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Abstract: Applying the improved social-network analysis method and the idea of rolling-window
regression, this paper explores the impact of an HSR network on the quality of urbanization and
its dynamics. Based on a sample of 273 cities in China over the period 2009–2019, we find that
the high-speed railway network has an increasingly positive effect on the quality of urbanization,
which proves the existence of a network effect. The empirical results further show that this effect is
closely related to the coverage rate of the high-speed rail network. In addition, heterogeneity analysis
reveals that urban agglomeration cities are the main beneficiaries. Academically, our study provides
a plausible explanation and evidence from network size differences for the two conflicting views
of the HSR effect. Practically, we also propose some important policy implications for countries in
different high-speed-rail-network construction stages.

Keywords: high-speed railway; quality of urbanization; dynamic network; improved social-network
analysis; spatial econometric model

1. Introduction

Transport infrastructure is inextricably linked to the evolution of urban systems [1].
The emergence of a new transport tool may radically change the size [2], structure [3]
and status [4] of cities, thus profoundly affecting the evolution of the entire urban system.
Since the 21st century, globally, high-speed railways (HSRs) have progressed and gradually
become one of the most popular modes of transport. According to the latest statistics of
the International Union of Railways (UIC), by the end of 2021, 20 countries around the
world had opened high-speed railways, with an actual operating mileage of 58,839 km.
Meanwhile, 22 other countries or regions are constructing or planning to construct high-
speed railway, and the HSR mileage to be constructed (including the three parts of under
construction, planning and long-term planning) exceeded 70,000 km. In 2023, the United
States also joined the high-speed-rail-construction bandwagon. The role of high-speed rail
in urban development is becoming more and more imperative. Many of these countries
have already formed mature high-speed rail networks, such as China, Japan, South Korea,
France and Spain [5,6]. As a result, the impact of HSR networks on urbanization has
attracted extensive research interest.

It is not easy to clarify how an HSR network affects urbanization. There are two
main challenges. Firstly, a city is a complex system, which is composed of the population,
land, economy, environment, institutions and other elements [7]. Generally speaking,
these elements reflect differently on the opening of HSR, which leads to uncertainty about
the impact of the HSR on the overall quality of urban development. Secondly, with the
prominent characteristics of an HSR network and the expansion of a network’s scale
in some countries, new features or benefits (network externalities) obtained by a city’s
network structure, such as a higher network status, will play a more important role in the
urbanization process [8,9]. New dilemmas have been encountered in how to accurately
measure these features and what new impacts they have caused.
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Currently, scholars have conducted abundant research on the relationship between
HSRs and urban development around different segments of the urban system. The urban
population and urban economy have become the focus of attention. (1) The population
aspect: Graham and Mole’s [10] research shows that due to the space–time compression
effect of high-speed rail, travel time is significantly reduced and travel accessibility is dra-
matically improved, which makes inter-city-population mobility more fluid. Harman [11]
investigated whether high-speed rail is becoming a new commuter tool of choice in the
market for commuting within 1 h with great convenience. Wang et al. [12] constructed a
DID model using 2005–2016 panel data of the Yangtze River Delta region of China, and
found that the opening of HSR has a significantly positive effect on short-term population
migration and the tertiary industry, but a negative impact on long-term population mobility
and population urbanization. Kim et al. [13] assessed the impact of KTV sites in Korea
and found that the node and location of each site had a positive effect on urbanization.
However, an empirical study by Maparu and Mazumder [14] in India demonstrated that
improved infrastructure conditions are not necessarily coupled with urbanization, apart
from national highways and port facilities. (2) The economic aspect: Due to the effects
of centrifugal and centripetal forces, the question of how HSR can urbanize the economy
has not been defined. Taking Kent in the UK and the Yangtze River Delta (YRD) region in
China as samples, Chen and Vickerman [15] suggested that HSRs have boosted economic
growth in most HSR cities. In contrast, Gao et al. [16] found that the opening of high-speed
rail suppressed nearly 10 per cent of the economic growth in the Yangtze River Delta region,
owing to population loss and industry shifts in peripheral cities. (3) Other aspects: In addi-
tion, high-speed rail has also been proven to be an essential influence on land, environment,
and inequity factors. Wang et al. [17] proposed that the opening of HSR played a positive
role in the expansion of urban spaces and other built-up land, but accelerated the loss of
agricultural land. A study by Jia et al. [18] pointed out that the increase in the intensity of
HSR services promotes transport substitution, market integration, industrial upgrading
and technological innovation, thus reducing urban CO2 emissions. Yu and Pan [19] argued
that high-speed rail is also conducive to narrowing the urban–rural income gap, because
of the more efficient mobility of high-skilled labor. All these studies have revealed the
wide-ranging impacts of HSR construction and development on urban systems, but have
failed to assess a comprehensive effect.

Further, as the network characteristics of HSRs come to the fore, more scholars have
begun to introduce a network perspective to study HSRs and successively put forward
a series of new indicators to describe the characteristics of the HSR network in a region.
Overall, these indicators reflect three types of features: scale, benefit and structure, respec-
tively. (1) HSR network scale. Some scholars have employed the quantification of HSR
infrastructure to describe regional HSR development in the context of a network, such
as high-speed-rail dummy variables [12,20,21], the amount of HSR stations [22], and the
length of HSR lines [23]. These metrics focus on the nodes in the HSR network, ignoring
node-to-node connections, and are not part of a true network analysis approach. (2) HSR-
network benefit. In contrast, it may be more appropriate for some scholars to measure an
HSR network indirectly through the benefits generated by the HSR network. This benefit is
widely summarized as an improvement in accessibility, including the travel time [24], the
economic potential [9], the number of passengers [25], the geographical distance [8] and
other indicators [26]. These indices take full account of the connections between the HSR
cities, but still do not reflect the unique structural characteristics of the network. (3) HSR-
network structure. A few scholars have adopted a direct measurement from a network
perspective. They have tried to introduce social-network analysis methods to portray the
city’s HSR characteristics [9,27–31]. For example, Liu et al. [32] applied point degree and
closeness centrality to the HSR infrastructure to measure the total accessibility and network
structure. Taking into account the actual provision and use of HSR services, Liu et al. [33]
also supplemented the travel time and daily frequency with the degree, betweenness and
harmonic centrality indices by using China’s HSR timetable data, which reflect both the
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quantity and quality of connections. This is an important contribution to how to measure
the characteristics of a HSR network, but related studies have neglected this new effect on
urban development arising from the network characteristics, i.e., the network effect. In the
study of networking, Metcalfe’s law shows that the network value will be proportional
to the square of the number of nodes, which implies that the network effect is a kind of
non-linear effect. Whether or not there is a network effect of a HSR network on urban
development has not been confirmed so far.

In view of this, this paper firstly constructs a set of comprehensive index systems of
urbanization quality to portray the comprehensive development level of an urban system.
Secondly, by applying improved social-network methods, rolling-window regression and
a spatial econometric model, we empirically examine the impact of a high-speed rail
network on urbanization quality and its dynamic effects. Finally, as an extended study,
we further explore the main beneficiary urban groups under the development trend of
a high-speed railway network. China has a high coverage of HSR cities (nearly 70%), as
well as a relatively complete HSR development cycle (major lines are basically completed),
which makes the role of HSR in China’s urban development and its changes likely to be
more easily observable. Therefore, we finally select Chinese cities as our sample. The
biggest contribution of this paper is that it verifies the existence of the network effect of
high-speed rail on urban development for the first time. Additionally, to achieve this,
we propose a new combination of research methods, that is, combine the idea of rolling-
window regression with spatial-measurement tools, which provides a feasible solution
to mitigate the effects of spatial autocorrelation and temporal heterogeneity in regression
tests. Nowadays, the construction of high-speed rail in the world is still in full swing.
Our research will provide important policy implications for countries at different stages of
high-speed-rail development and countries that are planning to build high-speed rail.

The subsequent structure of the article is arranged as follows. The second part is the
theory basis and hypothesis. The third part is the research methodology, and sample and
data collection. The fourth part is the empirical results. The fifth part is the conclusions
and implications.

2. Theory Basis and Hypothesis

A city is a complex system. From an economic perspective, it can be viewed as a
collection of production factors and relations. Therefore, the key to improving the quality
of urbanization lies in achieving a more reasonable allocation of various factors. The
mechanism of a high-speed rail network on the quality of urbanization can be revealed
from the perspective of factor allocation.

According to the transaction cost theory [34], a reduction in transaction costs can
increase the opportunity of negotiation and cooperation between parties, leading to a
more reciprocal and effective contract (resource allocation decision). As an improved trans-
portation mode, high-speed railway can reduce cross-regional transaction costs (mainly
transportation or search costs), promote the formation of more transaction activities, and
further improve the allocation efficiency of labor [35], land [32], capital [36], knowledge [37],
and other factors. On the one hand, due to the weakening of space constraints, some new
business will emerge and become popular, such as intercity commuting, job–housing
separation and TOD projects, which will enable more idle or cheap resources to be used
and appreciated. On the other hand, the frequency of some existing transactions will
also increase as the loss of time value decreases, particularly activities that need to return
in one day such as academic exchanges, business negotiations and short-distance travel,
which enhances the mobility and utilization efficiency of factors. In addition, the increased
accessibility of cities under networked conditions may lead to a more adequate exchange
of factors. Based on this, we propose the following.

Hypothesis 1: In a long run, a high-speed railway network can promote the quality of urbanization.
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The emphasis of dynamic network analysis is to explore whether there is a nonlinear
effect. According to the new economic geography theory [38], the short-term and long-term
effects of HSR construction on peripheral areas are different. There is heterogeneity in the
effects of transportation-cost changes on “center-periphery” areas at different stages. At
the initial stage, an HSR, as a scarce transport infrastructure resource, can quickly create
differences in transport costs between HSR (these are always core cities) and non-HSR
cities [39]. Transport costs directly affect the enterprise location [40] and labor migration [35].
Driven by the profit-seeking nature of production factors, population, capital, technology
and other factors will rapidly flow to HSR cities with lower transport costs, thus creating
a short-term polarization effect [41]. More peripheral cities are caught up in factor loss
and, thus, urban development is inhibited. But this will not last in the long run. As
factors accumulate in central cities, there may be a tendency for their marginal output and
marginal returns to decline. Moreover, as more cities are connected to the HSR network,
the gap in transport costs between cities will gradually narrow. Both will inevitably reduce
the incentives for factor mobility to central cities, but will facilitate factor exchange [12].
Benefiting from the proliferation of information, technology and advanced experience
in the core cities, the quality of urbanization in all cities will be enhanced. Further, this
enhancement will grow stronger. For each new HSR city, the number of travel routes will
grow exponentially. This will continue to strengthen the flow of factors between cities,
thus promoting the accelerated improvement in urbanization quality. In view of this, we
propose Hypothesis 2.

Hypothesis 2: As the size of the HSR network increases, the promotion effect of HSR on urbaniza-
tion quality will become stronger.

In addition, the imbalance in China’s urban development is striking. The demand
and utilization of the HSR infrastructure in different cities are not consistent, which may
make the role of high-speed rail different. Chen and Haynes [42] and Adler et al. [43] find
that high-speed railway is more competitive in the market on 500–800 km routes. This
range coincides with the geographical scope of China’s urban agglomerations. According
to China to Enhance Global Competitiveness in Transport, the maximum direct travelling time
within an urban agglomeration in China should not exceed two hours. Taking the average
high-speed rail running speed of 250–350 km/h as the standard [44], the spatial range
of urban agglomerations with HSR is roughly between 500–700 km. Hence, HSR may
be better suited for intercity travel within urban agglomerations. Otherwise, compared
with non-urban agglomeration cities, urban agglomeration cities also have a highly unified
policy regime and infrastructure [45], which makes the economic links closer and HSR role
more obvious. Consequently, we formulated Hypothesis 3.

Hypothesis 3: The HSR network will benefit urban agglomeration cities more than non-urban
agglomeration cities.

3. Research Methodology, Sample, and Data
3.1. Sample and Data

The sample included 273 cities in China for the period 2009–2019, covering all prefecture-
level cities and municipalities in mainland China, except Tibet and 12 cities with severe data
deficiencies. A few missing-value data were processed using the exponential smoothing
method or the mean value. In terms of sample interval selection, most scholars agree that
2008 was the first year of HSR opening in China, but we chose 2009 as the starting point
for two reasons: first, as a major infrastructure construction, the effect of HSR often has
a lag, so we treat all HSR opening years with a lag of half a year. Second, after that, only
one HSR line (Nanjing to Hefei) opened in 2008, which cannot be regarded as a “network”.
In addition, since China suffered from a “COVID-19” epidemic shock and strict mobility
restrictions in 2020, which do not reflect the true benefits of high-speed railway, the data
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for that year were excluded. The HSR data are from the China Railway Yearbook from
2008 to 2019. Other data were collected from the China City Statistical Yearbook, the China
Regional Economic Statistical Yearbook, and the China Urban and Rural Construction
Statistical Yearbook and provincial yearbooks. Table 1 shows the descriptive statistics for
all the variables.

Table 1. Descriptive statistics of various variables.

Variable Units Mean Std. Dev. Min Max

qu - 0.181 0.187 0.018 2.734
hsr dum - 0.418 0.493 0 1
hsr rdc % 0.727 1.249 0 16.667
hsr adc % 0.858 1.154 0 6.919
hsr rbc % 2.289 5.374 0 45.729
hsr abc % 269.475 724.542 0 8738.812
rtech % 0.003 0.002 0 0.041
rmar % 0.381 0.108 0.026 1.013
rfin % 2.373 6.423 0.004 128.569
rfdi % 0.018 0.020 0 0.460

3.2. Variable Measures
3.2.1. Measurement: Network Importance of HSR Cities

First, in terms of the network model setting, we employed the L-space model, that
is, there were no multiple connections between the two nodes. Second, since some cities
may have opened more than one HSR station, we defined an HSR city as a node in order to
avoid double counting. Then, we used the improved degree and betweenness centrality
formula [46] to measure the importance of cities in an HSR network. This formula is a
standardized result and had two advantages for this study: (1) the influence of network
size change is eliminated in variable selection, which reduces the endogeneity problem of
dynamic analysis; (2) nodes are placed in a global network perspective, which highlights
the interaction and comparative advantage between nodes. Specifically, degree centrality
reflects the ability of direct link between a node itself and other adjacent nodes [33,47]. It
can be defined as Equation (1):

RDCij =
1

N − 1
·

n

∑
j=1,i 6=j

Kij (1)

where N refers to all cities with HSR that year, n = N − 1, Kij represents the HSR connection
between city j and city i. If i and j are directly connected through an HSR line, Kij = 1;
otherwise, Kij = 0.

Betweenness centrality refers to the number of shortest paths passing through a node.
It assesses the capacity of a node’s indirect control over other nodes and potentially the
entire network, defined as Equation (2)

RBCi =
2

N2 − 3N + 2
·

n

∑
f 6=i 6=t

δi
od

δod
(2)

where δi
od represents the number of HSR connections through city i among all the shortest

HSR connections from city o to city d, and δod represents all the shortest HSR connections
from city o to city d.

3.2.2. Measurement: Quality of Urbanization

Drawing on the research of Wang et al. [48], the quality of urbanization was mainly
divided into five aspects: population, economy, space, environment, and society. For
population urbanization, the quality of urbanization not only seeks to improve the urban-
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ization rate, but also takes into account the urban population density and the non-primary
industrial population, which reflect the utilization efficiency of urban resources and the
employment structure, respectively. In terms of economy, per capita GDP and the propor-
tion of output value of secondary and tertiary industries are two common indicators to
measure the quality of economic development, reflecting the individual contribution and
structure composition of regional economic development, respectively. In addition, the
GDP density of non-agricultural industries is supplemented to reflect the space utilization
rate of economic growth. For the space, how to give full play to the value of land resources
and improve land utilization is another key issue of urbanization quality. The capita road
areas and capita living areas are two good indicators of urban congestion. The proportion
of built-up area and per capita built-up area, respectively, reflect the construction scale and
utilization efficiency of an urban space. Regarding the environment, sustainable develop-
ment clearly emphasizes “ecological civilization” and seeks a “green and environmentally
friendly” development mode. Therefore, the per capita green space area, green coverage
rate of a built district, domestic garbage treatment rate, and wastewater treatment rate are
included in the urbanization evaluation system to reflect the urban greening construction
and waste treatment. In addition, the quality of urbanization has put forward higher
requirements on education, medical care, culture, and resident income, so as to improve
the level of social security and the quality of resident life. As a result, per capita education
expenditure, the number of beds per 1000 people, and other indicators were included in
the social aspects. Finally, considering the five aspects, we constructed the corresponding
quality of the urbanization index system at the city level, which contained 18 indicators, as
shown in Table 2.

Table 2. Evaluation system of urbanization quality.

Index I Index II Weight (%) Unit

Population
urbanization

X1: Urban population density 35.44 Person/square kilometer
X2: Proportion of urban district population 35.40 %
X3: Proportion of employees in secondary and tertiary
industries 0.40 %

Economy
urbanization

X4: Per capita GRP 1.81 Yuan
X5: Proportion of GRP of secondary and tertiary industries 1.18 %
X6: GDP density of secondary and tertiary industries 7.66 10 thousand yuan/km1

Space
urbanization

X7: Proportion of built-up area 7.00 %
X8: Per capita built-up area 0.78 Square meter
X9: Per capita living area in urban 0.54 Square meter
X10: Per capita road area in urban 0.79 Square meter

Environment
urbanization

X11: Per capita green area 0.48 Square meter
X12: Green coverage rate of built-up district 0.09 %
X13: Domestic garbage treatment rate 0.06 %
X14: Wastewater treatment rate 0.14 %

Society
urbanization

X15: Per capita education expenditure 2.13 Yuan
X16: Medical facility beds per 1000 people 0.98 Set
X17: Books in public libraries per 100 people 4.51 Piece
X18: Average salary of urban employees 0.95 Yuan/Person

Referring to the studies of Yu [49] and Zhang et al. [50], the quality of urbanization is
measured using the panel entropy weight method (PEWM). PEWM can effectively extract
the information, avoiding the randomness, presumption and other deviation problems
caused by determining the weight due to subjective factors. By this method, the indicator
weights were determined based on the full-period sample data rather than a single-period
sample, which makes the data comparable in the time dimension. The specific calculation
steps are as follows.
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Standardization, as shown in Equations (3) and (4):

Positive indicator : Atij =
(
Xtij −min

{
Xj

})
/
(
max

{
Xj

}
−min

{
Xj

})
(3)

Negative indicator : Atij =
(
max

{
Xj

}
− Xtij

)
/
(
max

{
Xj

}
−min

{
Xj

})
(4)

where t is the year, i is the city, j is the index, Atij is the value after standardization, Xtij
is the initial value, and max

{
Xj

}
and min

{
Xj

}
) represent the maximum and minimum

value of the index j in all of the years and the cities studied.
Calculation of the proportion of Atij, as shown in Equation (5):

Btij = Atij/
m

∑
t=1

n

∑
i=1

Atij (5)

where m and n are total years and total cities, respectively, equal to 11 and 273 in this article.
Calculation of the entropy value and difference coefficient, as shown in Equations (6)

and (7):

Cj = −
1

ln mn
·

m

∑
t=1

n

∑
i=1

Btij·ln
(

Btij
)

(6)

Dj = 1− Cj (7)

where Cj denotes the entropy value of index j, and Dj denotes the difference coefficient of
index j.

Calculation of weight of each index and quality of urbanization, as shown in Equations (8)
and (9):

Wj = Dj/
r

∑
j=1

Dj (8)

OQUtij =
r

∑
j=1

Wj·Btij (9)

where r is the total number of indexes, equal to 18 in this paper, Wj denotes the weight of
index j, and OQUtij denotes the original value of the quality of urbanization. Since the
value was too small, we enlarged it (multiplied it by 1000) and obtained the final quality of
urbanization (QU).

3.3. Empirical Model Selection

The empirical estimation strategy to test our hypothesis was as follows. Firstly, con-
sidering the wide spatial correlation among cities from the perspective of a high-speed rail
network, this paper selected the spatial econometric model to test all hypotheses. In testing
Hypothesis 1, dummy variables and absolute centrality of the HSR were also introduced to
compare the non-network perspective and the local perspective. Different control variables
and spatial weight matrices were included to ensure the robustness of the empirical results.
Secondly, the idea of rolling-window regression was used to test Hypothesis 2. Considering
the length of sample data and the span of high-speed rail construction, we conducted
stepwise regression with 3, 4 and 5 years as windows on the basis of the spatial econometric
model. Thirdly, we screened urban agglomeration cities according to China’s 14th Five-Year
Plan and performed sub-sample regression to further test whether the impact of high-speed
rail networks on the quality of urbanization varies with urban agglomeration development
policies (i.e., Hypothesis 3).

3.3.1. Spatial Econometric Model

The choice of the spatial econometric model in this paper was based on the following
two considerations: First, since we describe the characteristics of the HSR network through
the links established between cities through high-speed railway, it is highly likely that the
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HSR network will have a spatial correlation effect on the quality of urbanization. Second,
the index of urbanization quality is a composite index that widely covers various aspects of
urban development, which may have serious endogenous problems with other variables.
The spatial econometric model generally uses maximum likelihood estimation (MLE) or
generalized method of moments (GMM), which can help to overcome this problem. Its
specific form is as follows:

QUit = ρW·QU jt + β1hsrit + β2rtecit + β3r f init + β4rmarit + β5r f diit
+δ1W·hsrjt + δ2W·rtecjt + δ3W·r f injt + δ4W·rmarjt

+δ5W·r f dijt + µi + γt + εit

(10)

where i, j, and t denote city i, city j, and year t, respectively; QU is the quality of
urbanization; hsrit denotes a city’s high-speed rail characteristics, rtecit, r f init, rmarit, and
r f diit are four control variables; W is the n × n spatial weight matrix describing the spatial
relation of cities, n is the number of cities; both ρ and δ are spatial spillover coefficients to
evaluate the impact of city j on city i, while β only measures the impact within a city; and
µi, γt and εit denote the individual effect, time effect and random error, respectively.

Regarding the setting of W, we adopted two matrices in accordance with spatial
adjacency and geographic distance. For the adjacent-distance weight matrix W1, the spatial
weight of two cities with an adjacent relation is set to 1, and vice versa to 0. Noticeably, a
diagonal element is 0, too. For the geographic-distance weight matrix W2, the element wij
is calculated as Equation (11):

wij =
1/Distanceij

∑N
j=1

(
1/Distanceij

) (11)

where Distanceij is the geographic distance between the city i and j. The value is calculated
from city’s latitude and longitude data, which was obtained from the 1:4 million terrain
database of the National Basic Geographic Information System. Since the weights in W1
are relatively simple, we used W2 for empirical analysis and W1 for a robustness test.

3.3.2. Control Variables

The selection of control variables is based on the following aspects.

(1) Technology support: The quality of urbanization pursues the transformation and
development of intellectualization. In this process, new technology such as IT and DT
can play a key role. These technological innovations are closely related to primary
work and produce a systemic change, which can transform life and work within a city
significantly and fundamentally [51]. Thus, corresponding technology support is an
important factor of urbanization development. In this study, the proportion of science
and technology expenditure is used to reflect the government’s support for science
and technology innovation.

(2) Financial development: A stable capital chain and sustainable financial services
can promote the expansion of reproduction activities in small- and medium-sized
enterprises by encouraging innovative activities, preventing monopoly and forming
a good market competition environment [52]. In the past, due to the backward
movement of China’s investment and financing systems, urbanization quality has
long been hindered by a capital bottleneck [53]. Thus, the development of financial
industry can help to realize the further improvement in urbanization. According to
Han et al. [54], the level of financial development is measured by the total loan balance
of all financial institutions divided by the gross regional product.

(3) Marketization degree: The market is one of the most active parts of urbanization
quality. The total retail consumption of the market divided by the gross regional
product is a reflection of the marketization degree. The higher the consumption, the
more active the market. An active market is conducive to improving transaction
efficiency and promoting economic development [55].
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(4) Economic openness: Openness can help to introduce the foreign advanced technology,
talents, and management experience, improving the quality of city development [56].
In addition, the frequent communication with the foreign can also improve the reputa-
tion of the city, which accelerates the process of urbanization and internationalization.
In this study, FDI was measured by the total amount of foreign investment actually
utilized divided by the gross regional product.

Considering the availability of variables, the specific calculation method of each
variable is shown in Table 3.

Table 3. Definitions of variables.

Variables Definition and Calculation Methods

hsr_dum Dummy variable, whether a city has an HSR station (Yes = 1 and No = 0)

hsr_rdc HSR relative degree centrality, a city’s ability to connect directly in the global HSR network, calculated via
Equation (1) (%)

hsr_adc HSR absolute degree centrality, a city’s ability to connect directly in the local HSR network, calculated via
Equation (1) × (N − 1) (%)

hsr_rbc HSR relative betweenness centrality, a city’s ability to connect indirectly in the global HSR network, calculated
via Equation (2) (%)

hsr_abc HSR absolute betweenness centrality, a city’s ability to connect indirectly in the local HSR network, calculated
via Equation (2) × (N2 − 3N + 2) (%)

rtec Technology support, the proportion of science and technology expenditure (%)
rfin Financial development, the total loan balance of all financial institutions divided by gross regional product (%)

rmar Marketization degree, the total retail consumption of the market divided by the gross regional product (%)

rfdi Economic openness, the total amount of foreign investment actually utilized (FDI) divided by the gross
regional product (%)

4. Empirical Results
4.1. The Spatio-Temporal Evolution Characteristics of the HSR Network

Table 4 shows the development of the HSR network in the first 19 HSR cities in 2009
and 2019, including the number of HSR lines, relative degree and betweenness centrality.
In terms of cities, China’s HSR network mainly originates from metropolises, including 2
municipalities (Beijing and Tianjin), and 7 provincial capital cities (Shijiazhuang, Wuhan,
Jinan, etc.) and cities with strong economic strength such as Qingdao, Zibo, Weifang (the
top 40 in GDP), while 7 medium and small cities (out of top 100 in GDP) are embedded
in the HSR network. In terms of HSR lines, in addition to Yangquan, Jinzhou, Huludao,
and Liu’an—four small cities—other cities have opened two or more high-speed rail lines.
Hefei, Jinan and other metropolises have opened four high-speed rail lines, while Tianjing,
Nanjing and Shenyang have even reached five. Just from the absolute number of HSR
lines, the results clearly show that large cities gain the most from the HSR networking
process. However, in the global-network perspective, the result shows a shocking rever-
sal in pattern. In terms of the relative degree centrality, the absolute advantage of the
lines does not translate into an absolute advantage of the network location. The relative
degree centrality of all cities tends to decrease and eventually converge. This is not a
local phenomenon, and the declines of the national average (from 8.77 to 1.11) and vari-
ance (from 3.85 to 0.51) also strongly support this result. According to Equation (1), the
above can be properly explained by the speed and layout of China’s HSR construction.
(1) China’s HSR network has expanded very rapidly, with an average of 20 cities open-
ing high-speed rail each year, significantly increasing the base of HSR network nodes.
(2) Most of China’s HSR lines are long-distance inter-provincial lines such as the Beijing–
Shanghai line (through three municipalities and four provinces) and the Beijing–Kowloon
line (through two municipalities and seven provinces), which have many stations but a
single connection. (3) The specificities of a rail transit network determine the necessity of
convergence, that is, the direct connections to railway stations are limited, which is the
opposite of the air network. In terms of betweenness centrality, the law does not seem so
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obvious. Some cities have obvious line advantages (e.g., Hefei), but their degree centrality
is much lower than that of single-line cities (e.g., Huludao). One possible explanation is
that these cities have a critical geographical location or are located on mandatory routes.
Both results show that the absolute amount of HSR infrastructure (such as HSR lines)
is not a complete reflection of the importance of the city’s location, which supports our
improved measurement.

Table 4. HSR development in the initial HSR cities.

City
HSR Lines HSR Relative Degree

Centrality
HSR Relative Betweenness

Centrality

2009 2019 2009 2019 2009 2019

Beijing 1.0000 3.0000 5.5560 1.5000 0.0000 3.1010
Tianjing 1.0000 5.0000 5.5560 2.0000 0.0000 20.1610
Shijiazhuang 1.0000 3.0000 5.5560 2.0000 0.0000 10.9280
Qinhuangdao 1.0000 2.0000 5.5560 1.0000 0.0000 17.7990
Nanjing 1.0000 5.0000 5.5560 3.5000 0.0000 45.7290
Hefei 2.0000 4.0000 11.1110 1.0000 1.9610 5.0090
Wuhan 1.0000 2.0000 5.5560 3.0000 0.0000 9.7540
Huanggang 1.0000 2.0000 11.1110 1.5000 1.9610 4.0860
Ji’nan 1.0000 4.0000 5.5560 2.0000 0.0000 23.8520
Qingdao 1.0000 4.0000 5.5560 1.5000 0.0000 4.5030
Zibo 1.0000 2.0000 11.1110 1.5000 1.3070 6.1910
Weifang 1.0000 2.0000 11.1110 1.0000 1.3070 5.3370
Taiyuan 1.0000 3.0000 5.5560 1.5000 0.0000 6.5380
Shenyang 1.0000 5.0000 5.5560 3.0000 0.0000 9.0960
Panjin 1.0000 2.0000 16.6670 2.5000 1.9610 7.8020
Yangquan 1.0000 1.0000 11.1110 1.0000 0.6540 6.3740
Jinzhou 1.0000 1.0000 11.1110 2.0000 0.0000 7.9510
Huludao 1.0000 1.0000 16.6670 1.5000 1.9610 17.0950
Liu’an 1.0000 1.0000 11.1110 1.0000 2.6140 4.4090
national
mean 1.0526 1.6244 8.7722 1.1117 0.7224 5.2822

national sd 0.2294 1.0107 3.8470 0.5128 0.9470 7.6108
Notes: HSR relative degree centrality measures a city’s ability to connect directly in the global HSR network; HSR
relative betweenness centrality measures a city’s ability to connect indirectly to the global HSR network.

Figure 1 shows the spatial distribution of changes in location importance in relative
degree and betweenness centrality from 2009 to 2019. In order to more clearly present
the dynamic change process, we further equated this period into three time points, 2009,
2014, and 2019. The evolution of relative degree centrality is shown in Figure 1a–c, while
Figure 1d–f demonstrate the evolution of relative betweenness centrality. From these maps,
some conclusions can be drawn: (1) In terms of overall evolutionary trends, the develop-
ment of China’s high-speed railway has gone through three major spatial evolution stages,
namely “point distribution-corridor distribution-network distribution”. The locational
position of HSR cities is becoming more and more balanced. We can see that in the period
2009–2014, most of the cities increased their locational importance (both degree centrality
and betweenness centrality) due to the opening of high-speed railway. During this pe-
riod, along the four horizontal and four vertical HSR trunk lines, a clear agglomeration of
high-location cities was formed. However, with the further expansion of the HSR’s scale
from 2014 to 2019, the locational advantages of these cities are rapidly fading. (2) From
a regional perspective, both degree centrality and betweenness centrality are higher in
cities in the Eastern and Central regions, indicating that the eastern and central regions
are pivotal zones for the development of high-speed railway. (3) For changes in two types
of centralities, relative degree centrality continues to decline, but relative intermediary
centrality is rising. This means that more and more high-speed railway cities are playing the
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role of “interchange” rather than “destination”, and the role of each city in the high-speed
railway network will become more and more prominent.
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4.2. Spatial Autocorrelation Test and Model Determination

This paper examines the spatial agglomeration characteristics and evolution trend of
urbanization. As shown in Table 5, Moran’s I values were all significantly positive at the 1%
level, showing that China’s urbanization quality had significant positive autocorrelation
during 2009–2019. From the development trend, we can also observe that the positive effect
is gradually strengthened. This means that China’s overall development is more closely
linked in space, and the cross-influence of urban development is stronger.

Table 5. Moran’s I of the quality of urbanization in China.

Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Moran’s I 0.055 0.052 0.058 0.054 0.055 0.055 0.062 0.061 0.065 0.047 0.063
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Note: the global autocorrelation test results are based on the geographical distance weight matrix.

For the selection of the best models, at first, the Lagrange Multiplier (LM) and robust
LM tests were adopted to examine whether SEM or SLM is more accurate [57]. Both models
have been proved to be appropriate for the regression analysis. Then, we ran a further LR
and Wald test and discovered that neither SEM nor SLM can nest in SDM. Therefore, SDM
is more representative. Additionally, the p-value in the Hausman test was 0.0000, showing
that the FE model was more appropriate in this case. In combination with the above test
results, we constructed a spatial Durbin regression model with individual- and time-fixed
effects for all our estimations in this paper.

4.3. The HSR Network and the Quality of Urbanization

We used five HSR proxy variables, including dummy variables, absolute- and relative-
degree centrality, and absolute and relative betweenness centrality to test the impact
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of a high-speed railway on urbanization quality from the non-network, local network
and overall network. Cities with a higher centrality hold higher importance in the HSR
network. Following the studies of Wang et al. [12] and Liu et al. [33], we presented the
estimation results without and with control variables, presented in the odd and even
models, respectively. This was performed to rule out the problem of estimation bias caused
by potential poor variable selection and variable omission, respectively.

Table 6 reports the estimation results of the whole sample with an MLE method. In
models (3)–(6), the coefficients of hsr_rdc and hsr_adc were both negative, suggesting
that increase in degree centrality is detrimental to improving the quality of urbanization.
Among them, the coefficients of hsr_rdc passed the test of significance at the 1% level,
while the coefficients of hsr_adc did not, further indicating that location changes in a global
network have a more pronounced impact on the quality of urbanization than changes in the
local network. In models (7)–(10), the coefficients of hsr_rbc and hsr_abc were both positive,
showing that increasing betweenness centrality is conducive to promoting urbanization
quality. Of these, only one of the four models, model (10), passed the significance test,
and the estimated coefficient of hsr_abc was just 0.0001, demonstrating that the effect
of the locational change arising from betweenness centrality on urbanization is limited.
Since the HSR network actually reduces relative degree centrality and improves relative
betweenness centrality, all of the above results show that the HSR network can indeed
enhance the quality of urbanization. This well verifies Hypothesis 1. Meanwhile, by
comparing the regression results of models (5) and (8), we can also see that the direct
connectivity effect of the HSR network would be more pronounced than the intermediary
effect. However, it is worth wondering why a decline in the importance of a city drives
urbanization instead. It can be explained as follows: The declining status of HSR cities
means that the attractiveness of HSR cities is dropping. When the location advantage of an
HSR city is no longer prominent, both the location or investment of local enterprises and the
migration of the local population will become “unprofitable”. Therefore, the willingness of
production factors to gather in core cities will be inhibited. In other words, the factors are
still flowing, but not lost, which is strongly supported by the study of Wang [12]. This has
effectively avoided the plight of economic stagnation in the majority of small- and medium-
sized cities due to the siphon effect, and has created good development opportunities
for them, thus promoting the improvement in urbanization quality [58]. As one of the
regions with the highest density of the HSR network in China, the empirical analysis of
the YRD city agglomeration should be representative. According to the data from China‘s
seventh census in 2020, since the opening of the Beijing–Shanghai line, the urbanization
rates of Shanghai, Nanjing, Hangzhou and Suzhou have not increased much, all of which
are less than 10 percentage points. In contrast, Tongling and Chuzhou, which belong to the
same urban agglomeration, have achieved more than 20% urbanization-rate growth, far
exceeding the core cities. More importantly, due to ignoring this dilution effect, the positive
effect of high-speed rail has not been effectively reflected in the perspective of the non-
network and local network. The coefficients of hsr_dum in model (1) and (2) even reached
a completely opposite conclusion. Thus, all the evidence demonstrates the necessity of the
relative index measurement again, which provides a richer perspective and conclusion for
the study of the relationship between high-speed rail and urban development.

Regarding the impact of control variables, estimation results show that only the
coefficient of rtec is significantly positive across all models. This means that technical
support has a relatively stable role in promoting the quality of urbanization, whether based
on the network perspective or non-network perspective. Technological innovation often
relies on breakthroughs in basic scientific research, so it can result in a systemic rather than a
unilateral change [51]. Therefore, for an urban system, the improvement in its technological
level can promote its overall development from multiple aspects.
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4.4. HSR Network and the Quality of Urbanization: Dynamic Analysis

Rolling-window regression is applicable when the correlation between variables is
time-varying. This method divides the whole sample into several sub-samples by setting a
fixed rolling window (time span T), and then examines the impact of each period separately.
Drawing on this idea and combining it with the spatial econometric model, this paper tests
the dynamic impact of the HSR network on the quality of urbanization in one-year steps.
Since Table 6 shows that the mediating effect of the HSR network is not significant, this
section only explores the direct effect (i.e., relative degree centrality). To visually verify
the presence of a nonlinear characteristic, we present the estimation results, including
coefficients and significance, for all HSR variables in the form of line graphs.

Table 6. The result of overall regression2.

Variables Dependent Variable: Quality of Urbanization

hsr_dum hsr_rdc hsr_adc hsr_rbc hsr_abc

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

hsr −0.0087 ** −0.0097 *** −0.0052 *** −0.0047 *** −0.0001 −0.0010 0.0002 0.0004 0.0001 0.0001 **
W × hsr 0.0326 *** 0.0067 0.0384 *** 0.0198 * 0.0100 *** −0.0055 0.0014 * −0.0007 0.0001 −0.0001 **
rtec 4.1260 *** 4.1080 *** 4.1606 *** 4.1530 *** 4.0645 ***
rfin 0.0000 0.0000 0.0000 0.0000 0.0000
rmar −0.0788 *** −0.0806 *** −0.0807 *** −0.0808 *** −0.0841 ***
rfdi −0.2950 *** −0.2940 *** −0.2903 *** −0.2910 *** −0.2821 ***
rho 0.6600 *** 0.2800 ** 0.7770 *** 0.2810 ** 0.6686 *** 0.2858 ** 0.7640 *** 0.2880 ** 0.7471 *** 0.2939 **
sigma2 0.0031 *** 0.0030 *** 0.0031 *** 0.0030 *** 0.0031 *** 0.0030 *** 0.0031 *** 0.0030 *** 0.0031 *** 0.0030 ***
city FE YES YES YES YES YES YES YES YES YES YES
year FE YES YES YES YES YES YES YES YES YES YES
N 2730 2730 2730 2730 2730 2730 2730 2730 2730 2730
logL 4008.9755 4059.2649 4011.5885 4062.8970 4005.8872 4056.2412 4002.2400 4056.5197 4003.6787 4059.3856
Vif 1.0000 1.1100 1.0000 1.0700 1.0000 1.1100 1.0000 1.0700 1.0000 1.0700
LM-sar 226.672 *** 89.904 *** 679.041 *** 176.317 *** 222.179 *** 86.823 *** 616.320 *** 165.752 *** 604.148 *** 170.270 ***
(Robust) 0.475 7.478 *** 54.134 *** 3.527 *** 1.536 10.985 *** 10.747 *** 0.543 44.508 *** 0.768
LM-sem 484.604 *** 357.409 *** 627.286 *** 277.912 *** 523.487 *** 393.390 *** 636.837 *** 311.785 *** 641.398 *** 309.710 ***
(robust) 258.407 *** 274.983 *** 2.378 105.122 *** 302.844 *** 317.553 *** 31.264 *** 146.576 *** 44.508 *** 140.208 ***

Notes: * p < 0.1. ** p < 0.05. *** p < 0.01.

Figure 2 reports the rolling regression results of the impact of the HSR network
on urbanization at different window size settings. As shown in Figure 2a, the estimated
coefficients under all windows showed a clear downward trend (from positive to negative to
smaller negative values). Since the actual HSR degree centrality is continuously decreasing,
this result suggests that the HSR network has an incremental positive effect on the quality
of urbanization. This finding supports Hypothesis 2. Specifically, at the beginning of the
construction of the HSR network, the increased importance of cities in the HSR network
is conducive to promoting urban development. When the HSR network reaches a certain
scale, there is little gain in the improvement in the city’s location, and it even starts to
inhibit its high-quality development. As the scale of the HSR network expands further,
it will become profitable to reduce urban locations, and its contribution to the quality
of urbanization will become strengthened. Based on the above estimation results, we
can roughly divide the process of China’s HSR network into three periods. From the
results of Figure 2b, these three periods can be further identified as 2010–2012, 2013–2015,
and 2016–2019, with estimated coefficients of +0.0037, −0.0066, and −0.0203, respectively.
The corresponding HSR coverage ranges are 0–25.27%, 33.33–53.48%, and over 61.17%,
respectively, showing a strong “stage characteristic” of HSR-network development.
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Why did it present such a result? We can give some explanations from the characteris-
tics of the HSR cities at each phase and China’s HSR development plan. According to our
survey, before 2012, a total of 69 cities in China had opened high-speed railways, of which
64 were large cities (except for Hengyang, Huanggang, Cangzhou, Lu’an and Suzhou),
accounting for more than 90%. During this period, large cities monopolized almost all the
HSR resources. These cities hold obvious location advantages in the HSR network, forming
a strong “siphon effect”, which is not conducive to the improvement in the urbanization
quality in all cities. From 2013 to 2015, China started to enter the “fast track” of high-speed
railway construction, aiming to build a “four vertical and four horizontal” HSR network
system. Among the 77 new HSR cities, we found that 60 of them belong to small- and
medium-sized cities. This breaks the monopoly of large cities over HSR resources and
raises their position in the HSR network, thus enhancing the “centrifugal force effect”. In
2016, the Chinese government proposed the “eight vertical and eight horizontal” high-
speed-railway network plan. Since then, almost all the new HSR cities have been small-
and medium-sized cities, and the distribution of HSR resources has gradually become more
balanced. Correspondingly, the centrifugal-force effect has been further expanded, and
the positive effect of high-speed rail on urban development has shown an incremental
trend. These changes in impacts have not been tested in previous studies. All these findings
provide strong empirical evidence for the “core-periphery” theory of the new economic
geography [38], as well as for the existence of the HSR network’s effects.

However, it is worth noting that when data in 2019 are added to the sub-sample
interval, the estimated coefficient rebounds significantly, indicating that the centrifugal-
force effect is also weakening to some extent. As shown in Table 7, there were only 11
new HSR cities in 2019, the second-lowest of all years. This means that the size of China’s
HSR network (number of nodes) has gradually stabilized and its scale effect is diminishing.
How to maintain the positive effects of the HSR network will be a challenge for the next
phase of HSR planning in China. More efficient network connection (HSR routes) may be
the focus of attention rather than the number of nodes (HSR scale).

Table 7. The HSR cities and coverage from 2009 to 2019.

YEAR 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

HSR cities 19 41 57 69 91 110 146 167 172 186 197
New HSR cities 19 22 16 12 22 19 36 21 5 14 11
HSR coverage 0.07 0.15 0.21 0.25 0.33 0.40 0.53 0.61 0.63 0.68 0.72

Notes: The total number of cities is equal to 273.

4.5. HSR Network and the Quality of Urbanization: Main Beneficiaries

The improvement in transportation conditions has strengthened the cross-regional
links as China’s urbanization progresses. To boost urbanization quality and regional core
competitiveness, China has proposed the Urban Agglomeration Development Strategy.
This strategy emphasizes coordination between neighboring cities in the vicinity, which fits
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well within the comfort zone of high-speed rail travel. Thus, in order to verify its policy
effect, this paper divided 273 cities into 208 urban agglomeration cities and 65 non-urban
agglomeration cities according to the 14th Five-Year Plan. The estimated results are shown
in Table 8 below.

From the results, urban agglomeration development strategy has proved useful. Firstly,
the estimated coefficients of hsr_rdc in Model (1) and Model (2) were statistically negative,
whereas the estimated coefficients of hsr_rdc in Model (5) and Model (6) were not significant.
This shows that the decline of HSR relative degree centrality has a negligible impact on
the growth of urbanization quality in non-urban agglomeration cities, but a considerable
benefit for urban agglomeration cities. As a result, the development of HSR network will
be more conducive to urban agglomeration cities, rather than non-urban agglomeration
cities. Furthermore, the estimation coefficients of hsr_rbc in Model (4) and Model (8) were
significantly positive and negative, respectively. This means that the HSR mediating effect
can promote the development of urban agglomeration cities but inhibit the development
of non-urban agglomeration cities. So, by comparing the regression results of two HSR
network variables, we can see that both degree centrality and betweenness centrality
have proved that urban agglomeration cities may benefit more from the HSR network,
which is consistent with the conclusions of Yin et al. [59]. This heterogeneity can be
explained by two aspects. First, urban agglomeration cities often have a higher economic
level and larger population size (e.g., Yangtze River Delta city agglomeration, Pearl River
Delta city agglomeration and Beijing–Tianjin–Hebei city agglomeration). In these areas,
more travelers are able to afford the expensive HSR price, and the frequency of HSR
service is also relatively high, thus making the role of high-speed rail more obvious.
Taking the Beijing–Tianjin Intercity as an example, its shortest departure interval has
been shortened to 3 min, and its daily capacity exceeds 70,000 trips3, which undoubtedly
gives a great impetus to the development of the economy of the Beijing–Tianjin–Hebei
urban agglomeration. Secondly, the role of HSR often requires regional policies to work
with it, and governments can effectively avoid becoming peripheral cities by adjusting
and restructuring local endowments [60]. The development of urban agglomerations is
characterized by a high degree of uniformity, especially in policy formulation. This means
that the resource integration and restructuring of urban agglomeration cities will face less
resistance, which is more conducive to the positive effects of HSR. All evidence supports
Hypothesis 3.

Table 8. The result of urban agglomerations and non-urban agglomerations4.

Variables Dependent Variable: Quality of Urbanization

Urban Agglomerations Non-Urban Agglomerations

(1) (2) (3) (4) (5) (6) (7) (8)

hsr_rdc −0.0064 *** −0.0058 *** −0.0001 0.00001
hsr_rbc 0.0005 0.0007 * −0.0013 *** −0.0012 ***
W × hsr 0.0350 *** 0.0228 * 0.0012 −0.0001 −0.0007 −0.0030 0.0046 *** 0.0020 **
LR_hsr 0.1080 *** 0.0231 0.0063 * 0.0008 −0.0037 −0.0037 0.0075 *** 0.0010
Con-var No Yes No Yes No Yes No Yes
N 2080 2080 2080 2080 650 650 650 650
LogL 2792.262 2835.499 2784.876 2830.721 1819.698 1855.436 1850.296 1873.345
Vif 1.00 1.06 1.00 1.07 1.00 1.06 1.00 1.06
LM-sar 264.184 *** 96.496 *** 331.252 *** 94.750 *** 90.643 *** 41.965 *** 76.983 *** 35.990 ***
(Robust) 42.021 *** 0.000 2.567 0.217 17.562 *** 46.500 *** 40.031 *** 41.224 ***
LM-sem 356.750 *** 168.177 *** 338.356 *** 176.333 *** 84.544 *** 18.803 *** 63.791 *** 14.836 ***
(Robust) 137.587 *** 71.681 *** 9.671 *** 81.8000 *** 11.463 *** 23.337 *** 26.839 *** 20.070 ***

Notes: * p < 0.1. ** p < 0.05. *** p < 0.01.
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4.6. HSR Network and the Quality of Urbanization: Robustness Test

Regarding the robustness test, scholars often choose lagged variables and proxy
variables to replace the original variables, or change the time length of the sample. However,
these methods are not applicable in this paper for two reasons. (1) Centrality is a proprietary
measure of node importance in network analysis and is difficult to substitute. (2) Our study
emphasizes the heterogeneity of the temporal dimension. Therefore, we still draw on the
approach commonly used in spatial econometric analysis, which is to replace the spatial
weight matrix, to perform robustness tests. In this paper, another spatial weight matrix
is the adjacency matrix. The results of all sample and sub-urban agglomerations based
on adjacent distance weight matrix are shown in Table 9. From the result, we can see that
almost all the coefficients do not change in sign. As a result, the empirical findings can be
considered reliable.

Table 9. The regression result based on adjacent distance matrix5.

Variables Dependent Variable: Quality of Urbanization

Overall Regression Urban
Agglomerations

Non-Urban
Agglomerations

(1) (2) (3) (4) (5) (6) (7) (8) (9)

hsr_dum −0.0068 *
hsr_rdc −0.0061 *** −0.0061 *** −0.0009
hsr_adc −0.0008
hsr_rbc 0.0007 ** 0.0011 ** −0.0009 ***
hsr_abc 0.0001 ***
W×hsr 0.0294 *** 0.0095 *** 0.0118 *** 0.0002 0.0001 0.0088 *** 0.0002 0.0032 *** 0.0012 ***
Control YES YES YES YES YES YES YES YES YES
city FE YES YES YES YES YES YES YES YES YES
year FE YES YES YES YES YES YES YES YES YES
N 2730 2730 2730 2730 2730 2080 2080 650 650

Notes: * p < 0.1. ** p < 0.05. *** p < 0.01.

5. Discussions and Conclusions

In this paper, we applied the improved social-network analysis method and the panel
entropy weight method to measure the importance of cities in the HSR network and their
urbanization quality, respectively. After that, using spatial econometric model and rolling-
window regression idea, we empirically tested the impact of the HSR network on the
quality of urbanization and its dynamics over the period 2009–2019. On this basis, we
further explored who the main beneficiaries of HSR networking were in terms of city cluster
classification. The following conclusions were drawn. (1) The HSR network can significantly
contribute to the improvement in urbanization quality, and the direct effect of the network
is stronger than the intermediary effect. The positive effect is due to the dilution effect
of the increased network size, which promotes the equality of cities in the HSR network.
(2) The impact of HSR network on urbanization quality shows a marginal increasing trend
and obvious periodic characteristics over time. Depending on the coverage of HSR cities,
the impact can be roughly divided into three stages: inhibition (0–30%), relatively weak
promotion (30–60%) and relatively strong promotion (more than 60%). (3) The impact of an
HSR network on urbanization quality is urban and heterogeneous. Urban agglomeration
cities will benefit more from the HSR network, while non-urban agglomeration cities will be
at a relative disadvantage.

With the rapid development of high-speed rail networks, a growing number of
studies have begun to focus on the issue of high-speed rail and urban development.
Regarding how HSR affects urban development, two types of conclusions are presented
separately: the promotion effect and inhibition effect. Both views are supported by
substantial research [15,16,39,61,62], which has led to a sharp research controversy. As
distinguished from these studies, we derived both conclusions based on the perspective
of changes in the network size, which provides a plausible explanation for the contro-
versy. In their studies, some were due to ignoring the network externalities of the HSR,
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while others were limited by sample selection, which resulted in unobserved network
effects. For example, the Chinese HSR data used by Chen and Vickerman [15] and Li
et al. [61] were all dated before 2016, when the network effects of Chinese HSR were
not apparent. It is worth mentioning that using the rolling-window causality test, Liu
and Su [63] also verified two effects of transport infrastructure on urbanization, but
failed to consider the network characteristics of the infrastructure. Moreover, due to the
difference in sample selection (1949–2014), the specific relationship is not consistent. In
addition to its academic value, this study has important policy implications for future
HSR layout and the improvement in urbanization quality in China and other countries.

First, China should expedite the transition of its development power and drive urban
growth using technological innovation. In the current stage, the demographic dividend of
Chinese economic development is fading as fertility declines and the population ages [64].
If the Chinese government wishes to achieve high-quality urbanization while maintaining
rapid economic growth, the improvement in the individual labor conversion rate and the
participation of other factors will be necessary. Our empirical results show that technical
support is the most stable positive factor contributing to the quality improvement in
urbanization, so it is still very necessary for the government to continue to increase the
investment funding for research and technology.

Second, the government should formulate and adjust its policies according to the
different stages of HSR network construction. For example, in the early stages, large cities
will have a very significant siphoning effect on the surrounding small- and medium-sized
cities. At this point, policies such as strict population mobility and household registration
restrictions are very necessary. But when the coverage reaches a high level, these policies
should be adjusted in time to ensure the healthy development of large cities due to the
gradual increase in the centrifugal force effect. Specially for China, the network-scale
effect is beginning to show its weakness. With the completion of the “eight vertical and
eight horizontal” high-speed railway plan, the scale of the HSR network (the number of
nodes) has basically stabilized, but the number of connections still has a huge upside. As a
consequence, the key to future HSR layout and city competition lies in how to effectively
connect HSR cities to each other. Our research shows that HSR has both positive and
negative effects. Therefore, cities should reasonably plan the high-speed rail network
according to local endowment conditions to give full play to the positive side of the
high-speed rail effect.

Third, urban agglomeration growth paradigms should be appreciated and broadly
popularized. In the urban agglomeration development model, the advantages of the HSR
network can be further reflected and better utilized. Governments at all levels need to
formulate a unified and complementary development plan based on the factor endowment
and the technological level. Satellite cities and other surrounding cities should provide
corresponding support for the development of core cities and help to enhance the competi-
tiveness of core cities, including the integration of regional transportation, larger market
foundation and financial support. In return, the core city should actively promote the
characteristic industry growth of neighboring cities and build a comparative advantage.
All urban agglomeration cities eventually are mutually beneficial and form a virtuous loop.

However, there are still some limitations in this study. First, due to data constraints,
we did not use a complete rolling-window regression method, but only drew on the idea.
In the empirical process of our dynamic impact, we lacked the coefficient stability test
(such as Sub-F, Mean-F and Exp-F test), and the window setting value was far less than the
minimum value of 20. Second, although we adopted the maximum likelihood estimation
and fixed-effect model to alleviate endogeneity, it is still difficult to completely eradicate.
This is because the urbanization quality index covers all aspects of social and economic
development, and has a general two-way causal relationship with independent variables.
Third, this paper did not explore the causal relationship between the HSR network and
urbanization quality, but only considered the correlation relationship, which may reduce
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the credibility of the explanation. These issues require the further refinement of empirical
tools and more in-depth research.
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Notes
1 In this table, W × hsr denotes the impact of the local HSR network on the quality of urbanization in other cities. LR_hsr indicates

the longer-term impact of the HSR network on urbanization. Con-var is a series of control variables. N is the total number of
observations. logL is the maximum likelihood estimate. Vif is the variance inflation factor. LM-sar and LM-sem denote the
Lagrange multiplier test results for the SAR and SEM models, respectively.

2 In this table, hsr_dum, hsr_rdc, hsr_adc, hsr_rbc, hsr_abc denote the estimation results when the core explanatory variables (HSR)
are the HSR dummy variable, the HSR relative centrality, the HSR absolute centrality, the HSR relative betweenness centrality
and the HSR absolute betweenness centrality, respectively. W × hsr denotes the impact of the local HSR network on the quality
of urbanization in other cities. Rtec, rfin, rmar, and rfdi are a series of control variables. pho is the spatial spillover coefficient.
sigma2 is the individual variance. city FE and year FE denote individual-fixed terms and time-fixed terms, respectively. N is the
total number of observations. logL is the maximum likelihood estimate. Vif is the variance inflation factor. LM-sar and LM-sem
denote the Lagrange multiplier test results for the SAR and SEM models, respectively.

3 Data from China High-Speed Rail Timetable.
4 In this table, W × hsr denotes the impact of the local HSR network on the quality of urbanization in other cities. LR_hsr indicates

the longer-term impact of the HSR network on urbanization. Con-var is a series of control variables. N is the total number of
observations. logL is the maximum likelihood estimate. Vif is the variance inflation factor. LM-sar and LM-sem denote the
Lagrange multiplier test results for the SAR and SEM models, respectively.

5 In this table, W × hsr denotes the impact of the local HSR network on the quality of urbanization in other cities. Con-var is a
series of control variables. city FE and year FE denote individual-fixed terms and time-fixed terms, respectively. N is the total
number of observations.
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