinces
of Northeast China; nevertheless, there are also major differences. Overall, information,
transportation, innovation, economy, and the integrated network show a spatial distribution
pattern of “dense in the north and sparse in the south”, with closer intra-provincial ties
than inter-provincial ties. Nonetheless, the spatial structure differences are evident: The
information network shows a multi-core spatial pattern. The main levels have a cross-
shaped spatial structure in space, which breaks the limitation of regional spatial distance
and presents a more complex networked state. The transportation network is evidently
affected by geographical spatial proximity, and the flow of transportation elements in
neighboring regions is strong. The overall connection of the innovation network is looser,
and the connection among urban nodes is relatively weak. The first level of the economic
network presents an “N”-shaped structure in Liaoning Province, and the flow of economic
factors decreases with increasing spatial distance. The integrated network is more complex
than other networks, and the network structure is more robust.

(2) There are evident differences in the resilience characteristics of the multi-city
network structure in the three provinces of Northeast China. The information network
exhibits the highest heterogeneity, the transmission and agglomeration are at the medium
level, and the hierarchy exhibits the lowest. Hence, overall, the information network
structure has limited resilience. The hierarchy and heterogeneity of the transportation
network are at the medium level, with low transmission and lower agglomeration, and are
limited by urban traffic conditions. Hence, the resilience level of the transportation network
is low. The innovation network has a high level of hierarchy, with higher transmission,
low agglomeration, and the lowest heterogeneity, such that the local network with high
resilience has low capability to drive its surrounding network. The economic network
has high transmission, agglomeration, higher hierarchy, and low heterogeneity. Hence, its
overall resilience is higher. The integrated network is affected by the interaction of multiple
networks, and the characteristics of network structure resilience are complicated. Triggering
the radiation-driven effect of dominant urban nodes and focusing on the construction and
development status of vulnerable urban nodes have important implications for improving
the resilience of urban network structures.
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(3) The resilience of the multi-city network structure in the three provinces of North-
east China is affected by the interaction of multiple factors. In terms of hierarchy, under
the interaction of government capacity, political status, urban vitality, and labor wages,
the urban network structure demonstrates a phenomenon of heterogeneity. In terms of
matching, the urban network structure of the three provinces exhibits high heterogeneity
owing to government capacity, political status, and urban vitality. In terms of transmis-
sion, government capacity, political status, and knowledge thickness together shape the
transmission resilience of the urban network structure, resulting in a more prominent trans-
mission function of core urban nodes. In terms of agglomeration, government capacity,
urban vitality, and knowledge thickness are the main factors influencing the agglomeration
of the urban network structure; hence, we need to focus on the construction of urban
vitality, government capacity, and knowledge thickness to enhance the connection among
urban nodes.

6. Discussion
6.1. Optimization Strategies

With the gradual strengthening of the globalization trend, cities are no longer simple
individual units, and the diversified flow of elements connects cities. Hence, it is crucial to
maintain a coordinated and stable resilience capacity during the disturbance of the external
environment. On this basis, based on the four aspects of hierarchy, matching, transmission,
and agglomeration, we propose countermeasures for optimizing the resilience of the urban
network structure.

The hierarchy of the urban network structure in the three provinces of Northeast China
is evident, and there is a significant trend of heterogeneity, which is significantly influenced
by government capacity and political status; which results in the prominent core positions
of provincial capital cities (Shenyang, Changchun, and Harbin) and sub-provincial cities
(Dalian). Therefore, cross-provincial exchanges and cooperation among core cities to realize
the linkage development of the three provinces of Northeast China need to be emphasized.
In addition, the radiation function of the nodes of core cities should be allowed to drive
the development of surrounding areas, realize the synergistic development between core
cities and edge cities, promote the flat development of the urban network structure, and
enhance the integrity and rationality of the urban network as well as its resistance to the
disturbance of the external environment.

Concerning the matching of the urban network structure, enhancing the flow of el-
ements among urban nodes can improve the “robustness” of the linkage paths among
nodes and improve the resilience of the urban network structure. Regarding the trans-
portation network, we should improve the construction of the transportation system, focus
on strengthening the advantages of national highways, focus on the construction of the
“Harbin—Changchun—Shenyang-Dalian” transportation axis, improve the urban transporta-
tion conditions, and strengthen the connections among the municipalities in the provinces
and among provinces. In terms of the economic network, we must adjust the economic
development model, build industrial clusters, promote the development of manufacturing
industries, and realize cross-regional economic exchanges and cooperation. The innovation
network is affected by regional barriers and has the lowest heterogeneity and resilience.
Therefore, it is necessary to eliminate the restrictions of regional conditions, strengthen
exchanges between universities and scientific research institutions, cultivate scientific and
technological bases, develop regional knowledge bases, and enhance the diversity and
flexibility of innovation links among cities.

The transmission and agglomeration of the urban network structure are closely related
to the knowledge thickness in the region. In this regard, we should focus on building
science and technology centers with regional characteristics, enhancing regional innovation
strength, breaking administrative barriers, and strengthening the construction of emergency
response plans while promoting the flow of innovation among cities. Furthermore, we
should promote the formation of effective two-way links between core city nodes and
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other city nodes and enable the radiation-driven role of core urban nodes while enhancing
exchanges and interactions among other city nodes to improve and realize an efficiently
networked state.

According to the type screening of urban nodes, the dominant urban nodes are es-
sential for influencing the resilience of the urban network structure. When it fails, the
resilience of the urban network structure will be seriously damaged; hence, an emergency
system of dominant urban nodes should be built to enhance the resilience to cope with
external environmental shocks to ensure that urban nodes can operate safely and stably.
For vulnerable urban nodes, the construction of public infrastructure should be improved
to enhance the resilience of urban nodes to cope with external environmental shocks, and
the factor flow between vulnerable urban nodes and other urban nodes should be enhanced
to strengthen regional connections.

6.2. Academic Contributions

The impact of COVID-19 and other uncertainties on cities has had a serious impact
on the sustainable development of the region. As a relatively complete and independent
economic zone, the three provinces of Northeast China have important material value
for the interpretation and clarification of the structural resilience of the entire regional
network. In addition, the research can also provide relevant reference for the sustainable
development of other similar regions. Therefore, taking regional resilience as the starting
point, we introduced multiple data such as the Baidu Index, highway mileage, railway
mileage, Web of Science, and other data, and integrated them with traditional statistics
to build multiple urban networks based on information, transportation, innovation, and
economy for a comprehensive assessment of the structural resilience of urban networks;
this, to some degree, avoids the one-sidedness of measuring the resilience of the urban
network structure based on single factor flow. In addition, considering that the factor
flows among urban nodes are not equal, to reflect the real urban network structure more
realistically, weighted network structure resilience is analyzed by giving weights, which
enriches and expands the theoretical study of urban networks and resilient regions.

6.3. Potential Bias and Future Steps

Although this study is valuable in constructing multiple urban connection networks
based on multi-source data, it also has some limitations that need to be mitigated by future
studies. First, the study only evaluated the resilience of urban networks within 34 cities
in the three provinces of Northeast China, without considering the impact of the external
environmental factors on the network structure resilience in the study area. Second, due
to the limitations of a large amount of data and a time-consuming cleaning process, the
study only statically measured the resilience of the urban network structure in 2019. As
such, the dynamic evolution characteristics of the resilience of the urban network structure
can be analyzed in the future. Finally, because the research on the resilience of the urban
network structure is still in the exploratory stage, this study only conducts a preliminary
analysis of the factors influencing urban network structure resilience, which needs to be
further studied and discussed in the future.
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